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‘ (i)

M\f—\ ABSTRACT ’

Lipid compositidn of chick brain and sciatic nerve was
determined during development and the active periods of myelin
deposition e defined by galactollpld depOSltlon in both

tissues. Special interest was focused on polyphospholn051t1des

+ (PPI = DPI # TPI) levels and met?bolism..’

’ o
Both DPI and TPI were present in equimolar amounts in

premyelination -embryonic brain., The concentrations of these

»

5»
lination whlle only TPI, apntinued toalncrease thereafter. The

llpld’comp951t10n of sciatic nerve ¢losely reflected that o§
myelin: PPI were absent initially, their accumulation
pi;;lleleﬂbthat of galactolipids, and the dincrease was much
greater than for ényﬁother‘lipid(’ Themcﬁﬂcegtrations of BPI
Temained constant aftfer thgfbéf&odlof most active myelination

-

whilé'TPI and galactolipids continu&d to increase. The changes
(\ f M o
were’ more distinct in nerqe‘thék brain.and provide evidence

for long term maturational changes in the myelin content of TPT.

’ -

These data suppoft the earlier suggestion that brain contains

-

both a myelin pool (pr1nC1pally TPI) and a non-myelin pool
(conslstlng of DPI and a sma{% portlon of TPI) of PPI but that

only the myelin® associated pool is present in nerve.

L] . ., Al
-t

y ?he enzymes gesponsipié.}or PPI metabolism (PI kinase,
DPI kinase, TPI phosphatase and TPI phosphodiesterase) were
also charactefized and their activities measured in both chieck
neural tissues as a function of age, - DPI kinase was inhibited

A4
by high concentrations of ATP and low concentrations of TPI.
8 > *

'

’llplds 1ncreased dramatlcally during‘the period of active mye-

1]
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(ii)

detergelt (Cutscum), and the ratio of detergernt- to protein

in the reactiof mixture was both-critiq;l'and different in

«

tﬁé two tissues. Assay-systems were developed to, permit
th; measureme f the two TPI phosphohydrolase activities
independent of each pther andwa other'non*specific phoéF
phatases, A complex relationship between enzyme, substrate,

4

divalent catlons and CETAB (cationic detergent) was observed.

. 2+ -
TPI phosphodiesterasg was shown to require Ca fer ajF1v1ty
2+ Yo, vt
while the Mg .requiring TPI phosphatase was inhibited by

<

this ion, : . ’ .

¥ S/— N | .
Unllke earlier studies/in rat ‘brain, q marked increase

:

in PI klnase act1v1ty coincided with the onseﬂ of myelination

in chick brain aé did prI klpase and TPI phosphatase activities.
- * v »
The increase in TPI phosphodlesterase activity occurred .

3
&

earlier and all four: act1v1t1es remalned thh 1n\§dult braln.
In embryonic sc:.atlc nerye, PI and DPI klnasves exhibited peaks
o6f activisy iny the middle .of the period offmost active myelina~
tion and appeared to be correlated with the rate of§TPI
deposition, Values fﬁ‘adult/;;;ve were very low. " The activf
%ties oE both hydrolgtic enzymes were not re}ated to myelina-
tion. TPI phosphatase activity changed little while TPI
phosphodiesterase activity was greatest in ybung nerves and
steadily decreased during maturation. These data suggest

synthesis of PPI during maturation which are-not subjec to

>

o«
.

{ N
MY

rapid metabollc tu{nover in adult nerve. ’ N
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. As far as possible, the rules and recommendations
of tpe Biochémical Journal "(vpl. 153, pp. 1. - 21, 1976) T
werel followed for ahbreviatidns, symbols, deflnltlons, ‘

termlnology -and references. we A
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ABBREVIATIONS AND TERMINOLOGY |

3

Lipids ' '

CPG Choilne phosphoglycerldes, uhless otherwise s
specified includes (i) diacyl derivatives , o
(phosphatidyl); (ii) alk-l-enyl-acyl deriva- .
tives (phosphatldal or plasmalogen) and (111) P
alkyl, acyl derivatives (ether form).

EPG ¥ Ethanolamine phosphoglycerides, unless otherwise,
specified inclydes all forms as descrlbed for CPG.

- SPG Serine phosphoglycerides, unless otherwise
specified includes all forms as described for CPG. ™

IPG ’ Inositol phosphoglycerides 1ncludes PI, DPI, TPI .
and inositol plasmalogens. . .ot

PA Phosphatidic a01ds (1, 2- dlacyl-sn—glycerol 3~

. phosphate) .
! ' '
PC Phosphatldylcholines (1, 2-diacyl-sn-glycercl-

3-phosphorylcholine). , N
PE </~#A\Phosphatidylethanolamines (1, 2-diacyl=-sn~-glycerol-
. 3-phosphorylethanolaminge) .

4

PS: “ Phosphatidylserines (I, 2-diacyl-sn-glycerol-3-
phosphorylserine).
PI " Phosphatidylinositols (l, 2-diacyl-sn-glycerol~ 3— E?
phosphoryl-l-myo-inositol). "
DPI Diphosphoinositides (1, 2~diacyl-sn-glycerol-3-
‘ phosphoryl-l-myo-inositol-4-phosphate).
TPI Triphosphoinositides (1, 2-diacyl-sn-glycerol-3-
. phgsphoryl-l-myo-inositol-4, 5-diphosphate). .
PPI Polyphosphoinositides (DPI + TPI).
Lyso A prefix used to desigqate lack of one fatty acid

in the lipid molecule i.e., lyso-PE: PE lacking one
fatty acid on the glycerol moiety.
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o LAY Q M - - -\/
PG Phosphatldylglycerols (L, 2- dlacyl-sn~glycerol- .
3-phosphorylgl 1 ]
phosp ygycero) ) o
DPG Dlphosphatldylglycerols (cardlollpln, bis-(1, *
2—d1acyl—sn—g1ycerol 3—phosphoryl) -1*, 3’-sn- ‘
gly#zerol). o .
.Sph Sphingomyelins (Nracyl—erzthro-sphlng051ne-l- e
phosphorylcholine). ; N
Cer Cerebkrosides (140- (8- D-galactdpyranosyl)—N—acy1~
D-erythro-sphingosine). (%,. . o
Sulf Sulfatides (Sulfuric acid’esters of cerebrosides). ’ .
P > - # .
CDP-DG Cytidine diphosphate diglyéerides (CDP—diglyceriFes).
Solvents g . . -~ . Q\\\
C Chloroform
@ i
Mo ‘Methanol > ‘
A Acetone ; ,
AA Acetic acid (glacial)
W Water . ) . :
' . .
v > L1
Enzymes
Gal-DH D-Galactose dehydrogenase (D~galactose: NAD+
~-oxidoreductase, EC1l,1.1.48).
k] . M
PIK Phosphatidylinositol kinase (ATP: phosphatidyl-
inositols-~4-phosphotransferase, EC2.7.1.67).
DPIK Diphosphoinogitide kinase (ATP: diphosphoinositides-

5-phosphotransferase, EC 2.7.1.68).
t

-

TPI phosphatase .

Triphosphoinositide phosphatase (phosphatidyl-myo-
inositol-4, 5-bigphosphate phosphohydrolase,

JEC 3.1.3.36).°
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TPI phosphodlesterase

N

Others

'

CNS
%)
PNS

EDTA

EGTA

'

DEAE-cellulose

Trlphosph01n051t1de phosphodiesterase (Triphos-
phoinositide ,inositol-trige hosphohydrolase,
EC;1411) . )

v
o a

Central nervous system
sten
— L3

Peripheral nervous system
Riponucleic acid
Deoxyribonuclefc acid - ° . .o

L) v .}' 4
Nicotinamide ‘adenine dinucleotide, oxidrﬁed//

of

Witotinamide adenine dinucleotide, reduced
o ., B

b a
-

Bovine seérum albumin

Ethylenedlaminetetra-écetate

i i -
Ethyleneglycol-bis- (8~aminoethyl ether)M, N°~ W™

tetraacetate ’

s ,

Dlethylamlnoethylce1lulose

Z-Amino-2—hydroxymethylpropané—l, 3-diol

Tris
ﬁVa Tris-HC1 Tris dissolved in and titrated with HC1 to .~
. desired,pH at thg'required temperature (temperature
“ . . ) * at which it was latey used)
‘) ZECh Acetylcholieé . L
7: ADP Adenosine, 5-°-diphosphate
. ATP Adenosine 5‘—tri§hosphate
v % . ., ’
v s CMP . Cytidine 5 -monophpsphate
. § . .
y SE? Cytidine 5°-diphosphate
t.l.c. Thin-layer chromatography
d.p.m. Disintegrationg per minute
-
' C.psm. Counts per minute
- - ., C‘n“‘a
. I b
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Ratio of the distance a compound moves to the
distance the solvent moves.

Phosphorus (e.g. lipid-P) »
‘Inorganj'.c phospgm ’

O}ganic phosphate _

Inorganic pyrophosphate g

Standard deviation
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A. LIPIDS OF THE‘NERVOUS SYSTEM

o
¥

1., Introduction

3
¥

The Piochemistry of lipids, particularly of
-complex lipids, has been an integral part of the stuéy of
the nervous system since the 19th century The discovery
' that phosphorus was bound to fatty ' substances was made as
early as 1811 by L. N. Vauquelin on materlal extracted
from brain with ethanol. The isolation of a phosphorus-
contaiping lipid from egg-yolk and brain which he later
called "lecithin" was accomplished .by Gd%ley in 1850. It
was, uowéver, Jv L. W. Thudichum (1884) who made most of
the early a@vances in phospholipid chemistry and provided
the classical terminology. Since then, the dntensive
studies of the nervous system and of-lipids gemera11y have“]
overlapped and contributed to each other. The independent
and 1mportant contributions to phosphollpld and sphingolipid /
chemlstry by Leven (1914, 1916) and Ernst Klenk (1929), the
ldentlflcatlon an”:etermlnatlon of the structure of phos-
phatldylserlne from brain by Folch (1914, 1 48).and recent
studies ¢n polyppoéphoinoeitldes from the's;me source -
(Brockerhoff and Ballou, 196la; Dawson and DittmeF, 1961)
ere among many examples. ‘A number of reviews on the chemistrg
and uetabolism of lipids in the nervous Systém have receﬁtly
appeared (Ansell an@ Hawthorne, 1964; Rousér and Yamamoto,
,1969 Eichberg et al., 1969; Davison, 1970; Ramsey and Nlcholas,

: .
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. 1972; Rouser et al., 1972; Ansell; 1973; Bowen et al., 1974). ‘

' o

v 3

2. The Nature of Lipids in the Nervous System

¢ ! « 1

The most ?pundant lipids of the nervous system .
are cholesterols, the phosphoglycerides and the sphlng951ne-
containing lipids. Other lipids which are present in very
small quantities are free fatty acids, neutrel glycerldes
(mono-, di- and triacylglycerols), galactosy® dlacylglycerols

(Steim, 1967)-and’ some other sterols (cholestenol, A-7 chol-

-
-

estenol, 7-dehydrocholesterol). . \ =,
- N 3 '

The principal phosphoglycerides are those contain-

ing choline (choline phosphoglycerides, CPG), ethanolamine

0 -
s @ n 4

» LY

(ethanolamine phos ioglycerides, ERG), and serine (serine v

¢ . v » ’

+ phosphoglyderides, SRG) as nitrogenous bases linked via,a -
phosphate diester to 1, Z:diecyilglyceroI. The phosphogly-

‘cerides occur mostly as diacyl derivatives, to a much lesser )

£

4

extent as monqpcyl derlvatlves.(lyso phosphatides), aﬁj
alk—l-enyl derivatives (plasmalogens) and as alkyl-acyhﬁp
derlvatlves (ether forms). Possible exceptions here areg the ,
alk-l-enyl deriva?ives of EPG which are also present in agend—
N dnce in certain tissues. The major diacj@ phosphgripids are

phosphatldylchollnes (pC), phosphatldylethanolamlnes (PE) and

phosp@atldylserlqes (PS). Phosphat1dy11n051tols (PI) and poly— ¢

A

phosphoinositides (PPI), even though the latter are minor com~

! ponents, are of major importance and will be extensively

described later. Other minor phosphoglycerides of nervous

tissue are phosphatidic acids (PA), phosphatidylglycerols (PGs

L] -~
H

- - - -~



Wells and Dittmer, 1966a), phosphatidylglycerol phosphates

(PGP Wells and Dittmer, 1966b) and dlphosphatldyéglycerols

(DEG) .

The sphingolipids are derivatives of sph1n9051ne,

an eighteen-carbon chain with hydroxyls at carbons l and 3, 4
3n amino group at carbon 2 and a double bond between carbons )

ing a 20~carbon chain) have also been reported to”pccur

4 and 5. Dihydrosphingosine and eicosasphingosmne?(contaln—
(Moscatell; and Mayers, 1965). The major sphlngollplds,
sphingomyelins (Sph), cerebrosides (Cer) and sulfatides (Sulf)

[i4 v

are derivatives of ceramide (sphingosine having a fatty acid g
attached to the.amino group). Esteﬁiiqetion of the ceramide
primary alcohol to phosphorylchollne yields sphingomyelin. N
Cerebrosides consist of ceramides whose praimary alcoholic qroup is
linked by a glycosidic bohd to a monosaccharide (principally
galactose). Sulfat;ges possess a sulfate ester at the 3,
- position of the galactose moiety of cerebrosides (Yamakawa
. et al., 1962; Stoffyn and Stoffyn, :963). Other minor cere-
broside~like components with acyl groups at carbons 3 and 6
: of the galactose, or an ethe;—linked, 1,”%7quaturated, long,
fattchhain at the 3 position of sphingosiqe have also’be?ﬁ
reported (Norton and Brotz, 1963; Kochetkov'et al., 1963; Klenk
and LShr, 1967; Kishimoto et al., 1968) . Ceramide polyhexo-
* r sides and the gangliosides are moée complex sphingoglycolipids .
with oligosaccharide chains. These lipids are present in
much smaller guantities. - Structures of Some lipids commonly

?

found in the nervous system are shown in Fig. 1,
- 174 -
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phospholipids,-chol and Cer that may be associated with the

-

a

' The phofphoglycerides and other lipidg exist in
\train assqciatgd with proteins in various wa&s. These associ-~

tions are to some. extent reflected in the ease with which the .

.
4

lipids may be extracted from Fissues. A fresh‘tigsue extract
made with neutral chloroform-methanol (C-M, 2:1, v/v)\bowtains
nearly all the lipids, with the possible exception of triphos-
phoinositidegﬁ(TPIQ and to a lesser?extené of diphosphoinosi-
tides (D@I{, accompanied by a considerable amount of protein.
These so-called éroteolipids (Folch~-Pi and Lees, 1951) contain
protein 'in vivo' or -Héve begome associated with the protein
during isolation procedures (Folch-Pi, 1964; Zand, 19&%). " The
proteiﬂ moiety of proteolipids has been shown to have an abun-
dan¢e of non-polar amina acids, appreciabf% amounts of trypto-
phan, methionine and cystine and a relatively low content of
acidic and'basic amino acids.(Folch:Pi and Lees, i951; Chatagnon
et al., 1953; Wolfgram, 1967; Folcﬁ—Pi and Stoffyn, 1972). ‘
Proteolipids are especially concentrated in the white matter of

brain and are thought to represent structural elements of the
s .

myelin sheath (Folch~Pi, 1955), °

Phosphatidopeptides represent another fraction con~

by

»

taining PPI as the principle }ipids (LeBaron et al., 1962),,

which can be extracted with acidified organic\folve;ts (Folch,
1952; ‘LeBaron and Folch, 1956; LeBaron and Rothlender, 1960).
Tge lipids in phosphatidopept{des account for only a small pant

of the inositol phosphdglycerides (IPG) of the brain since PI

A(which is the major component of IPG) is extratted in neutral

o \JI
« .
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solvents. The protein moiety of phosphatidopeptides is'rich

in acidic’and basic amino acids and is considered to be linkedf

, o
to the lipids by electrostatic bonds (Le Baron, 19é3). The

o

distributipn and. functional significance of phosphatidopeptides
. 9 .
are unknown; however, it ,has been suggested that these protein-

bound phosphoinosit}ées act as a bridge between the protein
, .

and less closely associated lipids in sqme &f the membrane

structures of brain white matter (Le Baron et,al., 1:962).

.4) 4 A - v [y
3. Distribution of Lipids in the Nervous System

> . -

.
¢ .

Development in microdissectjion and cell fractiona-
tion méthod§ and the iﬁcreasiné refinemént of analytic
techniques for lipids have led.'nvﬁﬁe recent past to the »
accummulation of rather compreﬁensive data concerning lipid,
distribution and, concentration. For the present purpose,
studies of liﬁ%d composition of nervous tissue pther té%n
phosphoinositides|will be deécribed only briefly. The lipid

composition of well~8efined microanatomical regions of brain,

otherthan myelin, fand of the nervous

\
‘of subcellularzfractio

Asystem of loweft vertebrates and invetebrates is described

" elsewhere (Krep et al., 1963; McMuryay et-al.j 1964; Rouser

.

and Yamamoto, 1969; Ansell, 1973),

1
w

» 3

a. ' Distribution of Lipids*in Central Nervous System (CNS)

The CNS is composed principally of %j? cell types:

the- nerve cellS(neuronesf and the glial cells.-”Areas rich in

- & %
myelinated fibres are referred to as, "white matter" while :those

w

"
& » -
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. oE7 ? . :
.areas rich in cell bodies~toget;7r with their non-myelinated

fibres (both dendriteg and unmyé¢linated- axons) cogstituté thé"

-
)

"gray matter". FEarly extensive investigations of the lipid

composition of gray and white matter, splnalipqrd and peri- .

pheral nerve were performed by several workers (Johnson et al.,
. 1948, 1949; Branté, 1949; McColl and Rossiter, 1952), Summar-
ized results of "these stu@ies and others are available (LeBaron
and Folch, 1957; Ansell, 1961; Rossiter, 1962; Ansell and
.ﬁawthorne, 1964’i Recently, the major lipid composition?bf
adult nervous liSSUESﬁOf various” species has been tabuid&ed

(Elchberg et al., 1969 Porcellati, 1969 Whlte, 1973) .

In general the major categories of lipids i.e.

\wﬁﬂvgterols, sphingolipids and phosphog}vcerldes constitute

»

almost all of the lipids of the normal brain. Lipids represent
about 40 - 60% and phosphollplds some 20 - 25% of the dry
weight of adult mammalian brgln. -On the basis of unit welght
neural tissues coﬁtaiﬁ the largest amount of cholesterol,
glycolipids and phospholipias in !!g animal body. Triacyl-
glycerols are essentlally absent from normal brain and chol- -
esterol esters are found‘only during early development. Only
traces ofi*other sterols are present in adult mammalian bfain.

Free fatty acids are guantitatively minor components of braln

\

1lplds (Bazé&n and Joel, 1970), and almost all the fatty acids
occur esterified in glycerolipids and sphingqlipids. A11 fatty
acids so far characterized are even-numbered, contain 16 - 26

carbon atoms and are predominaﬁtlv unsaturated,

Although the CNS is rich in certain phospholipids

oi

Y
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such as ethanolamine Qlasmalogens and Sph, no phospholipid -

: ' cis uniéue to this tissue. 1In order of abﬁndanbe, the phos~- .

a

pholipidg preéénﬁ,a;gé EPé,QCPG, Sph, SPG and IPG, together
with such phospholipids as DPG and alkyl ether phospholipid;

- (S;eﬁnerholm and Thorin, 1962; Wells and Dittmer, 1967) which .,
are found only in small amounts. Much of the EPG of ‘the

” nervous tissue, unlike that of other tissues, is in the form

°

df the aldehydogegic plasmalogens (phosphatidal ethanolamines),

a

Only "small amounts of serine, choline and inositol Rlasmalogens

» Y

are present (Webster, 1960; Dawson, 1960; Dawson et al., 1962;°
§

. Rouser et al., 1963; Eichberg et al., 1964; Wells and Dittmer,

\ -

- 1967). ‘ v
. . u The total lipid and phospholipid content of the
white matter is very much greater than that of gray maéter.
%here is almost three times as much lipid in white matter as
in gray mattér on a wet weight basis and twice as much on a
dry weight basis. *Both white and graizmatter contain the same

individual lipids buﬁ in different proportions. Gangliosides

are characteristic of gray matter w%ére Ehgy are found in
five to six times greater 'amounts than {n white matter. When
represented as a percent of total lipid, white matter is
relatively richer in Chol, much richer in galactolipids and
relatively poorer in most phospholipids than é:ay matter.
g | Galactolipids constitute 25 to 30% of the lipids in white
: matter, but only 5 to 10% in gray matter. Phospholipids
account for two-thirds of the total lipid of gray matter, but

¢

less than half in white matter. Plasmalogens fépresént 75 to

46
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80% of EPG in white matter but less than half of these phos-
- % v :
pholipids in gray matter. Proteolipids occur at the greatégtv
,} \d 1 H.’

4

concentration in brain white matter; values in gray matter
%n’

are only one-fifth as high (Finean et al., 1957a; Folch et

al, 1958).

A | s ‘ ] .
o Except for the enrichment of 'gangliosides in gray

4

matter (No;ton g%'gi., 1966; see also Ramsey and Nicholas,
1972), all other differences in lipid composition between
gray and white matter appear to be due mdstly to 'the presence
of myelin in Fhe latter., The lipid composition of the non-
myelin fractions of bovine white matter also differs con-
7siderably from that of the‘myelin portibn. For example, lipids
such as PS§S, Suif, and to a lesser extent bc are more concen-
trated in the non-myelin portion while Chol, EPG (plasmalo-
gens) and Sph are concentrated in the myelin portion of white
matter (Norton and Autilo, 1966). The lipid composition of the
non-myelin portion of white matter also differs ;onsiderably
from that of gray matter. In particular, the galactolipid

~
content of tie non-myelin portion of bovine white matter is

threéEold that of gray matter (Norton and Autilio, 1966). N

<o
b. Distribution of Lipids in Peripheral Nervous

System (PNS) - ‘

The total lipid and phospholipidﬁ?ontent of
periphera} nerves is higher than that of whole brain but:?
lower than that of spinal cord. The sum total of Chol,
phosphlolipids and Cer pormally amounts to about 95% of the

tptal lipid in the PNS, The remainder may be triacylglycerols
-

)

¥
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- o which have been found only in trace amounts -<in lobster

» 9
s

- (Richards, 1855) and chicken (Joel et al., 1967) nerves. 2

-+

Much highervalues for this lipid have .also been reported

in chicken and cat sciatic nerves along with small amounts
of mong— and diacylglycerais, altﬁough.this may reflect a
large contribution Of the epineural and other adjacent
structures (Berry et al., 1965; Berry and Cevallos, 1966).
The proteolipid content of various mammalian sciatic nerves
appears similarbbut large differences can be found when
compared wifh other‘peripheral nerves of the same spec:\ieg..‘Nlli
(Finean et al., 1957a; Folch-Pi 95\5;., 1958; Adams and

Tagan, 1961; Wolfgram and Rose, 1961; Amadﬁcci, 1962). For
example, human s;inal roots contain about 4 times the amount
of proteolipids present in human sciatic}nerves and about .
15 times that found in the brachial plexus. The values for

phosphatidopeptides have not beén reported for the PNS.

5ma1l amounts of free fatty acids have been reported in

R ‘nerves (Berry et al., 1965; Berry and Cevallos, 1966;
T O'Brien et al., 1967). : ’

The principal galactolipids of/peripheral nerves

S g b
.

are Cer; the contribution of¢gangliosides to total galacto-

£

lipids is almost negligible. No sterols other than Chol

>

* ) have been detected in peripheral nerves. Free Chol is

abundant and cholesterol esters occur in small quantities

T

(Heald et al., 1964; Berry et al., 1965; Berry and Cevallos,

-5

. 1966; O'Brien et al., 1967). In most nerves, Sph are

LS

Y present in higher concentration than Cer (Johnson et al.,

-~

RS PO 1= - e . bt i s i mw““‘"“"'m



1948; Branté, 1949; McCaman and Robins, 1959; O'Brien
et al., 1967), aithough not consiézently (Evans and Finean,
1965). The lipid composition of the PNS, when compargd to
" that of brain and spinal cqrd, shows interesting differences,
, About twice as much Sph and le;s Cer and Sulf are found in

“

the PNS as coﬁpared to the CNS (O'Brien gt al., 1967).
The’ dlfferences in lipid composition of unmyeli-
nated and myelinafed perlpheral nerves- have also been
. reported (ﬁerry &t al., 1965; Sheltawy and Dawson, 1966).\
Unmyelinated or poorly myeiinated terves, sﬁgh as‘;hose of =x.
crab, lobster and mamﬁalian splenlc and vagus nerves, contajin
about one-sixth of the total 1ipid or phospholipid .of
myelinated peripheral nerve., The myelinated mammalian
peripheral merves (and also spinal‘cord) are enriched in
iipids similar to those of white matter of the brain (e.g.
galactolipids; Chol, Sph, and plasmalogens), while unmyeli~
nated nerves (e'g. splenic) resemble gray matter (Branté,
.o 1949). The maJSE plasmalogens of peripheral nerve are
ethanolamine lipids as in the case for spinal cord (Webster,
1960) ; however, small amounts of serine and choline plasma~-
logens have als? been reported (Porcellati andtﬂﬁstrantonio,

' 1964; Sheltawy and Dawson, 1966). Mye&ineted peripheral nerves

b e

are also enriched in PS and TPI compared to unmyelinated nerve

but contain lower gquantities of PC. However, the total]l choline~

,‘*{,.; L
L7 W,

containing phospholipids are relatively constant in both
myelinated and unmyelinated peripheral nervousg tissue in
b spite of the differences in the concentrations of the

¥ ]
* S
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'"individual chgljine-containing ljpids. This suggests varia-
. tion in the tightness of packing of membrane lipid'bilayé s

‘without, however, affecting Ehe net surface charge balance’

(Sheltawy and Dawson, 1966). Myelinated peripheral nérve

contains a far greater concentration of Chol than unhyelinated"
» ¥
nerve due to ‘the abundance of this 1lipid in the myelin sheath

‘

(Johnson et al., }948; Branté&,:-1949; Evan- and Finean, 1965f.

faat]

The fatty acid pattern of lipids from myelinated nerve gen-
erélly resembles that of brain white matter, while the

s ®
pattern from unmyelinated nerve resembles that of gray matter
-

£ »

(Light and Easton, 1967). . » . ) -

1)

Différences in lipid concentrations among similar
! - ‘ i 03 “ L3
nerves of vamwious animal. species have also been observed.
For example, Chgl* and phospholipid concentrations of human

,sciatic nerve are lower than that of corresponding myelimated

0

-

nerves of other species. Tables of detailed results are

»

availagble (see Porcellati, 1969).

C. Lipid Composition of\the Central and Pgripheral '

/ ®

Nervous System Myelins

5 13

The myelin sheath is a greatly extended and
presumably modified p}aéﬁa membrane which is wrapped around
the nerve axon in a spiral fashion making & multilamellar

structure., The myelin'qgmbranes originate from, and are.
{ -

part of, the Schwan *§3;l in the PNS and the oligodendroglial

cell Jirrsthe CNS, n the brain tissue is gently homogenized

S

in isotbnic media, the myelin sheath is broken into fragments ‘

-

» 4 -
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and the compacted lipid-rich membranes of the myelin proper

can be séparated by suitable techniques. Myelin can be

L}

readi}y prepared from central white matter in large amounts

“«

where it represents about 50% of the total dry meiéht. A

Rj

great deal of work has been done. on myelin lipid composition °

and'is briefly described here. Early studies of the lipid

v
I

. composition of myelin,wefe done on crude fractions of

. tissues in which myelin was presumed to be concentrated

- 4

(Branté, 19%9; Brodie and Bain, 1952;'beterson and Schouy,
. « u' - / s
1955; Biran- and Bartley, 1961)., The results of these

' ‘ studies, although of considerable value, should now be

A I3
regarded only as indicative of myelin composition. Recent

4

developments in differential and density gradient centri-
fugation (De Robertis et al., 1962, ﬁ&cﬁberg et al., 1964;

Whittaker, 1965) coupled with morphological characterization
» i
by electron microscopy (Gray and Wh%ttaker; 1962) and’

. . .
improved methods for the separation and measurement of - *

-y

various lipads have permitted the precise analysis of

-5

e

% v purified myelin or myelin concentrates from both the CNS ' .
% ) and PNS of a variety of animal specieé: human (Cuzner

g' et al., 1965a; O'Brien and“Sampson, 19658, b; Norton

; ' ‘ et al., 1966; Gerstl: et al., 1967), équirrel monkgy .

, , (Saimixi sciureus) (Horrocks, 1967);‘cow {Hulcher, '1963; «

' Autilio et al., 1964; Cuzner et 3&.,11965a; Norton and

?: Autilio, 1966; Soto et al., 1966; O'Brien et al., 1967),

rat . (August et al., 1961; Seminario et al., 1964; Cuzner

et al., 1965a; Nussbaum and 'Mandel, 1965; Evans and Finean,

e

»
>



1965), gui&ga pig (Laatsch(gé al./ 19627'?ichbérg°gg al.,
1964; Evans and Finean, 1965), rabbit, pigeon, frog ;na N
dogfish (Evans and Flnean, 1965; Cuzner et a _&., 1965a)

‘ The results of |such studles have Shown that the
same lipids are present in ?NS myellq,of:ai§ species inves~
tigated and also that the relative proportions ofuéhgl )
individual lipids in the various species are in fairly close
agree'&nt espec:.ally cons:.dera.r;g the *varlety cf techm.qués
used for 1solat1ng myelln. These lipid patterns are distinct
froﬁ those obtained for other subcellular fractions. In
ut;lost species'eiamined, lipids such as Choly Cer, ethancla-
mine plasmalogens and Sph are found té be enr;chéd in myelin.
These lipids ~although typlcal of myelin ‘annot be consideréd .
to be located é€xclusively in this structﬁre (O'Brien et ?1.,

5

»

1965a; Norton and Autilio, 1966).
. 1 ] ot hd 1]
The major sterol of myelin lipids:i Chol and 80%
oﬁ the white matter Chol is in myelin’ (Norton gnd Autilio,

1966) Small quantltles of Chol estersQQﬁa aesmosterol

!

i

have also been reported 1n bovine and rat brain myelln

ey en

R S

LIRS

o
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.

(Young and Hulcher, 1966; Smith et al.,”1967; Banik and
Davison, 1967). Of the ‘galactolipids, Cer are enriched

in myelin fraction of white matter whihe Sulf are mostly °
* 1

A}

in the non-myelin fraction (Norton and Autilio, 1966), e.g.

in axons (Devries and Norton, 1974). The presence of
small amounts of gangliosides has also been reported in
purified bovine brain myelin (Norton and Autilio, 1966;

Soto et al., 1966). fo.

i
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Myelin is relatively defigjent in BC and PE when,

compared to other membranous structures, otherwise.PC is
/ .

the second most abundant phosphoglyceride after EPG. The

EPG amount to about 10% of the dry weight of myelin and

& e

their concentration is virtually the same for CNS and PNS

myelins (Evans and Finean, 1965; O'Brien et él., 19673

' Herrocks, 1967). Most of the plasmalogens of myelin are

fouéd in the EPG fractlons (Branté, 1949; Webster, 1960),

orton and Autilio, 1965; O'Brien and Sampson, 1965a) and

n one case about 100% (Cuzner ét al., 1965a) Inos1t01

\'

lasmalogen content ig very low, while gerine plasmalogens

acccunt~for less than 10% of the total SPG. The content
1 .

«of total SPG, CPG and IPGC was found to be mdte variable than

,EPG. . Usually, PI content is tHe lowest, followed by PS and

then PC, Tracgg of PA and DPG were also reported in CNS

“myelin (Eichberg et al., 1964; Cuzner et al., 1965h). Sphingo-~

myelins are ‘xelatively coOncentrated in myelin; 38% of rat

'brain Sph (Nussbaumet al., 1963) andﬁ?O% of the bovihe

~

white matter Sph are in the myelin (Norton and Autilid, 1966).

s

Proteolipids are present largely in myelin, although synaptic

-

endings and mitochondria also contain some proteolipid protein

(Lees, 1966; Radin et al., 1967). C .ot
‘ L}

The lipid composition of both CNS and PNS myelin -

is generally Simiilar but not 1dent1cal perhaps a reflection

b
of thejir different cellular origins (Nofton and Autlllo,

! . 3 r
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1966; O'Brien et"al., 1967). Evan and Finean (1965) have

compared the lipid cémpoéﬁtioﬁ of CNS and PNS myelin from

* both the rat and guinea pig. Tittle diffékence was found

in the phospholipid composition, but a significantly higher

. Qphopholipid:cholesterol ratio was evident in peripheral

myelin, A considerably higher galactolipid content was

also ovbserVed in guinea pig sciatic nervé myelin. Results

» 5 '

with other species,howev&r, generaily indicate that there
? M

are more galactolipids and less Sph in CNS.ﬁyelin than +PNS

’

myelin (Norton and Autilio, 1966; O'Brien et al., 1967; ~

.

s HNoRpocks, 1967; see also Johnson gﬁ al., 1948 ; McCaman

w“o

and ‘%ins, 1959; Schmidt et,al., 1966). For comparative
purposes, lipid composition,data of both CNS and PNS myelin

of several species is presented in Table 1.

@

[

,
B. LIPIDS AND THE DEVELOPING NERVOUS SYSTEM

£, ‘A ’ R -
% Introduction,

Y IS

The nervous system develops through several
{

overlapping periods, each defined by one major event in brain
growth and/or structural maturation. These periods are

artificial at best: when applied to a dyﬁamic system. In

Tt
? ¥

addition, the nervous system is heterogeneous in development
from region to region in terms éf time, type of cells and
complexity of interaction among these different cells. The
events of nervous system development have often been divided

into stages for ease of discussion and organization.

- . o - - - S el —
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Table l. Lipid Composition of CNS and PNS-Myelins *

- -~ Ox Squirrel Mgnkey Guinea Pig Rat
Brain Spinal =~ Spinal Brachial Brain _ jgéigtig Brain Sciatic -
B roots cord Plexus - nerve , nerve
(a) (b) -(c) (c) (d) (@) - () (4)
— ¥ — o
3 . * N 3
Total Lipid-P 1.00 1.00 1.00 1.00 - 100 1.00 1.00 1.00
Chol 1.32 0.77 1,30 1.08 1.00 , *&n64 . 1.11 0.83
Total . . B
Galactolipids 0.63 0.22 0.65 0.46 - . o= - -
|
Cer 0.52 - - - )., Tt . L
0.45 - 1.15 0.39 0.33 -]
Sulf 0.07 - - - :
EPG ?,0.44 0.27 ~ 0.43 0.38 0.42 = -~ 0.48 0.37
CPG 0.25 0-24 -Q.lg - 0114 0025.\ - . 0-24 0.24
Sph 0.15 0.22 0.18 0.23 | 0.13  |}- . 0.18 0.20
§pG . 0.14 ‘ ‘ "} 0.34 -
0.27 . 0.17 0.19 $ 0.20 -~ 7 2 0.10 0.19
PG 0.02
Plasmalogens 0.35 - 0.35 0.28 - = - ~
Total Lipid-p/ . . . .
£hol . 0.76 :1,30 0.77 - 0.92 1.00 1.56 0.90 1.20
‘\v _ \?

% Data given as mol proportlons relative to total’l

~Data recalculated from:
Hbrrock 1¢67;

\}\ ]

igid-p.

(a), Norton and Autlllo, 1966-

(a), Evan and Finean, 1965,

(b), O'Brien et al.,

.

1967;

(c),



-at maturity (Himwick, 1969). *

Recently, DaVLSon and Dobbing (1968) desc;zbed four QEagé;

which serve to correlate major changes in all sp cles

(see Table 2)-. ‘ j e

4

2. Biochemical Changes _During Developmené

v i

N [

a. Changes in Brain Welght, Nucleic Acids and Protein

3

The most apparent index of brain growth is welght.
Depending ééon the spec1es,°the most rapld growth may occur
just before, after, Qr at time of blrth. The ratewofngrowﬁh
varﬂés greatlf in éiéferent anatomieal/tegions*(e.g. cerer .
bellum shows the hi?Hest change in rate of growth; the ép;ﬁal
cord the most gradual) as does the time-at thch“the period

e ‘ ) L3 13 o » . ' , 3
of most rapid gpgwth occurs.. The incredse in brain solids

S 7 . R " r .
reflects the lncreQZe in membranous structures and a decrease

1n water. In rat brain for example, the water content

8

decreases from 90% of the total brain welght at birth to 83%

v o

~ -

4 ¥
.
.

The developmental chanbés of four major constif-

uents of brain - DNA, RNA, proteln nd 11p1d - are summarlzed

. 6::
M

for the fore-brain of rat in fi

{2 a & b. Early proliferation

of cells i§ i?dieated by synthesis of.DNA. As diéfegedfia-

tion occurs, DNA replication is followed by Ln?ieased trans-

criptien, then translation of RNA to protein." With the

appearance of cell—specifif/enzymes and structural proteins,

each cell type acquires a unique metabolism and morphology.
N . ’

.
Maturation of such elements as neuronal processes, synaptic
[\ +

endings, and myelin involves deposition of lipids into



Table 2. Stages of Developmg%t of the Brain

<,

b

=%

Period

T

)

Ila

ITb

Iz -

IV

°

Process

%" =
Organogenasis and néural multi-
plication (i.e. total cell number
reaches its adult wvalue).

S

@

A "growth spurt" i.e. a maturation
period of axonal and dendritic -
growth, glial multiplication and.
myelination.- Development of certain
enzyme, systems.

Later but overlapping period of
growth.

—
<

Mature state.

Senile regression, 1.e. aging. .

Completion

L.

&

Guinea pig - 45th day of gestation.
Rat = 3rd postnatal day.
Man - 25th week of gestation.

Chéck* -

Mouse and cat -

Guinea pig . -
Pig -
Rat . -
Man * -
Chick -

10.~- 12 days of incuba-
tion.
until birth.

at birth. - .
eeks after birth.

3 weeks after birth,

2 years after birth.

2 weeks-after hatching.

.-

* see Romanoff (1960). -

I
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(a) Changes in Body Weight and Several Brain Constituents
Values are expressed as % of maximum (adult) levels:
weight, and brain lipid have been calculated frohm the
DNA: Fish and Winick, 1969; RNA: Mandel et al., 1964;

(b) Rate of Change in Wet Weight, DNA and Chol of Developing Rat’Brain.
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these membranous structures. Changes in DNA, RNA and also

protein content of brain with development have been

" comprehensively described (seeaRapport et al., 1969; 1971).

b. CBanges in Lipid Composition

.

/ With respect to lipid composition, the development

of the nér?ousmsystem may be divided into three distinct
periodsz*(i) that which precedes visible or histological
deposition of myelin, (ii) that of rapid deposition of myelin
and (iii) the period which follows and completes maturation.
The period of rapid myelination differs from species to
species; for.example, the guinéa pig (also cow, horse, deer)
is born virtually fully myélinated, whereas in the rat
(also cat, rabbit, dog), myelination occurs after birth
(Himwich, 1962f. The human infaﬁt falls between these groups
i;dicating a partial myelination in utero.:

Lipid changes accompanying maturation have been

Y

studied extensively in the mammalian CNS. The main object

"of these has frequently been to obtain information on the

coméosition of myelin at a time when fractionation techniques
were inadequate to permit direct analysis of ﬁyelin. Rat
brain and to a lesser extent mouse brain have been used

most often since myelination in these species is a postnatal

" event, and also, specimens of these animals of known age can

be more readily obtained in the required quantities. Data
on man, cléarly of greatest interest and importance, are less

abundant. Most reports deal with postnatal development

: £ |
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of the species in question, althowgh fragmentary information
exists on the lipid composition during embryonic life,
expecially in the chick.

The most comgiete analyseslfor twenty-one lipid
classes in rat brain at eight ages (3 to 330 days postnatal)
have been reported by Wells and Dittmer (1967). Other
similar ‘studies, although providing iess complete data, are
also available (Greany, 19§1; Cuzner and Davison, 1968; see
also Ansell and Hawthorhe, 1964).“°These investigators attempted

to distinguish  those lipids which are characteristically

found in myelin from those which are considered to reside in

Pl
[}

all membranes in the brain cells.
A simplified table indicating changes %n lipid con-
centration with respect to myelination in rat brain is
presented in Table 3. The lipids are grouﬁed én the basis of
their period of most rapid change relative to myelination:
séme lipids undergo marked shifts before myelination begins;
others show marked, moderate oxr smallﬂincreases duringLﬁyéiina—
tion.y When allowance is made for thé differences in temporal

scale, these changes are in‘general similar in all species.

. Information regarding deposition of some of the lipid components

during development in various other mammalian species is avail-
able: cholesterol conceqtration (Mandel and ?ieth, 1951;

Kishimoto et al.,, 1965,; Davison and Wajda, 1959; Spence and

« Wolfe, 1967), early occurance«:fdesmostero} (Kritchevsky et al.,

1965; Banik and Davison, 1967), plasmalogens, Elthough not for

ali lipid components (Stammler et al., 1954; Erickson and Lands,

¥ -
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Table 3. Changes in Lipids During Development in Rat Brain

Localization or

Group Lipid % of Adult Time of Max.
Level at 3 Days Increase Possible Role
. s +
I Sterol esters ? Prenatal Patty acid donor?

Gangliosides - 27.0 3 -124 Neunronal process

II Cerebrosides 0.2 6 - 42 4 Myelin primarily
Sphingomyelins : 5.6 6 - 24 4 Myelin primarily

. Triphosphoinositides 7.5 12 - 42 4 Myelin primarily
Phosphatidic acids 10.0 .12 - 42 4 Metabalic intermediate
Galactosyldiglycerides 3.0 Myelin primarily
Inositol plasmologens 9.0 Myelin primarily

IrY Choline plasmalogens 12.0 18 - 42 4 Myelin primarily
Ethanolamine plasmalogers 17.0 6 - 24 4 Myelin primarily
Phosphoglyceryl ethers*+t 15.9 6 - 24 d All membranes
Phosphatidylserines 34.0 Gradual All membranes
Cardiolipin ' 34.5 6 - 42 4d All membranes
Cholesterols . 26.0 Gradual Myelin primarily
Plasmalogenic acid 16.7 6 - 12 4 All membranes

v Phosphatidylcholines 59.0 Gradual All membranes
Phosphatidylethanolamines 50.0 Gradual All membranes
Phosphatidylinositols 55.0 Gradual All membranes

v Sulfatides 3.3 6 - 24 d All membranes
Diphosphoinositides 5.0 3 ~184d Intermediate in TPI
metabolism

Phosphatidylglycerol- %
phosphates 50.0 12 - 18 4 Metabolic intermediate

e

E

N

continued on next page
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- ‘ N Table 3 Legend

* Data were recalculated from those of Wells and Dittmer (1967); the table is taken in

part from Benjamins and McKhann (1972). The lipid content of rat brain was examined it

3, 6, 12, 18, 24, 42, 180, and 330 days after birth. The sterol esters decreased after

birth; no significant data was obtained after 3 days (at 3 days 2 umol/g wet wt.).

e v
PR

** % of maximum level -at 12 days. Phosphatidylglycerolphosphate decreased after that

time to lowest levels in 180 and 330 days. e

P

+ See Mickel and Gilles, 1970. )

++ Mainly containing ethanolamine.

*
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1959; Korey and Orchen, 1959; Bieth et al., 1961; Freysz et
al., 1963), phosphollpyds (Cumlngs et al., 1958; Edgar and
Smits, 1959; Dav1sog and Wajda, 1959; Balakrlshnan et al.,
1961? Freysz et al., 1963] Siek and Newburgh,.l965; Clausen
et al., 1965; O'Erien and S;mpson, 1965a, b; Kreps et al,,
1966; Myant and Czlé', 1966; Rouser et al., 1967), sphingo-. ° |
myelins (Bieth et al., 1961; Ansell and Spanner, 1961;
Marshall et al., 1966),-cerebr051des and sulfatides (Cuming
et al., 1958; Uzman and Rumley, 1959; Kishmoto and Radin, 1959;
Bakke ané Comatzer, 1961; Davison and Gregson, 1962; Garrigsdg
and Chargaff, 1963; Ciausen et al., 1965; Kishimoto et al.,
1965 ; O'Brien and Sampson, 1965a; Menkes et al., 1966a; Maker
and Hauser, 1967; Spence and Wolf, 1967£ Hauser, 1968), ganglio-
SLdes (Pritchard and Cantln, 1962 Prltchard 1963; James and
Fotherby, 1963; Burton et al., 1963; Garrigan and Chargaff,

1963; Kishimoto et al., 1965 ; Marker and Hauser, 1967; Spence

and Wolf, 1967). ,
f » &
Jéry,liggisuif/kﬁgi; about changes in lipid com-

position during development in;the PNS. The work described

- in this thekis provides information in thip area.

i

The fatty acid patterns within the lipid classes

of CNS have also qifn shown to undergo significant changes
L -3 0

but these are less pronounced than thé‘éhanges in the lipid

concentrations. Generally, in phospholipids, there is a
. - ) :

¢

noticeable shift from the medium chain fatty acids towards
longer chains and greater unsaturation. In glycolipids, fﬁe < .

most noticeable shift, besides the increase in chain length

"
-
»



w

\

s

and gegreg of unsaturation, i%‘? steady increase in long .
;hain hydrox —fatt& acids (see EiEBberg et al., 1969{. The
information gn PNS is quite scanty. However, the general
trend appears\likely to be more or less the same as in CNS
(Banik et al., 1968). ' -

>
4 !

c. Changés in Myelin Lipid Composition o

2

- The first report that the lipid composition of
myelin changed during development (Horrocks és gi.,h1966) %as
t{eated witﬁ‘sceéticism. It has now beenzpfo§en convincingly
by seyerél groups (Cuzner and Davison, 1968; Eng and Noble,
lﬂ68{ Horrocks, 1968) that the £odént brain myelin wﬁen first
de?ositedlhas ; very different composition from that of the
adul;. The ﬁ&elin'lipid changes are those typical of whole
y;arain. Essentially, in rat bréig myelin, the relat%ve propor-
tions of galaQtolipids, choleséerdl aﬁd ethanolamine plasmalq-
gen increase from about 15 days of age as the relative pro-
portions of CPG decrease. The very smali amoﬁnt of ?esmos-
terol declines,, but %ﬁe other lipids remain constant.‘ In’
addi?ion, the pglysiaiagangliosides decrease and the mono-

sialogangligsides increase to 90% of the total gangliosides. .,

This change is not complete until the rat is about 2 months old.

"

"Egrly myelin" preparations from developing brains

of rodents also contain less cere?rosides and more phospholipids
than mature myelin. This early myelln resembles more closely
the' cell membranes from which it is derived than mature myelin}

Davison et al. (1966) and Banik et al. (1968) suggest that this

J/
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early myelin is a mixture of mature myelin and "pro-myelin"
L3 \ ;
derived directly 7rom the oligodendréglial plasma membranes.

In fact, the "pro-myelin" component wa; later shown‘to be
poor in cerebrosides and to contain“a»higher proportion of‘
shorter chéiﬁhfatty ac%ds in the phosphoglyceriaes than
mature myelin (Banik and Davisoﬂ, 19§9i. This "pro-myelin"
fraction is likely a transition sﬁat etween the oligoden—~'
droblial plasma membrane and,cdmpact myelin. /

']

For more detailed coverage of developmental .

- changes in the lipids of myelin and other subcellular frac-

tions along with faéty acid patterns of the lipids, the
reader is referred to the following articles: (Eichberg et ,

al., 1969; Rouser et al., 1972).

.

C. PHOSPHOINOSITIDES

.
'
3 “

l. Introduction

I
»

- " > .

. % Inositol was first isolated by Scherer (1850)
from muscle thratté and was found later in other animal ;nd
piant tissueé’(Mﬁllgr; 15%7; Thudichum, 1884)., It was
identified as hexahydroxécyclohexane‘(Maquenne, 1887). of
the 9 possible stereoisomers, the most ab;ndant one in

nature is myo;inositol (in which all but one of the hydroxyls

»

are equatorial).

b

Myo-inositol occurs both free and combined as &

phospholipids in animal and plant tiésues, and as phytin

v
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plants. It 1s synthesized by cycllzatlon of gluc

N +“ . “ N -
Z)ed Mg e 32 salt of phytic acid - the hexaphosphate)

ose

ya X ischer, 1944; Chen and Charalampous, 1963, 1964a, b, 1965,

+ glugose (Stetten and Stetten, 1946; Moscatelli and Larner,

Charalampous, 1959, 1960; Richardson and Axelrod, 19%

19 6; Pina and Tatum, 1967) and can be metabolized to

.
7

Burns et al., 1959)., Myo-inositol is considered to be a

- 1946) via D—giucuronic acid (Charalampous and Lyras, 1 57;“
_ ¢ »

lipotzophic agent (Gavin and McHenry, 1941; Gavin et al.,

Pl
1943; abels et al., 1943; Best gt al,, 195la, h) and was

N also found *to protect dividing fibroblasts from mito
t
, poisons in tissue culture (Chargaff et al., 1948).

tic

It is

cells' (Eagle et al., 1957; Géyer and Chang, 1957; Eagle

et al., 1960; Charalampous et al., 1961). However, its

&

w

i\

esseptlal for the survival agd dgrowth of cultured mammalian

&t

most important role seems to be in eukaryotic cell membranes

as a constituent of phospholipids.

.

Thudichum (1884) did not recognize inositol as a

N lipid constituent. 1Itrwas first shown by Anderson (1930)
to be a component of the phosphatides of tubércle bacilli,

Later,” an inositol monophosphate was found-among the hydro-

lysis products of soy bean phosphatides (Klenk and Sakai,

1939) and brain lipids (Folch and Wooley, 1942; Burmaster,

1949). The crude myo-inositol - containing phospholipid

complex of brain was described by Folch and Sperry (1948)

as a group of heterogenous compounds all of which contain

glycerol, inositol, phosphoric acid and fatty acids,

»
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iﬁosiiol;containing phospholipid was repbrted earlier in rat
liver (Macpherson and Lucas, 12j7) an was subsequently iso-

lated fromtyheat germ and heart muscle (Faure and Morelec-

S - 9 el

\

Coulon, 1%53, 1954). This lipid yielded inositol mono-
phosphate upon hydrolysis (McKib%on, 1954; Ha%thprne, 1955a) .
and exhibited molar proportioﬁ; for glyceroy, phosphorus,
inositol and fatty acid of 1:1:1:2, Folch (1949a, b) prepared
"Brain diphosphéinoéitide" ("Folch DPi") by fractional pre- . -
cipitation of ox brain cephalin*; This‘aci@fé lipid, obtained
as the C52+ and Mg2+ galysn exhibited a phosphorus/inositol
ratio of about 2.’ For many yéars, it"wag thought to be a
single compound and the only phosphoinositide in brain. A

number of later studies repo;¥ed thé presence/éffinpsitof“ﬂ\\\uf
7

monophosphate among the hydrol&sis p;oducé% of brain laipids , ’
but these observations‘we;e'usually dismissed.as arising from
the further ‘hydrolysis of inositol diphosphate (Hawthqrne and
Charagaff 1954; Hawthorne, 1§55b; Hutchinson et al., 1956).
Hokin and-Hokin (1958) were the first to demonstrate the
presence of PI in brain., HOrhammer et.al.(1958) showed the N
presence of lyso-PI in ox brain., Later, using counter-current &5
distribution and paper chromatographié téchniques, several

phosphoinositides including PI were revealed in the "Folch DPI"

fraction (Hbrhammer et al., 1959, 1960; see also Kemp et al.,

»

*In this thesis the .term cephalln" is used to denote the -
"alcohol insoluble fraction of tissue phospholipids rather
than an earlier usage which implied a single phosphollpld
phosphatidylethanolamine. ) )
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1961): Dawson and Dittmer (1961) ;howed that this fraction
contained ﬁ;, DPI and‘TPi. This finding was simul“taneouslyl T
and independently supported by others (Brockerhoff ang Ballo 3A
l96la; Tomlinson and Ballou, 196l; Grado and Ballou, 1961) an
lhter confirmed by Ellis et al. (1963). A te%raphosphoinosi-
tide also was reported in brain (Klenk and Hendricks, 1961;

Santiago-Calvo et al., 1963) but subsequent careful analysis

showed this compound to 'be TPI (Hendrickson and Ballou, 1964).

2. Structure and Properties of Phosphoinositides

g

s

‘a. Structure of Phosphatidylinositols

<

Lipid preparations described as "glycerol inositol
phosphatidic acids" were first isolated from wheat germ and o
ox heart muscle “(Faure and Morelec-Coulon, 1953, 1954, 1958; : o

L4

Morelec-Coulon and F&ﬁre, 1958a, .b, c). These preparations

]
°

contained glycerol, phosphorus, inositol and fatty acids in
the molar ;atlo of 1: i :1:2 and the structure of a "monophospho-
1n051t1de"‘was proposed (Fﬁg 3a). Slmilar 1n051tol phospha-
tides were isolated from a variety of other sources (Scholfleld \

and Dutton, 1954 Okuhara and Nokdyame, 1955; McKlbpon, 1954 \

1956). A series of chemical studie$ (Hawthorne, 195

1959; ngth?rne and Hiibscher, 1959;: Kemp et al., 1959}. con

‘firmed tﬁt structure (Fig. 3a) first~proposgd by Faure and

Morelec—CoulBﬂ (1953). The optical rotation of enzymati-
> cally produced «, B-diglycéride (1, 2-diaeyig1ycerol)

»

from beef liver monophosphoinositide was ‘shown to be the



\

same as similarly prepared 1, Z—diacylglyceﬁﬁi'from naturally- o
) * occurring lecithin and synthetic D-ZE 3-diglycerides (Br;:§e£-
-

hoff, 1961) thereby establishing thé~L'cdnfiguration of the ' i
[}

. "phosphatidyl" group. ‘ ",

‘ ., There are six possible sites.of attachment of .
phoéphate group to inositol. From a stéreochemical point of
view} the most probable is the axial hydroxyl at position 2
(ﬁawghorne, 1§55b; Folch and LeBaron, 1956; Hanahan and ‘

<olley, 1958). However, the isolation of optically active'.. Co
indéitol-l—phosphate (inésitol—2-phosphate ig inactive) ‘

e f;om the hydrolysxs products of phosphoanSLtldes of several

sources (Pizer and Ballou, 1959a, E‘ Ballou and Plzer, 1959; ., . - ,

Hawthorne et al., l960a, b) flrmly establlshed the Structure

K

oOf monophosph01nosat1de as l—phosphatldyI-L-myo—1nosmtol

o

1 , {Fig, .4a). The chemitcal syn&hesis:of this iipiq containing KL
| . - . B Y !
a phosphatidyl group lifked to.the l-position of inositol *

" :3 p7oved dlfflcult- however, a successful synthes;s has ‘been
<

geported (KlyaSChltSkll et‘al., 1969)., o

@

kS

~

5 b. Structures of Polyphospbo%nositides

[ ' . N B

-3

Acid hydrolysis of "Folch DPI" yielded equimolar :

a

-, amounts of fatty acid, glycerol.and inositol diphosphate
\

. , which periodate oxidation showed to be substituted in. the

~
+

meta pos&tlon (Folch 1949a, b) On the basig of these studies ™

and evmdepce that *the phosphate groups in the parent lipid

were present as dlesyers ‘only one titratable group per

' .

8y o v s v monadarlity
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- phosphorus atom), a structure was proposedQ(gig. 3b, R and R'

. denote unknown residues).‘Folgh and LeBaron (1956) sugéeéted

4

° that one of the two unknown reéidues may be‘a "monoglyceride".

i
0 ax

Hawthorne (lBSSbE:proposed aecydlfc.structuye (Fig. 3c) and/or .

a polymeric structure in which,inosiéolndiphosphéte residues

were linked to "mongglyceride" (see also Folch éhd LeBaron,

1956). Ion-excg;nge Ehromatograppy of the water-soluble

. products obtaiﬁed from "Folch DPI" by alkalinefvééid-aﬁd ‘ \\°
enzymic hydrolyiis provided evidence for the presence of three :

inositides, one of which was a "monophgsphoinositide" ’
g

(Kemp et al., 1960, 1961). A series éf subsequent studies

« Y

f; of tﬁe'producﬁs of acid and alkaline hyd¥olysis demonstrated
N the presence of .lipids containing inositoll~1l, 4-diphosphate

and in$s§t01~1, 4; S-tripﬁosphate in the "Folch DPI" fraction
(Grado and Ballou,. 1961; Tomlinson and Baliou, 1961). The
,‘// deacflation products of mild alkaline hydrolysis were shown

to be l—(glyceryl-éhosphoryl)—L—myo—inositol, 1-(glyceryl-
‘phgsphoryl)—L-myo-ino;itol-4-phosphate‘and 1- (glyceryl-
phosphoryl) -L-myo-inositol-4, 5-diphosphate (Ellis et al.; -
1560; Ellis and Hawthorne, 196la; Brockerhoff and Bailou,
' 1961a) . Independently, Dawson and Dittmer (1961) showéd the
. I "Folch DPI" fraction to contain three phosphoinositides and
’ succeedea in isolating'90—95% pure TPI, The structures for -
N DPI and TPI\ére now firmly éétablishgd (Fig. 4b, ¢). -

Recently, Russian workers have synthesized DPI by condensing
Y

ul
'stearoylg}ycerol (Klyashchitskii et al., 1969).

8
1, 2:4, S-dicyclo:jxylidene-myo—inositol with ‘phosphoryl- _

. chloride and 1,2~
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1,2 - DIACYL -SN-GLYCERO~3-PHOSPHORYL-1-MYO-INOSITOL
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1,2-DIACYL~SN-GLYCERQ-3-PHOSPHORYL-1-MYO-INOSITOL-4,5-DIPHOSPHATE

&
3

-

Fig. 4:  Structures of Phosphoinos{tides.
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¢. Nomenclature

s
S

' The only inositol so far found as a,lipid con-

stituent is myo-inosifol. By analogy with the term "phospho~-

inositides" originally suggested by Folch and Sperry (1948)

for ﬁhospholipids containing inositol, all the three major -
¥

inositol lipids of brain were conveniently named as mono-

phosphoinositide, diphosphoinositide and triphosphoinositide.

Recent work has indicated the occurrence of molecular species

which vary in fatty acid‘composition for all thfee phospho~-
inositides as well as other phospholipidé. It now is pre-
ferred to use the plural of all names to indicate a family
of each phosphatide. By analogy with phosphitidylchoiines,
Hawthorne (1960a) suggested "phqsphatidylinositols"‘as a
preferable name. Follo&ing this, the higher phosphorylated
derivatives of phosphatidylinositols (PI) would bEmphOQPha‘
tidylinositol—4-phosphate (DPI) and phosphatidylinositol-4,
5-diphosphates (TPI). "Phosphatidyl" denotes a specific
chemical structure, 1, 2-diacyl-sn-glycerophosphoric acid.
The symbol "sn" refers to a stereospecific numbering

system (Hirschmann, 1960) that provides a much more precise
designation of the structure aof glycerol derivatives ang

is stron§ly recommended by the IUPAC-IUB,K Cofmmission (1968).
The structural names for PI, DPI and TP} would be: 1, 2-
diacyl-sn~glycero-3-phosphoryl-l-myo-inositol, 1, 2-diacyl-
sn-gl ro=-3-phosphoryl-l-myo-inositol-4-monophosphate .and

1, 2-diacyl-sn-glycero-3-phosphoryl-l-myo-inositol-4, 5-

e

- 24
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diphgsphate, respectively (Strickland, 1973). Lyso-PI
by analogy with the other 1yso~phosphoglyceriées designate
PE having no fatty acid“esterified at the\l or 2 position of
glycerol (i.?. l-, or .2-acyl-sn-glyceto-3~phosphoryl-1-
myo-inositol). In this d%ssertation the Qames PI (phospha~
tidy{inbsitols ), DPI (phosphatidylinositol-4-phoSphates),
TPI (phosphatidylinositol-4, S-diphosphateg) and PPI (poly-

sphqinositides, designating DPI and TPI) will be, used }or

s

the sake of convenience.

3

d. 1Isolation Procedures and Determination
|

Phosphatidylinositols are the only phospho~
inositides which can be easily extracted with neutral
C-M mixtures. Polyphosphoinositides appear to be bound
rather tightly to tissue proteins. Isolation of PPI requires
treatment of the tissue to disrupt these 3nositide~protein
bounds. 1In early studiesspretreatment of the tissue with
acetone and ethanol or with 0.3 N-perchloric acid prior '
to extraction of all lipids with petroleum ether (Folch,
1942, 1949a), or chloroform-ethanol mixtures (San@iago—Calvo
et al., 1963) was used. Tissues have‘also been subjected
to prolonged extraction with diethyl ether in a Soxhlet
apparatus in order to solubilize these lipids (Wagner et al.,
, 196la, 1962). The best and most widely used system is that
| of Dittmer and Dawson (1961) who first extracted the bulk

of phospholipids with neutral C-M mixtures and then

k]

»
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extracted the inositide~-protein complex from }Hb tissue
residue with C-M mixtures containing HCl. This method is

a modification of one originally described by Folch (1952)

to prepare phosphatidopeptides (LeBaron et al., 1962).

Less effective systems have substituted NH4OH (Rouser et al.,
1963), salts, organic acids or chelating agents for HC1

- 4

(LeBaron et al., 1963; Dawson and Eichberg, 1965; Dittmer
and Dougl;;, 1969; Michell et al., 1970). Legaron et Eiv:
(1963) and Dawson and Eichberg (1965) determined that no
additional phosphoinositides remained in the tissue after
extraction with.—M—HCl (400:200:1,5, by vol.). Unfor-
tunately, a portion of the DPI‘is also extracted during
treatment with neutral C~M mixtures. This loss is minimized
by raising the proportion of methanol in the solvent used
for the firgt extraction (Wells and Dittmer, 1967; Dittmer
and Douglas, 1969). Extraction of all the lipids together
witq C-M-HCLl has’greater disadvantageg. Determination of
the PPI is made very difficult since they represent very
minor proportions of the total phospholipids and also, the
a}k—l—enyl ether "linkages are hydrolyzed making the extract
unsuitable for plasmalogen determinations. Procedures
involving pretreatment with acetone result in low recoveries.
Furthermore, TPI is degraded to DPI during acetone treat-
ment (Dawson and Eichberg, 1965; Wells and Dittmer, 1965;
Dittmer and Douglas, 1969). Another critical factor in

the quantitative recovery of the PPI is the necessity of

avoiding the rapiﬁﬂpost—mortem breakdown which occurs
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just prior to extraction (Kerr et al., 1964; Dawson and
Eichberg, 1965; Wells and Dittmer, 1965; Eichberg and
Hauser, 1967). The most effective Tethaa is to immediately
freeze the tissue in liquid nitrogen within seconds of ’
death.

There are two approaches to quantitative determi=
,nation of PPI in tissue extracts. The first depends upon
the direct separation of phosphoinositides followed by
cﬁemical}analysié (usually measurement of phosphorus
content). Separation has been achieved by chromq;ography
on formaldehyde—t;;ated paper (Wagner EE al., 1963), on
columns of DEAE-cellulose (Hendrickson and Baliou, 19&4),
on Silica Gel impregnated paper (Santiago-Calvo et al.,
1964) and on thin layers of calcium-free Silica Gel , treated
with potassium oxalate (Gonzales-Sastre and Folch-Pi, 1968).
The second approach depends upon the isolation of acid or
alkaline hydrolysis products of lipids ef'ther by two-
dimensio?al paper chromatography and ionophgresis (Dawson
'ana Dittmer, 1961; Dawson et al., 1962) or by anion-exchange
chromatography (Hubscher and Hawthorne, 1957; Ellis et al.,
1963; Lester, 1963; Dittmer and Douglas, 1969). The direct
analysis of intact phosphoinositides is preferable since
hydrolytic procedures are tedious, require utmost precau-
tions and must be corrected for losses resulting from further
hydrolytic cleavage of the measured products (Brockerhoff,

1963; Dawson and Eichberg, 1965; Wells and Dittmer, 1965,

1966).

.




e. Interesting Physical Characteristics

Although the bulk of the membrane phospholipids

are zwitterionic, the phosphoinositides are anionic at o

%

physiclogical pH and hence contribute to the negative
charge on membranes and to their ion-binding properties.
Phosphoinositides are miscible in water and exist in

6 -

solution as micelles with ionic groups oriented towards

b

the aqueous phase. The‘apparent micellar weight of both
* DPI and TPI (measured in 0.1 M N-ethylmorpholin buffer,
pH 8, by ultracentrifugation) "was estimated to be 78,100
(Hendrickson,'1969). This is smaller than the values
obtained for gangliosides (257,000; Gammack, 1963) and

6

\ i
sonicated PC (1.3 x 10°; Gammack et al., 1964). Phospha-

tidylinositols, having a much lower charge density, form ’
' IS 5 ¥

large aggregates in aqueocus media (Hendrickson, 1969).

"

»

o ‘ ' Anionic lipids and TPI in particular bind
divalent cations avidly, but without great specificity
for individual ionic species; affinities for monovalent

i cations are much lower. At physiological pH, TPI possess

oy

five negative charges and two free hydroxyl groups per

molecule making them quite hydrophilic. In the presence
of high concentrations of univalent cations (Na', k') or
i 2+

),

the hydrophilic nature is reduced by counter-ion binding

lower concentrations of divalent cations (Mgzt, Ca

e
éz
i

and precipitation from aqueous solution otcurs (Thompson

and Dawson, 1964b), Cations also cause redistribution of

B PPI into the non-polar phase of the biphasic solvent&igstem -

]

,ﬁéﬁx’ ; [T e




of Folch et al. (1957) and the counter-currént isolation

2+
o

. procedure of Kerr et al. (1963)% Theé amount of Ca r

Mgz+ required to shift TPI into the non-polar phase is quite
| specific and is 2-8quiv. per mol of TRI, The affinity for
. . - » *

hn ‘divalept cat%ons is quite high. QTriphosph01noﬁitide;
can compete effecti%ély with EDTA at éﬁ 7.2 and even the more
effective chelating aggnt, cyclohexan~1, 2-diaminetetrar
acetate, is required at 5 times the concentration of TPI
. té dissociate the “salt cpmpletély. The affinity for ca®*
is sq&e 2 - 2.5\times as great as for Mg2+. Possibly, this
%s due to a more hermodyna@gcally stable stereochemical
configuration for he dicalcium complex (Pawson, 1965)

Gel filtfatibn of miktureg\of TPI and a variety.of proteins

- have indicated the:formation of weak to moderafely stronyg
‘B ) 4 e’ «
. -~ - complexes in the absence-of divalent metal ions. The "

b “

formation of complexes by these highly anionic lipids with
| _nanionic serum proteins-or ATP suggests that hydrophobic
‘}L ,' ;ﬂteracﬁions may be #fportant (Hendrickson, 1969). .In the
/ '-‘. o - presence of-metaljions, stronger complexes are formed which
5;9“ . .’ .are lﬁrg%}y'insoluble in\Fhe aqueous or organic solvents '
c (Dawso?, 1b§5; Hendrickson, 1969). ‘Electrostatic inter{

actions are important in this case as well as in the binding
i

: of very basic proteins (Palmer and Dawson, 1969). Phos-

; . . phoinositides, like all other anionicplipids, also interact

E\ . strongly with a variety -of amphipathic cations such as

{‘§ i ‘ alkylamines, local anaesthetics (e.q. tetracaine, procaine)
% . gnd phenothiazine tranquillizers (Dawson and Hauger, 1970;
v

4 ' ;

s
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Papahadjopoulos, '1972; Ito and Ohnishi, 1974).

Some of the physical properties in aqueous media

and the ion-binding properties of punified phosphoinositides \

have been described in some detail (Dawson, 1965; Hendrickson
and Fullington, 1965; Fullington ané Hendrickson, 1966; ° ‘
Fullington, 1967; Hauser énd Dawson, 1967, 1968; Abrahamson
et al., 1968; Hendrickson and Reinertsen, 1969, °1971; Hauser
et al., 1969; Hendrickson, 1969; Dawson and Hauser, 1970).

In view‘o% the key role of Ca2+ in neurotransmitter-receptor
interactions (Triggle, 1972),Jthe interaction of PPI with
,divalent cations, including éﬁzti‘may be of fmportant ‘
physiological signifigance (;ee Séﬁ%ion I.C.6).

3. Distribution of Phosphoinositides in the Nervous System

a. Anatomical Distribution

/

& +Phosphatidylinositols occur in most mammalian
tissues where they represent about 2 - 12% of the total
phospholipids (0.5 - 2.5 umol/g tissue). In mammalian CNS
and PNS, the concentration is 1.0 - 3.5 umol/g Eissue and ¢
0.1 - 1:6 uqol/g tissue respectively or about 0.5 - 4% of the
total phospholipids. The largest concentrations of DPI
and TPI occur in nervous tissue. Little confidence can
be placed in the values reported, particularly in early
studies since 4@4 they age subject &o rafid post-mortem

destruction (Kerr et al., 196{; Dawson and Eichberg, 1965;

Dittmer and Douglas, 1969), (ii) gquantitative extraction
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is diffichlt, (iii) extraction procedures haye varied
greatly in efficiency and (iv) being minor components of ~
the total phospholipids, they are difficult to measure‘
accurately. The phosphoinositide content of normal mature
nervous tissue .of some animal species, studied by several
laboratories is compiled in Table 4. |

Since the initial demonstration of PPI in
cerebral tissue (Folgh: 1949a), many efforts have been made
to determine their localization. Folch and LeBaron (1951)
des%ribed the inositol-containing "phosphatidopeptides"
fraction in brain and suggested an’assoéiation wi?h specific
proteins. tHowever, this fractiomy may be an artifact pro-

\
duced by degradation or modification of an original tissue

'ébmponent (Hawthorne, 1960a). The concentration of PPI

s

is higher in white matter while similar concentrations of
the PI occur in white and gray matter (HShammer et 3£:, ‘
1960; LeBaron et al., 1963). Sheltawy and Dawson (1969%a)
obtained 51mila£ results with guinea pig brain but pointed
out that the PPI remaihing after post-mortem breakdown
during dissection was being measured and the distribution
could be distorted by differing rates of degrada£ion ?n

the two tiggue fragiions: The enrichment of PPI in white
matter has generally been interpreted to mean that they are
selectively localized in myelin. However, it has q}so been
suggested that they may be conceitrated in some closely

associated structures of the fibre tracts other than the

myelin sheath (Amaducci et al., 1962; LeBaron et al., 1963}).

AN
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Table 4. Phosphoinosii;i’de Content of Adult Nervous Tissue

4
[4

PI s " ‘ppI © TPI
Animal Ref.  umol § Total nmol/g % Total  nmol/g & Total
wet wt, Lipid-P  wet wt, Lipid-P wet wt. Lipid-P
‘Brain ~ , B - "
Rat? o 2.7 4.4 287.4 0.9 99.4 0.5
rat® . 2,3 - 3.1 195.2 0.6 397.8 1.9
.Rat®(330 days old)4 2.4 3.5 200.0 0.3 390.0 0.6
Guinea pig% 5,3 - 2.9 177.4 0.6 584.9 2.9
cat® 6. 1.2 1.8 61.3 0.2 271.0 1.3
cat & : 6a - - 112.9 0.3 200.0 0.9
T okt 7,3 - 3.2 119.4 0.2 450.5 3.2
i Peripﬁeral Nerve9 ’8 I
) Lobster (élaq) 8 0.2 ° 1.5 8.1 0.1 43.0 1.0
Lobster (leg) ' 8 ' 0.1 0.6 1.6 °  trace 32.3 0.6
Cov; Splenic” 8 40.5 - 3.6 - - . 25  trace
Rabbit Sciatic .8 ., 0l7. 1.1 32.3 trace 537.6 2.6
«snéeé Sciatic g 1.6 ) 3.0 145,2 0.5 462.4 - 2.6
‘ Monkey Sciatic 8 0.3 _ 0.5 96.8 0.4 569.9 3.2
———Héh Sciatic 8 0.5 . 0.8 21.0 0.1 258.1 1.5

_vv—

continued on -next page’ -%
' 4
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Table 4 Legend

(a) ,Lyophilized tigsues were,extracted, phosphoinositideségf/ 1ned after formaldehyde-

treated paper chromatography of intact lipids. (b), Froz in liquid N, immediately after
decapitation, phosphoinositides determined after acid hydrolysis follo gd by paper
chromatography and ionophoresis. (c), Frozen in-~dry ice after decapitation and dissection
(£ 30 sec after death), phosphoinositides analyzed after mild alkaline methanolysis
followed by ion-exchange chromatography. (d) , Thiopentone anesthesia, brain fixed in situ
with liquid N,, analyzed as in (b). (e), Cerebral hemlspheres, brain chilled on ice,
analyzed as iﬁ (a). (e”), Cerebral hemispheres, head frozen in liquid N,, analyzed as
(£), 45 min after death on ice, analyzed as in (b). (g), All nérves were frozen

" in (a).
in liquid N, immediately after separatlon, hens, urethane anesthesia; monkeys, pentobarbitol
anesthe51a, lobster, codled under ice for 2h; Sciatic nerves from rabbit and sheep x5

min after death and cow splenic nerve + 10 - 15 min after death; analyzed as in (b) and/or
as in (a).

(2), Wuthier, 1966. (3), Dawson and Eichberg, 1965. .(4),
(5), Eichberg et al., 1964. (6), Rossiter and Palmer, 1965,
(7), Dawson et E&'r 1962,

(1), Wagner et al., 1963.

Wells and Dittmer, 1967.
(6a), Palmer, 1965, Ph.D. thesis, University of Western Ontario.

(8), Sheltawy and Dawson, 1966.
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A Ad ’
b. Subcellular Distribution
-

; Studles of the subcellular dlstrlbutlon of PPI
> in nervous system\must also be 1nterpreted with cautlon for
Y

the same reasons'sta%ed in preceding section (I.(.3.a).

a N} -
The prolonged centrifugation procedures provide -evan greater
opportunity for post-mortem breakdown of PPI and, until -

recently, it has been difficult to be certain that the sub-

IR

cellular fractions obtained are not'contaminated by ofier

membranous structures. ' > “ h
by

Eichberg and Dawson (1965) fractldmatgd gulnga

LI

piy forebrain homogenates and reported a twuL ‘to threefold
enrichment of PPI in myglin. However, only ;;;gkyly gor:ﬁr
\\ than 50% of the original inositide was ‘recovered in the’ s
isolated fractions. Other subcellular f;;ctionék;:Agained‘
little or no PPI. Tﬁey also reported that in the ﬁurifiéq
myelin; the amounts of Ca2+‘plus Mg2+ exﬂibited ébciosev
acid-base equivalenéé to the PP? present, thus erGiding
further support to thelbencept~tpat these phospholipids '
s exist iﬁ tissué as complexes with aivaleﬁt cations.
Additional suppo;t for the localization of PPI in myelin
« structures comes from the finding of h;gh.concentratlons
of these llpids in myelinated vertebrate nerves and low
concentrations in poorly m&elinated or unmyelinated éervgs\
(Sheltawy and Dawson, 1966). Thus, despite technical
difficulties, most studies o}:nerOus tissue so far have
suggested that PPI are selectively localized in myelin and/or

some closely associated structure. .

" v
i \

Y
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©. Phosphoinositides and tMe Developing Nervous System

{

‘ ! -
Folch and coworkers (1959) reported the appearance

* Y

of a trypsin-resistant proeein residue believed to contain
DPI during, the speriod of myelination in postnatal rat brain.‘
LeBaron t al. (1962) also found-the TRI-rich phospha§1do—
peptlde ¥raction t9 increase durlngwjiellnatlon. Many
gomprehensive devele;hental studies of the lipids j the .
CNS of several mammalian species have since appeare but

x

nost do not repoFt values' for PPT. Polyphosph01n051t1des

l"have been,analyzed 1n postnatal rat braln in several .

3

n

laboratorles w1th essentlally smmllar results (Rossiter and
Ga diher, 1966 Elchberg ‘and Hauser, 1967b; Wells and Dittmer,
) 1967}5 SlgnlflcanQXquantltles of ﬁ%i and TPI were found as

eerly as 2 - 3 days of age. The concentratlons increased KR

ey

_slowly up to 10 days (the time aﬁ‘whlch histologaically ¢

recognmzable myelln is flrst seen; Folch et al., 1959) and

13 3 .

then increased rapidly. Thé‘presence;of PPI before 51gn1f17

cant myelination has odcﬁrged suggests that theyvmay*be'

present in extramyelin structures as well. The pattern of

‘ A

dep051tlon after 10 days is similar to that of such -

-

»

characteristically myelin llplds as. the Cer.' Phosppaau

tidylinositols were present in much higher concentration at

* . . . .
the earliest ages“etudied and” showed .only moderate changes |,
in concentration throughout development. ! b

-

Polyphosphoinositides have not been 'studied in ,

~ )

the qeveloping PNS. Such a.study formg a part of-thisg

» «

A
thesis., y , " » .

o



4, Phpsphoinositides Outside the Nervous System

'

Phosphatidylinositols, as noted earlier, are
found in most mammalian tissues as well as in a variety of

plants and micro-organisms. Studies of this lipid and ited

*
I3

¥

complex derivatives {(phosphatidylinositol-di~tetra and l
\

3

peptamannosides found in Mycobacteria and other sugar-  \

X
contajning phosphoinositides of plants) will not be described
here (see Hawthorne, 1960a; Ballou and Lee, 1966; Carter,

966; Ambron and Pieringer, 1973).
e 4 y

Di- and triphosphoinositides were initially
detected in brain but subsequently found in many other

tissues, HYrHammer et al. (1961) seem to have been the
I =

first to detect DPI and TPI in tissues other than brain.

2

The amounts found were considerably smaller (Wagner et al.,

1963). Early work indicated the presence of PPI in rat °

v

kidney cortex (Andrade and Hugging,‘l963) and in dog
4

adrendls (ﬁo Chang and Sweeley, 1963). Since then DPI and/ n

or TPF have been measured quantitatively or have been detected
" by incorporation of radioactive precursors in rat liver ' -

Dawson and Eichberg, 1965; »

l‘ £
* (H81z1l and 'Wagner, 1964;
Michell et al., 1967; Kiselev, i?69)?‘*pig liver (Kfoe;y

a

and Kerr, 1264), rat kidne§ {Andrade and Huggins, 1964}
Dawson« and Eichbérg, 1965), rat lung, spiéen, heart,

. N A 8
skeletal musg}e,'téstis and pancreas YH81lzl and Wagher, ,1964;'

LN

Harwood and Hawthorne, 1969a), .Exlich asciteg tumor cells

(Palmer,51965),lﬂhman, dog, rabbit, sheep and swine -

erythrotyte membranes (Harwood and Hawthorne, 1969a;

v
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Schne%der and Kirschner, 1970; Palmer and Verpoorte, 1971;
Verpoorte and Palmer, 1974), rabbit polymérphonuclear
leukocytes’(GarreFt and Redman, 1995) and several avian ,
tissues (Santiago-Calvo et al., 196h): Polyphdsphoibgsitides
have been ieported in subcellular fractions from rat liver,
kidney cortex, hearé, gkeletal muscle and testis (Garbus

&t al., 1963; Galliard and Hawthorne, 1963; Hawthorne and
ﬂichel&:/aéss; Harwood and Hawthorne, 1969a; Tou et gl:,
1968, 19691 1970). Among micko-organisms, only tﬁe protozoan

Crithidia fasciculata (Palmer, 1973) and the yeast Saccharoryces

cerevisiae (Lester and Steiner, 1968; Steiner and Lester,
1972; Talwalkeé and Lester, 1974) have been shown to contain
PPI. . ’ |

Where quantitative analysis have been reported,
the concentrations of PPI outside the nervous system are

generally much ‘lower than in brain. When expressed as a
3

. percent of total.phospholipids, the proportions of both DPI

and TPI are éimilérly quite low compared to brain with the

n'ékception of erythrocyte membranes and protozoa. The concen-

trations of PPI in various tissues, where possible have been
converted to a common mode of representation (nmol /g wet wt.
and % of tétal lipid-P) and are compiled in Table 5. Values
reported in earlier studies are sometimes quite low due to
the' use of inadequate analytical procedures then available

which have since been ‘improved considerably.
. ‘

1
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Table 5. Concentrations of Polyphosphoinositides

Outside the Nervous System

(3

Tissue: . Ref. DPI ‘ TPI '
N y \ - \ !
nmol/g % total nmol/g % total
J wet wt. Lipid-P wet wt. Lipid-P
1 '1} ' /__'\ s
K%é;ey (rat) 1 <%&.4 j< l\’//ﬁ 59.1 -
1 ¢
R " 2 tfo/ 0.3 29.4 0.3
\ " " lo 40.0 T 30.0 ha
Liver (rat) ~ 3 19.4 - 8.6 -
" " 3 30.6 - 38.7 *<
" " 10 20.0 - 30.0 -
" (pig) 4 280.0 - - -
Lung (rat) 1 '37.1 - - -
" " 2 50.8 0.4 33.9 0.3
" " 10 20.0 - 0.0 -
Heart (rat). 2 36.0  0.30 15,7 0.2
Intestine (rat) 10 40.0 v - 40.0 © -
(small) [ .
Pancreas (rat) 10 - 30.0 - 6%.0 -
Spleen (rat) 10 I10.0 - - - ‘
Testis (rat) 10 "20.0 - - / -
Ehrlich ascite 5 159.7" 0.2 236.6" 0.4
cells (rabbit) ‘
Erythrocyte * 7 - 0.6 - 0.9 °
membranes Q\ 4.3++ - . 6.l++' -
(humanxﬁ a
* . * .
Erythrocyte 9 0.3 N 2.6 - .
membrane - (
(swine)
. , ) *x . *k
Crithidia £ 6 - 1.8 - 0.7

Tasciculata

Protozoa

4

continued on next page
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Tﬁble 5 Legend

¢

(+), represented as nmol/l0 cc packed cells; (++), nmol/mg

A\ TN
protein; (*), nmol/mg dry wt.; (**), values are of

logarithimic phase cells,

(1), Dawson & Eichberg, 1965; (2), Wagner et al., 1963;
(3), Kiselev, 1969; (4), Kfoury and Kerr, 1964; (5y, °
Palmer (Ph.D.°Thesis), 1965; (6), Palmer, 1973; (7), Palmer
aﬂd Verpoorte, 1971; (8), Verpoorte and Palmer, 1974;

(9), Schneider and Kirschner, 1970; (10), Dittmer and .

Douglas, 1969.
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5. Metabolism of Phosphoinositides

1

a. ‘'Turnover Studies '

The use ofiﬁsotopically labelled precursors
has contributed much to the understanding oé phospholipid
metabolism and its physiological significance. Using
appropriate precursors, the ability of tissue slices anq
cell~-free preparétléns to synthesize phospholipids in vitro
was demonstrated in many early studies (see reviews:
Kennedy, 1956, 1957a, b, 196la, b; Hokin and Hokin, 1956
Rossiter, 1957; Rossiter and Strickland, 1959, 1960). The
synthesis is energy dependent with ATP as the'.source of
phosphatide phosphorus (McMurray et Ei'ﬂ 1957b)i With the
advent of suitable isolation and analytical techniques,

LY

extensive studies of individual phospholipids were begun
{(Dawson, 1954a): The incorporation of 32Pi into brain
phosphoinositides and PA was found to be greater than that
into the other phospholipids (Dawson, 1954a, b; Hokin and
Hokin, 1955). The early chrom;;ographic methods, howevér,
did not adequately separate the phosphate esters derived K
from PI and DPI, so only DPI was thought to occur in ﬁrain:
It was subsequently ghown that PI are more highly labelled

from 32Pi, [1—14C]glycerol and [3H]inositol than the other '

phosphoglycerides with the exception of PA (Ho&in and Hokin;
1958b). Phosphatidylinositols are also readily ‘labelled both

in vivo and in vitro’'in other tissues as well as in~brain

LL}
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(Hokin and Hokin, 1958a, b; Pritchard, 1958; Agranoff et al.,
1958; Thompson et al., 1959; Brockerhoff and Ballo;, 1962b;
Palmer and Rossiter, 1964).

* A very high rate of pposphate turnover was
obgerved for the phosphatidopépti@e fraction from various
animal tissues -including brain, in both in vivo gnd in vitro
gxéeriments (Davidsen and Smellie, 1952; Findley et al.,

!
1954a, b; Crosbie et al., 1954; Hutchison et al., 1956;

L

Huggins, 1959; Huggins and Cohn, 1959; LeBaron et al.,
/s

1960, 1962). The specific radioactivity was 10 - 15 times
that of other phospholipids and second only to nucleotide
phosphorus: Most of the radiéactivity was fdﬁnd in the
monoester phosphate groups of DPI and TPI (Wagner et al.,
1961; Ellis and Hawtﬁorhe, 1961b; Brockerhoff and Ballou,
1961b), and this greatly"ekceeded that of the'diester
;hosphate'(brdckerhoff'and Ballou, 1962a). Thekspecifi;
radioa;tivitiﬁs of the péofiy labelled diester phosphate,

of the three phosphoinositides were im the order: \

PI>DPI>TPI. Similar results were obtained following incor-

poraé;on of‘[3H]inositol or [2—14C]§lycerol~(Brockerhoff

énd Ballou,. 1962b; Rossiter and Palmer, 1966a) suggesting
that thé syhthesis of. PPI occurs by SsSuccessive phosphoryla-
tion of PI. A si@llar high metabolic turnover rate of ithe
monoesterified phosphate groups of PPI has al§6 been observed
outside of the nervous system e, kidney (Huggins and Cohn,
1959; Andrade and Huggin, 196£{, Ehrlich ascite tumor cells

(Rossiter and Palmer, 1966b), erythrocytes (Schneider and

e ae e oW
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Kirshner, 1970; Peterson and Kirshner, 1970; Palmer and

Verpoorte, 1971; Verpoorte and Palmer, 1974), several other

mammalian tissues (Santiago-Calvo et 3&.; 1964), yeast

(Steiner and Lester, 1972; Talwalker and Lester, 1973) apd

’

protozoa (Palmer, 1973).

The rapid partial depletion of the PPI content

of brain after death is, well documented (Kerr et al.,

1964; Dawson and Eichberg, 1965; Wells and Dittmer, 1965;

Eichberg and Hauser, 1967p). The concentrations fall dﬂickly
’ 71

L]

and attéin a constant value after several minutes. When

these lipids are prelabelled with

32Pi in vivo, a time

dependent decrease in the specific radioactivity of TPI is

observed while that of the acid-soluble phosphorus pool,
<

PI and PA, remains unchanged. The rate and magnitude of

the fall in PPI content and specific radioactivity appear

to depend on the stage of development, be;ng appreciably

faster and more extensive in younger rat and guinea pig

brains (Sheltawy and Dawson, 1969a). These observations

suggest the presence of two metabolically distinct pools

of PPI, one with-a higher turnover rate which is preferen-

tially degraded after death and a more stable fraction.

The concentration of the stable fraction appears to increase s

with age (Dawson, 1969).

Most phospholipids in myelin, including PI and

PA, exhibit a very slow rate of turnover when compared to

whole brain.

However,

PPI isolated from a’purified myelin

’,

LS

v



.. fraction were found to have essentially the same specific
32..
i)

as the PPI isolated from the whole brain (Eichberg and

-
|

. radloact1v1ty {following inj vivo incorporation of

. . .
~ Dawson, 1965). Thus, the monoester phosphate groups bf the

PPI appear. to be very active metabolically even within the
+« compact myelin structure

. b. Biosynthesis . -

e (1) .Phpsphati ylinbsitols
~ ‘ .

a y . A Re

pholipid biosynthesis in which phosphoethanolamine ?r

o
»

- phosphocholine was'combined with 1, 2-diacylglycer6i%-
Kennedy and Weiss t{\ﬁS) came to the'same conclusion and

demonstrated the requlnement for cytld1ne—5‘-trlphosph&te

3

(CTP) yn the\blosynthesis of PC, PEX PG, Sph and pOSSlblY '
/ 3

|
the plasmalogenlc phosphatldes (Klyasu and Kennedy, 1960 \

The-/paQrtJ_clpatlon of CTP in PI.synthesig in gat brain was

deﬁongtrated by ﬂcMurraf gé al. (1957a, 'b). By analogy \
% R ¥ - N 1
++» to the synthetic pathways.for the other phosphatides," E

’ » v
#nosi;ol‘phosphate or CDP-inositol was an‘expécted .

Antermedlate. However, attempts to show tPe phosphoryla— M

ki

/tlon of 1n081tol by tissue extracts in th presencepéﬁ ATP

. . 'were tnsuccessful (Hawthorn 1960a, Paulfis and kennedf;~

/ 1960), although anBthl monopﬂgsphage wads in fact found

./ in several tlssues (Hubscher and Haﬁthorne, 1957). ‘
| ' s3d largely on studies with 32y 1abelled

2 glycer91-3—phosphate and.?hosphatidic acid, PI was sheﬁp

/ * '\ ) . _ .

i ] . '
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to be formed by the transfer of a phosphatigyl group from
" the liponucieotide ch—diglyceride (CDP-DG) to ino;itol.
Incorporation. of glycerol-3-phosphate réq?ires the presence
of a suitable agylating system as well as CTP (éig. 5, P,67
reaction 1, 2, 3 & 4 or 5; Agranoff et al., 1958; Paului
and Kénnedy, 1955, 1959, 1960; Rossiter et al., 1960; '
Thompson et al., 1963), This de novo synthesis of PI
differs from that for PC in that phospholipid-P comes from
glycerophosphate and that inositol is lncorporated dlrectly.
The scheme of Paulus and Kennedy and of other workers,
quoted earlier,, supported Agranoff's pathway (Fig.™ 5,
reaction 1, 6, 5) except that CTP, rather than CDP-choline _

»
(formed by reversal of reaction 7), is involved in the

-

formation of CDP-DG. Phosphatidic acid, the precursor of~

\J

CDP—DG can also be formgd by reaction (8), {(9) & (10) .

A (Strackland, 1962; Pieringer and Hokln, 1962) but their

. ot

relatlve importance is unknown.

v ; Incorporation of labelled inositol into phospho-

“

%,lipids'may also occur without a source of energy or cytidine
* " 3

)nuéléotide by aq‘excggnge reacéion, §he sigﬁﬁficaﬂce of
which is not clear fince no net synthesis odcurs. The

’ rea&tion:isAdependentfhpop‘Mn2+ ions. and stimulated by CMP

? ;n a phosphate buffer. This reaction, earlier noted by

iﬁ{anoff‘ét al, (1958) has been explalned by Paulus and

- Kennedy (1958," 1959) as a reversai of .reaction (4) or by

s the' revers;ble aqtlon of phOSPhollpase D (Fig. 5, reactlon

11):\howevg§;»phospholipase D act;vity ‘o phosphoinositldes

‘ »
3y
.
) . N .
. -y ¢
-
- -
.
- * «
.
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has not been demonstrated %n animal tissues.

' ) The enzyme phosphatidate cytidylyltransferase
(CTP:phosphatidate cytidylyltransferase, EC 2,.7.7.41)
responsible for CDP-DG formation (Fig. 5, reaction 2),
although originally proposed by Paulus and Kennedy (1960),
was actually demonstrated later in liver (Carter and-Kennedy,
1966) and in embryonic chick brain (Petzold ané‘Agranoff,
1966) . The enzyme appears to ?e primarily in the mito-
chondrial fraction in chick brain, but.is localized in
the microsomes of guinea pig liver. Carter (1968) and
McCaman and Finnerty (1968) have also presented evidénce

for a similar synthesgs of CDP-DG in E. coli and in

Micrococcus cerificans.

The enzyme CDP-diglyceride inositolbhqspha-
tidyltransferase (CDP-diglyceride:myo-inositol phospha-
tidyltransferase; EC 2.7.?.11) responsible for subsequent
formation of PI (Fig. 5, reaction 5) has been studied
exten§ively in rat kidney (Agranoff et al.; 1958; Prottey
and Hawthorne, 1967), liver (Paulus and Kennedy, 1960) and-
brain (Agranoff, 1957; Thompson et al., l96§; Benjam;hs
and Agranoff, 1969). In guinea pig brain, the highest

* specific acti:ity was in a crude mlcrosomai fraction,
MWheﬁ a‘variet;’;f'ﬁﬂtmically synthesized CDP-DG with fatty
acids of varying chain length were tested,. the brain :

\ microsomal preparations preferentially ingorporated the

shorter chain derivatives (e.g. the incorporation of

3

ChpP-didecanoin was about six times higher than of

"\, , *
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p rylation of PI-&F&g. 5,'react§6n 12 & 13\ . ' s
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CDP~dipalmitin). With CDP-didecanoin as the lipid acceptor,
only myo-inositol, of all the nine possible isomeré, was’
incorporated into PI. None of the myo-inoéitol monophos-

)

phates served as substrates (Benjamin ‘and Agfanoff} 1969).

Similar experiments with rat brain microsomes demonstrated a
. . .

preference for CDP-DG having an Unsaturated fatty acid

at the 2 position (Bishop and Strickland, 1970). f

’
B ~(\

The-earlier work on the biosynthesis and turnover

(ii) Polyphosphoinositides

of inositides in brain gave confusing results because methods
were not then available for the separétioﬁ of PI, DPI and
TPI. Later studies, however, not ?ﬁly revealed the éhemiqgl
structures of the braiﬁ inositlides, but also provided better

understanding of the incorporation studies with labelled

\

precursors. On the basis of the'molecular[similarities betwveen'

the brain phosphoinositides and the information from
labglling studies (see Section I.C.5.a), it was proposed

that the biosynthesis of TPI proceeds by a stepwise phospho-~

"\"
Direct evidence for successive phosphorylation

¥

of PI was sought by incubating rat brain mitochondria with _
32

s

P-labelled PI in phosphate’buffer with -the coféq;ors’
suggested b§ McMuréay~gE'gl-(195?b) without success (see
review, Hawthorne aﬂd Kemp, 1964).° Howeygry B?milaq
experiments with k%dney and liver mitochondria‘fbcubated

. 1
with 32Pi for short periods (5~min.)\yielded labelled PPI,

hart

}
4 v ",

a4 1

oS

~
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4 and a small amount of TPI (Garbus et al., 1963 Galllard\
)

azide,cyanide, antlmyc:Ln a,: °d1cumarol ;ramlcn.dln and
ollgomy01n (Michell et al., 1964; Hajra et al., 1965;°
Galliard et al.,‘1965). TR - ;

@ T
D) L " .
1

. Enzymatlc hydroly31s of the Labelled lipid re-
(2 *

" vealed that all of the rad:.oact:.vn.ty was in the 4-phosphate
v of the DPI " thus :Lndlca,tlng that the lipid was "formed by
“phosphorylatlon of PI. Howeyer, it was not clear whei;her
the' phosp ate~"donor was ATP or a high energy precursor
. of ATP. Subseduently, Hokin and Hokin (1964) reported
the. labe'*l‘lin/g“of the mnoes;erified«phospl}ates of PPI in

. jerythrocytes from [y-—32P]ATP. Simultaneouhsly, Colodzin

. Y

s and jennedy (1964) provided evidence Pox tﬁe ’enzymaéic .

vl - '*p'hos f'xorylatlon ~o‘f PI from ATP in a mlcrosbmal pre‘parai‘t;.on :
of rat brain (Fig. 5, reactlon 12). Later, the enzyme

) n - 1] i '0 r * L3

PI kinase (ATP phasphatldyllnosltol-4-phosphotransferase,’
. . EC 2,.7.1.67): respons:.ble for fhe _phosphorylation®of PL: *

n~ - was ,ch.a::actezh.ze‘ in bra:.n microsomes ar}d the product was |

- N * - - .
) . identified a‘.s»«fDR:E (Colodzin and Kennedy, 196’5‘) Oéher A
. " L nucleas:.de tr:x.ghesphates can not be supst:.tuted for ATP 7
& . o Syetems syﬁ?:he‘s:.z:.n\g DPI froﬂFPI have now been demons;:r;ted

S L. ™ .

i - “in 1iver (Galllard et al.,“1965 e”Iﬂlao:lrfﬂ- et ‘al. ' 1965“

-
: o .

i c .- M:Lchell and“Hawthczrne, 1965 M:.chell et al., 1967), bra:m -

“

T T (Ka;\‘ and Hawthorne, 1966 Kai et all.y lQG\Gb),”deney

m“' M Y

S_Colo zi land Kenn‘&&y, }9654‘0u et al., 1968Y-and Several
. o

T/
- V2 » [} . - . ”
. \,’7 ,t . h - “ e e ¥ \ - ~ M X T
y . % P W " N - . I3 - . e .
: ‘v N . nt

a
o » 1
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~and Hawthorne, 1963). The process required Mgz“ but not \

exogenous substrate and was inhibited by dinitrophenol,
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" other tissues (Colodzin‘and Kenned&, 1965). 1In the

1

¥

x

absence of detergents, only. endogenous substrate (PI)

appears to be phee\norylated ’ ' .

1 o

2+

‘The PI klnase requlres Mg’ (or to a lesser

extent Mn2¥ ) ions for optimal activity, It is sensitive to
sulfhydryl reagents and is inhibited by Ca2 ions lnktﬁe

‘ presence and absence of Mgﬁ‘. Certain detergents actiVate
éI kinase., It has a subcellular distribntiongsinllar to .

*

that of 5°-nucleotidase in rat braln and liver and also to
that of Na /K -stlmulated ATPase in rat braln, both plasma

membrane markers (Kal et al., 1966b, Miclell eﬁ al., 1967-'

“Harwood "and Hawthorne, 1969a). Like adetylchollnesterase,

1t appears to be concentrated in the outer membrane of guinea .

- A

plg brain synaptosomes (Harwood and Hawthorne, 196946 and -

has been found in the chromaffln—granule membrane 9£7b0v1ne

A

adrenai medulla (Phillips, 1973 Muller and- Klrshner,

1975Lq The mlcrosomal fraction of’ rgt kldney cortex also
. & I

qpntarps a‘PI glnase which may be partially,solubilized

. . V . ¢ :

by non-ionic ‘detergents (Tou.et al., 1969). It has been

il

aescribed in the soluble fraction q% Saccharomyces cerevi

siae (Talwalkar and Lestér, 1974) and recently been located |

sthe cytoplasmlc §urface of the erythrocyte membrane

- B ¢

{ rrett and Redman, 1975).

LY .

N ’Synthesis'of TPI”accompanies the formation of
DPI from PI in brain, kidney and erythrocytes,put not 1n
llvernand'chromaffln granules. “The f;rst dlrect ev1dence

that DPI is phosphorylated by ATP was ptévided in’ rat

A ] -
» L A ? *
Y e ¥ v v N
. » « PR
‘ M «f \
+ H]
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brain by Kai and Hawthorne (1966) and Kai et al, (196657{
The enzyme DPI. klnase (ATP: dlphosph01n051tlde S—phospho-
transferase, EC 2.7.1.68) required exogenous DRI, ATP,

’.
and Mg?+

&

for maximum activity and the product was
i3 }
identified as TPI by chromatograéggslseparation of the

intact lipids (Fig. 5, reaction 13)., 1Itsg subcgllulér

distribution in rat brain resembled that of 6-phosphoglui‘

¢

conate dehydrogenase, a characterlstlc enzyme of the soluble

fractlon (Kai et al., 1968). However, 1t ,has been

\
detected in purified myelin,from rabbit sciatic nerve’
* . .

Y

(Iaéobelli, 1969) while in rat kidney cortex it 1s
predominantly locallzed in the plasma membrane fractlon ‘
(Tou et al., 1970).°
gsurface of the érythrocytg membrane (Garrett and gedman,
9753 DPI kinase can be partially purified b§ ammoni tm
sulfate fractlonatlon, treatment with' ethanol at -15°G,,
"ahd cp;omatqgraphy or- Sephadex G200 (Kai et al., 1968).
Deéergenés do not seeﬁ to stimulate this\kinase, nor do-
thiol groupgnappear ne;qssary for activity. A£ the
opt%mum §92+'coﬁcentr;tion§, both PT and DRI kinqseé are

2+, but oniy the latter enzyme can be ™ 4

partly actlvated by Ca2+ in the absence of Mg2+. /yszﬁjr
AY
“ kinasge is.actlvated by Nat or x¥ ions; Zt facg, a

was observed in

inhibited by Ca

considerable loss of DPI kinase activit

their presence. Only DPI kinase has been reported to be

» “stimulated by acetylcholine (Kai et al:, 1968).

It is also located on the cytoplasmic

The three phoqphoinosi&idqg exhibit very similar

.&K - - Ty,
B

+ & *
o L ’

Iy

)

[V



.
-
s

¥y

L e

e g

g
h
. oaw WX

x

~62- _ /]

-

, fatty acid distributions.and, as had already been described,
(see Séotipn 1.C.5.a), the PPI are formed directly from and,

are fépidly interconvertible with PI. However, the propor-
- ] B

tion of arachidonic acid-containing species is g§§ater.in
L »

* -

- PI (Holub et al., 1970; Luthra and Sheltawy, 1972). Meta-
* !

s

bolic .studies have shown that PI rapidly take up arachidonic
acid presumably via deacylation and acyl transfer reactiong
but do not equilibrate as rapidly with PPI (Baker and Thompson,

1972), Acylation of lyso—PI by rét brain microsomes has been

3

demgﬁstrated to be selective for arachidonic a01d while
.

acylation of lyso—lec1th1n is not (Bakor and Thompson, 1973)

This'cycle rmay have some significance in controlling the
3

availability of free arachidonic acid for prostaglandin .
H4

" synthesis., S

@ 4

4%. * Catabolism
"\/'\ . .
¢“\7 (i), Introduction ’

Early studies by Sloane-Stanley (1951; see also
¥ ® S

1§53) showed brainxsuspensioné to be capable of.- hydrolyzing

v © @
"Folch DPI" to organic (Po) .and inorganic phosphates (Pi).
- » \q‘ P

) Rodnight (1956) exfended this work using homogenates of'
5 % ' % .
f distinct anatomical regions ‘of the brain, sciatic nerve and

spinal cord and tissue homogenates of kldney, spleen "and

.
¢

liver, He showed that Ca2+ added-to the incubation medlum

- i

stimulated the releasé of acid—soluble Po. In the absence

of added Ca2+, the release of Pi always exceeded that of Po.

4 L] M
¥
® - . \

7. A . 1
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He euggested the presence of two enzymes-.acting simultan-
eously on the same substrate, a diesterase which he believed
to release inositol monophosphate and a monoesterase, -yield-

ing Pi. He considered that his experimental findings made

t

it unlikely that inosital qoﬁophosphate is a further hydro-

lytic product of originally released inositol diphosphate.

However, the c%gplex nature of the substrate used precluded

any defmnltlve 1nterpretat10n.

(ii) Phosphatidylinositols

Phosphatidylinositole'ﬁdy be deacylated to yield

glycerophosphorylanSLtol (Flg -5, reaction 14) which can be
further degraded to glycerophosphate and inositol (reaction

15) an subsequently to glycerol and Pi (reactlon 16) . The

dlester phosphgte bond of PI may also be hydrolyzed to yield

R Y, 2 dlacylglycerols and 1nosltol phosphate as products

v ’lw"‘,f

.

(reaction 17). K

A

Dawson (1958, 1959) found that phospholipase

preparatlons from Penlcllllum notatum citalyze the hydroly—

sis of PI by reactlons (14}, (15) and (

preparation was also shown to liberate inositol phosphate

6). .An ox papcreas

from PT (Fgg. 5, reapteon 17), but the enzyme concerned was
' not spe01flc for phosphoinositides., Kemp gg.gi.{(l959;

lSGi;;see also Hawthorne and Kemp, 1960)+ purified a system

} L]

of enzymes from rat 11Ver whlch hydrolyzes PI both ways )
! L w_ﬁj?lg. 5, reacEIon 14 and 17) This preparatlon requlred

2+

Ca® ions for acbivity and was.specific for anBltol llplds P

v '

*
+




but r%leased both inositol phosphate and glycerophosphoryl-

l A3
. inositol from PI. Evidence was presentgg\Whiph precluded

the possibility,éﬁét glycerophosphorylinositol is first pro-
ducedjgnd then -degraded further to inositol phosphate-and
glyce;pl. When "Folch DPI" was used as the substrate, no

Pi was released, inf contrast to the results with brain

¢

homogenates (Sloane-Stanley, 1953; Rodnight, 1956). Further
2
studies with subcellular fractions from rat liver have shown

that the supernatant fraction dEﬁ?EIhQ\only the phospholipase

| )
C-like activity of phosphoinositide inositolphosphohydrolase

(Fig. 5, reaction 17). Presumably the particulate‘fraction
wads iesponsible for the deacylation,reactionsg yieldind

glycerophosphorylinositol, A similar enzyme (diesterase)

A

was reported in guinea pig intestinal mucosa (Atherton et al.,

1966), wherﬁ the activity was foung to be‘30‘-‘50 times
greater-than in liver. It wis enriched in the eytoplasm and
exhibited'aéapsoluté req&irement for Ca2+. Diethyl éther;
which ié known to activate certain phospholipases including
those whi&h hydrolyze PPI (see foliowﬁng Section, page %E):

’

had no effect (Atherton and Hawthorne, 1968). Under optimum
‘conditipns for PI hydrolysis, this énzvpe also degrades PPI
‘to inositol di- and triphosphates.. It'is not active with

. t .. . ;
other phospholipids and releases no Pi from PPI. Simiiag

&
.

2

enzymes have been reported ‘in guinea f}g bra%n (Friedel et al.,

1967) and the supernatant fractibn of rat brdin (Thompson,
1967 . Recently it has been shown that the cledvége of the
diester phosphate’'bond pf PI results in the simuftanqous

' s, ’ ) he - ¢
Fl LY

L]

~ .
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P “
produitlon of approx1mate1y equal proportlons of 1n051tol— <

1~phosphate and 1n051tol l 2 cyclic thSphate (Dawson et al.,
' 1971; Lapetlna and Michell, 1973). A specific phosphodies-
L ) ’ » +

terase is also reported which converts the cyclic compound

| -

to inositol-l-phosphate (Dawson and Clarke, 1972). ¢

v - Co -

Yo L] ¥

(iii) Polyphosphoinositides : . ‘

The PPI may be degraded by two enzymes which were
orlglnally described in aqueous\gxtracts from braln acetone
powders (Thompson and Dawson, 1962a, b, 1964a, b; Dawson R
ana Thoﬁsson, 1964). The enzyme TPI phosphatase (phosphatidyl~ .
myo—-inositol-4, S-blphosphate phosphohydrolase, EC 3.1. B/ﬁ?} -

! removes succe551ve1y the monoesterlfled phosphate of TPI to . , '
'yield first DPI and thén PI (Change and.Ballou, 1967; Prottey
et al., 1968{. The pther enzyme, TPI phosphodiestersse .
(Triphosphoénositide inositol-tris-phosphohydrolase; EC
3.1.4.11), %leaves the phosphodiester bond of‘eitﬁer TPI or
DPI to give 1, 2-d1acylglycerols and inositol tri- or
diph ébﬁate.respectively, Recent ewidence suggests that” the
1n141al formation of cycllc 1n051tol di- and triphosphates,

’51m11ar to that of 1n031tol l 2 cycllc phosphate from PI -
cleavage, does not occur (Lapentina et al., i§75) On the basis
of 51m11ar1ty in fatty ac1d distribution between  PPIjand 1,
-diacylglf&erols, the cleavage of the diester phosphate of v
PPI has been squested to be the major source of the smal;
pool of 1, 2-aiacylglycerols in brain (Keouéﬁ)gg al,, 1972).
. 1'The ;gsixigz_gﬁ‘?PI phos?hat;sen(Fié. 5, reaction \ |

-
"

»
L
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18, 19)‘15 depressed by the addltlon of dlethyl ether while

tha TPT- phosphodlesteraéé (Flg. 5, reaction 20, 21) is stlmu—

lated.. This dleiﬁerase differs from tHL phosphoinositide
x

phosphodlesterase described by Thompson (1967) in that
2+

*

» there is~“no requlrement for Ca which can be replaced by

Mg2+ (Thompson and Dawson, 1964b), TPI phosphatase,

* a

partially purifiéd from ox brain, does not catalyze the -

cleavage of phosphate fr °A, gly®erophosphate, ATP and

various suggf phosphates. It has an absalute }équirement

2+ {ox Mn2+) both-in ox brain preparations and in rat

for gg
kidney'homogénayss (Dawson and Thompson; 1964; Lee and
Hugginif'1968d.1Unlike the acegone powder extract? of
Dawson gpd Thompson (1?64)ﬁ the enzyme from the dialyzed

L)

supernatant fraction of .fat brain was inhibited by Nat and

. K ions (Salway‘ég‘é;}, 19671.

o Eaxly fractionation studies indicated that the

*TPI phosphatase was locallzed in the cytoplasmlp fractlon of

%t and guinea pig brain (Salway et al., 1967; Harwood and

‘ngthorne, 1969b). Reassessment of the act1v1t1es ,in the

/

"prﬁsence of a"pH 5 supernatant’ activator gave a subcellular

distribution very similar to that' of 5-“-nucleotidase, a

élasma membrane marker (Sheltawy gg<§i.,“1972). TPI phosz:

phatase is also.a particulate enzyme in kidney cortex and
appears to be assbciated with the Golgi complex (Leqband
Huggins, 1968a; Cooper and Hawthorne, 1975). TPI phospho-

diesterage is also largelyim particulate enzyme in brain
AN .
having a distribution similar to that of 5’-nucleotidase
< :

+

~ |

I




Fig. 5: Reactions in the Metabolism of Phosphoinositides
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8P + 2 fatty acyl Coa

PA + CTP >

Ll PA+2COASH¢-.--:-....(1)

\ B

CDP"’DG"' PPi-o.o.-b‘..-.(Z) -

CDP-DG + enzyme

~

Enzyme-P-diglyceride + <

Y

enzyme-P-diglyceride .
* +Cm-------co-.--:.--o(B)

> PI+enZYIn3:-..-......-°(4)

inositol

CDP-DG + inositol

PA + CDP~-choline

> PI‘!‘CMP.--.-v-.-o--:’--(S) ¢

= CDP-diglyceride +

phosphorylcholine......f%)

CDP-ChOline + l, 2—dia9yl" :_L—_.—:_:..PC + CMP'..D.'I.O".'III(?)

glycerols

f/ l, Z—d‘iacylglycerols + ATP e PA + ADP'..C!'!..O‘II.C (8)

{Monoacylglycerol + ATP ——m—> 1yso—§§ + ADPaveennsass (9)

LYSO-PA + fatty acyl COA i PA + COA--.-...-..---- (10) -

PI + H,O ,

2 » inesitol + PA...uss... (11)
PI + ATP = DPI + ADPuceesssvessss(12)
’ DPI + ATP ' > TPI + ADPicsevssscnsas (13)
PT +' ZHZO ‘ > GPI + 2 fatty acid....(14)
_ GPI + H,0 > GP + inositol...ceeesss (15)
GP + H,0 ' » Pi + glyCerol..se.....(L6)
PI ;hnzo I : ~ 1, 2-diacylglycerpls + ' _
. inositol phosphat\xkbk%}7) ‘
TPI + H,0 > DPI + Pliecvronncacess(18) 1
DPI + H,0 - e PI + Plevesserreeeensa(l9) &
TPI + H20 ~ » i, 27diacylglycergls + .
" ‘ inositol triphosphate. (20)
. DPI '+ H20 » 1, 2~diacylglycerols +

inositol diphosphate.. (21)

-

GP, glycerol-3-phosphate; GPI, glycgrgpﬁbsphorylinositol

~

. .
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(Keough and Thompson, 197Q, 1972). The TPI phosphodies—
terase of kidney cortex is found prédominantly in thg saper— .

. o
natant fraction (Tou et al., 1973). During the fractiona-

tion of protozoa (C. fa51culata) the TPI phqsphodlesterase

follows the distribution of protein while the TPI phosphatase

-

is concentrated 'in the soluble fraction (Palmer}t§973a, 1976).
\

d. Meétabolism of Phosphoinosit;geé in ngeloﬁing‘Brain

RS

—
Homogenates

Brain homogenates from developing rats, when
incubated with the appropriate precursor or substoate and
all the necessary cofactors, displayed some difference;
in the ability to synthesize or catabolize phosphoinositides
as a function of age.~ If toese lipids are associated with
myelin, increased activity of the enzymes might héAéxpected
to accompany myelinogenesis. The only report in rat brain
describing the CDP-DG transferase (the enzyme responsible
?or PI synthesig) activity as a function of age failed to
show any definite correlation with myelination. This
result was therefore consistent with the éresence of PI

1n other membranes as well as myelin (Salway et al., 1968).

The PI kinase activity was reported to be greategt at 5

days of age and fell during subsequent develogment

(Eichberg and Hauser, 1967). The results of Salway et al, &
({?68) are rather inconsistent for, PI kinase. The two .

inéependent experiments reported for PI kinase ylefded
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essentially contradictory results for thf period of slow

A

maturation. One experiment was,

(S

with the results of Eichberg and Hauser (1967a) and showed

r less, in accord

/
a declining activity. The other showed no change in enzyme

/ '
activity after one day of 'age. Both experiments, however,

showed aﬂ initial increase whigh preceded the period of
gptive myelination, suggesting an early' synthesis of DPI.
Small gi?unts of DPI but no TPI have already been reported
in rat brains‘as young ‘as 3%148 Aours postnatal (Eichberg
and Yawson, 1965).

' DPI kinase activity increases during the period

M“

of active myelination and continues to rise throughout

”

subsequent development (Salway et al., 1968). This is

N %4
consistent withythe observation of Rossiter and Gardiner

(1966) that TPI concentration, increased more rapidly than
, A

DPI or PI in this period.

1

. JCatabolic enzymes of phosphoinositides have

»

- also been studied in postnatal rat brain by the same two

’ .

Al

» & \~
laboratories. Hauser et al. (1967) found similar activities

for both TPI phosphatase and TPI phosphodiesterase ~{n

extracts of acetone powders of brains from new-born and

¥

- 1

adult rats. In ﬁge second, report, TPT phosphodiesterase

was not measured and the regqlts for TPI ph¢sphatase are

-

not in accord with the egrlier report. Salway et al.
(1968) found the TPI phosphatase activity in rat bprain
homogenates to increase during the active period of

myelination (8-20 days postnatal). Further work is needéd

€
+
-
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é; resolve these discrepancies. (

b

Phosphoinositide metabolic enzyme activities
have only been studied in brain and no information is

available on PNS of any species. This dissertation will

[

provide this information.’

ks

6. Physioloéical'Significance of Phosphoinositides

a4

. [4
) Q
a. Introduction

[l s’

]

*

. The universal preseﬁce of inositol phospho- . 1/4:“‘“\\
glycerides in- all eukaryote cell membranes and their ¥apid ’

metabolic turnover suggést an important physiological role.
There is indirect evidenee Jhich suggeéfs’thpir,inyqlvement

in édwa}iety,of‘membrane é:gétions: For ;xample, the ' é
enzymic characteristics of Na+AKf-dependent ATPase (ang’
transport ‘of varioqs solut§§):are severe1§ impaired in
inositol-deficient mammaldln cells '(Charalamﬁgus, 1971) ;-

the activity of the Ca+2 activated ATPase in erythrocytes

varies with the concentration of %gI (Buckley and Hawthorne,

- -

4 1

1975); secretion of lipoproteins by liver agg of prétein by
'fyeast depends upon an‘adequate supply of inositol {Matile,

1966; Yogie and Kotaki, 1969); DPI have been implicafed in
B ar;enate transport in yeagéf}Cérbon, 1970); ATP dependent

congractilé activity of mitochondria shows a specific

requiremeﬁﬁffor PI (Vignais et al., 1964); cell-wall .

formétion is‘'impaired in inosjitol-deficient yeasts

‘(Postégnqﬁ, 1966) and glycb%i@es of inositol lipids may

“be involved in the synthesis of certain polysaccharides

. | ¢
7
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. ' (Tanner, 1967).
The following discussion will be limited to a

very brief consideration of the possible role of inositol.
. {f‘
lipids in nerve transmission and, for polyphosphoinositides,

, in more ‘general functions of the plasma membrane. ﬂore

N comprehensive descriptions are available (Dawson, 1969;

& ©

Kai and Hawthorne, 1969; Hawthorne' and Kai, 1970; Hawthérné,

n

1973; Michell, 1975}. . o 3

b

¢

3

, . N a . v
b. Phosphatidylinositols and Nerve Transmission

- 9

When stimulated, many tissues exhibit an increased
€ i -

~

«

yturnover of PI and often PA as measured by the ingorpora-
S

32 .
tion of Pi (Hokin and Hokin, 1953, 19%5, 1958a,ﬂb, kol

LIS
Hokin et al., 1960; Pumphrey}\%969). The effect 1s c01nci;f

. - -
dent with the application and duration of the stimulus, -

.
A recent tabulation of stimuli (including severalfhguro;

i ’ ' .
transmitters) which provoke enhanced wetabolism of FI i1in

a number of tissues is available (see Michell;~L975),

Many studies have sug@ested that the enhatced.PI turnover
in response to extra-cellular stimuli in nervous tisste 1s
( ﬁl N
: associated either directly or indirectly with synaptic trans-

mission (Hokin and Hokin, 1958c; Redfmand Hokim, 1964; -
n . . ‘ - A
Durell and Sodd, 1964), but does not accompany the conduc-

tiop of impulses along the nerve trunk (Lapetin‘ and Michell,

»

1973a). The effect had been,ascribednto the cleavage cf PI

- % 1Y

,

by‘d diesterase followed by: reutiFizatior of the diacyl-

« €0

.

glycerol rather than to/yncreased dg nove synthesis

v

{
- ]
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' 1973; Yagihara et al., 1973). T

~ w R -
-

(Hokin, 1967; Durell et al., 1969; De Robertis, 197la;
Michell, 1973a, 1974; Freinkel and Dawson, 1973) or changes

in the turhover of other“precursors of PI (Hokin and

" .
Hokin, 1959; Hollander et al., 1970; Schacht and Agranoff,

»

More recently, the stimulus dependent depletion

-

in PI has been shown to be accompanied by increases in

1, 2-diacylglycerols and PA (Hokin, 1974; Hokin-
Neaverson: 1974; Bansbach gt él., 1574).' Th; effect is
localized most probably in post—synaptic structures

(Hékln, 1965, 1966a; Larrabee and Leicht, 1965; Larrabee, )
1968) although synaptic ve51cles and other membranous
subfractions have not been dec;;;qely excluded (Lapetina
and Michell, 1;72; Lunt and Pickard, 1975). The '‘exact
mechanism by which transmitter-induced PI turnover is
involved)in synaptic transmission is not yet clear. It

is possible that the cleavage of diester phosphate of

* membrane-bourd PI could regulate ion transport indirectly .

bj'aléering the properties of the post-synaptic membrane.
De,Robertis and hlS group (De Robertis et al., 1967; La
Tarre et al., 1970, De Robertls, 1971b Lunt et al.,

1971) considered the‘change in memprane permeéability to
result from Fhe b%nding of AChjto ACh-~receptor proteolipidQ\
with PI cleqvagéoccunrihgas a E}bseqpent gecondary event.,

A critigal review of this field has been published recently

by Michell (1975).

.
. " !
. , ‘]‘
sy
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c. , Polyphosphoinositides’and Plasma Membrane Function

+

(1) General Considera;ion& ;

Polyphoegggénositides have generally been

- LI T

regarﬁgd as myelin constituents. Theié pfesenpe in
unmyelinéted~immature nervous tissues and in some mature
unmyelinated  invertebrate nerves poség;sing at most a
single pimoiecular layer of lipid (Geren and Schmitt,
» - 1954) suggests that t?ey are\alsoupresent in;extramyelin .
' &

structures., It has peen suggested that the PPI may occur

in the axolemma or orientated adjacent to or on the surface

of th%,ng;ia7*ag*well as buried in the myelin sheath K -~
¥ B (see Section I.C.3.b). The various enzymes responsibie,

for éheir métabolism are also located at this site or in
the adjacent, cytosol. 1In view of their ép—locatlon with
enzymes at the cell surface, .the high mebgbolic turnover
of their monoesterified phosphate groups in} many tissues
. and the correlatisp of PPI\conceAtrations ith the

’ adenylate energy chag@é/;n yeast (Talwalkar nd Lester,
1973),Qit seems Qrobabie that they have some impor#ant
physiological- significance to plasma membrane function.

’ ' Several investigators havé suggested that the

o

PPI are directly or indirectly concerned with the active

transport of cations by nervous tissue (Dawson, 1966;
L b ’

-

Standefer énd Sémson, 1967; Hawthorne "and Rai, 1970).

Experiments with brain slices (Palmer and Rossiter,® 1965;  &-

P

Hayaski et al., 1966) and with subcellular particles or
[ »

£y v

f
.
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Q[\E\\:ti‘il;fj':éﬁ\enzymes have:'shown some eﬁfects of Na+ and xt
¥

ions on 32? incorporation into PPI and on the activity of

certain enzymes ingolved in phosphoinositide metabolism.

. 'However, kinetic experiments and aiguments failed to link
PPI turf@ver directly to ion transport (Hokin and Hokin,
. i v
1964; Schneider and Kirschner, 1970; Peterson and.Kirsthner,

1970).-" No direct involvement of PPI has been described in
‘ £Y
the ATPase system which constitutes the "Na pump" (Hokin

and Hokin, 1964; Glynn et al.,, 1965). In this s§stem, a
phosphorylated protein is a better candidate for the
"carrier" molecule (McIlwain, 1963).

> y

. (ii) Polyphosphoinositides and the Permeability of

v

the Axonal Membrane
*® .
There is some evidence that membrane bound Ca

-~ » -

. blocks the "po}es“ in the axoleima through which Na©

2+

-

. passes during depolarization. Calcium has been shown to
s . ° 148 -
', enter the axoplasm of tha squid giant axon during stimu~

2

lation, suggesting’tﬁht cast discharge from the membrane

makes it more permeable to Na' (Hodgkin and Keynes, 1957).

InvolVement of PPI in ca®t transport or binding of ca?t

« ‘to membrane which.alters permeability to univalent cations

" is a more attractive Eﬁggestion (Dawson, 1966). In fact,

*  considerable amounts of bound divalent g¢ations have been
shown to be associated with isolated DPI and TPI (Kerr

et al., 1964). TPI has a greater affinity than EDTA for
2+

+ .

ca“’ and forms a stable complex with acidis protein in its

presence (Dawson, 1965). In purified myelin, there exists

¥
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a tlose equivalence between the number of PPI monoester

2+

‘phgsphate groups and the total Ca” and Mg2+vcontent

(Eichberg and Dawson, 1965). Generally, PPI synthesizing
2+ 2+

(Ca ions

»

enzymes like other kinases are dependenﬁ‘én.ﬁg
) ’

are inhibitory in the presence of optimum Mg2+) and TPI

phosphafj;g/is activated by Mg2+ jons. All these obser-

vations,”coupled with the-location of metabolically.active PRI *
. ,
in excitable tissue, led Kai and Hawthorne (1969) and

.
o

Hawthorne and Kai (1970) to suggest a tentative scheme ’

linking PPI metabolism with membrane Ca2+ contehéland ,
‘ .

indirectly with the permeability of the axonal membrane to
) : l{ -
monovalent ions. They suggested that Ca2+ ions bound to (
. '
DPI or TPI molecules miggﬁﬁgzidge and obstruct an on f“\\

channel through the membrane. Removal of the phospho;
" inositide mznoester phosphate groups responsible for ca?* v
u

d make the membrane more permeable since’PI

T

binding wo

have a much lower affinity for ca’*. Therefqie} excitation

of the membrang resulting in dephosphorylation of PPI
would allow passive'transport of Na+. The hypothesis

@ . .
appe&gs to be in accord with the location of the necessary

a

enzymes in brain. The o=miginal proposal, howgvef, did pot .
redognize the sighificance of DPI-TPI interconversion.

Hendrickson and Reinertsen (1971) suggested that DPI-TPI . .
interconvergion might itself be adequate to ﬁagkedly

modify Ca2+ binding at membrane surfaces and alsé to

2+

control intercellular conceﬁtrat;ons of free Ca

} This
conclusion was based on obsergﬁtionglthat glycerolphosphoryl-

i
o

3

-
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inositol-~4, 5-diphos§hate has a considerabl} hidher affinity
for Ca2+ and Mg2+ than glycerolphqsbhof§l—inositol—k-
phosphate, presumably because it coﬁlg’use the two pPgsphate
froups on the inositol ring Eq for%-more séﬁble ¢helates

~ ,with divalent metal ions (Hengkickson and Reinertsen, 1969).
L 2 i *

2--f'“‘§9nversion of T§I to.DPI was calculated to release 2’3 of
the chelated divalent ions. Howevery, a riticism of both

¢ . .
.models arises from the observation that the isplated PPI

- -

- do not show the recessary marked -spécificity for binding of

v A L

Ca2+ over other divalent cations (Hendrickson and Reinertsen,
1969; Dawson and Hauser, 1970). It would be ;kpeCted that
in the absence of any hypothetical modulatory factor, the

PPI would bind far kegs Ca2+ than Mgz+ gince .the tissue

.

concentrations of gg2 are much hlghsg than Ca2 concentra—

tions (see for example, Rasmussen et al., 1972; Triggle,,

1972).

H
. y . If the PPI are involved in the regulation of
[

the flux of ya+”iqns, stimuli which evoke action potentigls

would be expected tbéincreaée the turnover of PPI phosphate

id M - L2 ‘. 0
. groups. A ‘number of studies are available.reporting
- 0 L4 . n
y variable results. Stimulants such as pentylenetetrazol‘
(
or electroconvu151ve shocks resulted in 1ncreased labelllng

of PPI in gold fish braln (Schachtzéhd Agranoff, 1972 a)
« Norepinephrine and y—amlnobutyrlg acid have no spec1flc
effect on the PPI but higher concentrations of S-hydrotéyp-,

tamine may increase DPI, labelllng (Hokln, 1966a, 197QL.

Electr1cal stimulation of“brain slices has no effect on

[
L

"
a
@

.
L

fL.
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*PI turnover, most 11kely, in post-synaptic structures.
&

. ' i = i ‘ e
2 . . ’ J ) v - ’"\._.: “-, ¢
PPI (Pumphrey, 1969). \ Electric stimuylation of pregang-
lionic nerves does increase the incorporation. of ?2Pi ’
\ e

into PI of the ganglion and the effect is;postjzzfaptio

L

but the effects on PPI hive been gari%éle. . Prolenged -
stimulati f the ganglia was'without efﬁect (White &nd
Larrabee, 1973). /gtiertelectrical stimulation’ studies in .
nerves probably showed 1ncreased turnover of TPI, although

it was dlfflcult to demonstrate reliably (Birnberger et al., .7

1971; Salway and Hughes, 1972; White et al., 1974; see a%SO,

I v L N s
White and Larrabee, 1973). ACh was shown to have no effect -

- Y - .l

on PPT labelling in brain preparations (Palmer and Rossiter,*
1965; Hokin, 1966b; Yagihara and Hawthorne, 1972) anq in

one instanén;\}teeven resulted ‘in reduced labellinge - o

(Sdhacht and Agragoff, 1972b). To accommodate these |

findiﬁas, Kai and Hawthorne (1969f suggested that, i{ DPI

or TPI take part in the events associated with synaptlc 7o

¥4

transmission, they are more likely to be 1nvolved wrth
L1 \‘N

presynaptic ‘membrane. Arrlval of the nerve impulse at

R -
N A

the presyﬁaptio terminal would be assoclated with the ~

hydroly51s of monesterlfled phosphate . groups of PPI and

release of Ca2+ 1nto the cytoplasm. The Ca released «

' v . {

would then initiate changes in the synaptic vesicle

4

leadlng to the release of ACh into synaptic cleft (ACh - -

release is dependent upon Ca2+z%ons- Triggle, 1965) Lo

» Y
Therefore, ACh would not affect PPIL turnover, astlt does /

3

#

" Agents which block synaptic or axonel trans-

Pl +

-

-
a
N -
t ‘ “
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mission or which reduge the rate of rise of the action .

3
1

<;aotential_,might be expected to inhibit the turnover of PPI

’ { -~

phosphéte groups. Studies using such agents have yielded

v

‘9ssentiall§ negative results, White and Larrabee (1973)

™

reported that hexachloroc?tlohexanes wgich block impulse
conductiokhave little effect on PPI turnover. Similarly,

tetrodotoxin,’ cinchocaine and’ouabain have no effect on
. A/ -
PPI metabolism in excited nerves at concentrations

suffseient to abolish conductién (Salyay and Hughes, 1972§

White et al., 1974?. However, the latter. authors critidized

the tetrodoLoxin observatién suggegting that the drug
i ok

1

s ecéively blocks the outside of the channels throuygh -

Lwhi Naf enters during depolatrization® This\ﬁééﬁ/;Q;

interéggé,wfih tﬁe chemical events inside of the membrane

such as a release of membrane bouhd Ca2+~ Therefore, it . |

(3

is not a good argument:against the participation of PPI

o

in"the/control of membrane permeability. In order to

~

explain the ﬁqéponderance of negatixzéevidence;‘White
h

and Larrabee (1973) have quggesgéd that only very small b

localized changes in PPI metdbolism may occpr'which cannot

"

be detected when difuted,by the larger pool of unaffected

“ PPI., ] ‘ 1
(iii) Diphosphoinositides/Triphosphoinositides Inter-

conversion and the Generation. of Action Potential
3

Control of membrane permeability (to Nat or K+)

via control of Ca2+ binding by the TPI/DPI ratio has

L 4

e
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remained an attractive suggestion. Terda (1972a, b; .

s 1973a, b, c; 1974)°c1aims to have evidence of  a more
»direct natﬁre in suppo;t of tﬂis h&po€hesisf She has pro-
' posed a mechanlsm for the fast generatlon of action potent als
at cholinergic. synapses. The sequence of. events is 1n1§24:ea
by the interiction;ef released acetylcholine witﬁ nicotinic
: cholinergic receptofs onlihe post~synapt£c membrane. . Acti-
0 vation 5f these"receptors causes changes in ion-conductances v

in the post—synaptlcfggmbrane which generate the actlon

o

potentlal She suggests thet,ACh comblnes with the

&ty )

* regulatory subunit of TPI phosphathse causing dissociatign

/ # - -
of the active catalytic subunit resulting in the conversion
e, »

[}

of TPY to DPI. Release‘of Ca2+ froqbthe nembrane 1is

4
B3

followed by permeablllty changes.. The regulatory subunit
i&ﬂ s is clalﬂmﬁ?'to be the same as or similar to the ACh receptor

proteolipid descrlbed earlier (De Robertis et al., 1967;-

v "La Torre et al., 1970) “w

-

. «
? »

- It is- known that dopamine is an Ehhibit¢ry '

transmitter which exérts its actions by rai iﬁg the
intracellular cyclic AMP concentration én the post~synaptic
' . o F ;

neuron (Greengard and Kebabian, 1974):“the effect of cyclic

.

! AMP is to hypeggglarize the' post—é&naptic membrane and thus
make it less éensitive'to cholinergic¢ stimulation. Torda

‘ * -
attributed'repolarizatipn to the action of DPI kinase. She .

> &
envisaged an inhibitory subunit of this enzyme which binds

cyclic AMP, the result being 1ts dissociation from the

~

catalytic subunit. . . :

-

uuwqﬁm,uuu?unuqunmunnu-auur i o NS
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. At present, the 9n%ire experimental support
A1

of this hypothesis comes from the work of Torda. She has
claimed to have isolated the regulatory and catalytlc
subunits bf the th enzymes' (TPI phosphataée,*BPI’kinase)

and demdgstrated,their interactions with AcCh and cyclic

- *

AMP in vitro. The enzyme s@bunits and %ctivators in various
combinations were applied éxtracellulapfy,ahd intracellularly

-

to_choiinergically innervated neuron preparationé and the
electrical reégonée recorded. " This work must be treat
skeptica}ly for many reasons. Tgphnicgl disqrepanciesejébur
i.e. mea%uring TPI phosphatase activiﬁg in a ﬁ%osphate’buffér
by determining the rele;se of inorganic phosphate. Even ’
a§sumiﬁg éhe enzyme- preparations to be legitimate, such pre-
;parations (prépareé by thg mé?hﬁds of Tho;pson and Dawson,
1964a; Dawson aﬁq Thompson, 1964) are far *from pure and
are subjected to extrémely denaturing conditions dur%ng subunit

t
isolation. No information on the composition or characteris-

]

tics of "purified" preparations is given. The electrophysio~ .

logical results are also suspect on several grounds; most

- .
notably, it is difficult to envisage how the membrane-bound
inositide pool which is intercbgverted between DPI and TPI can

]

have its inositq} headgﬁpup accessible both to TPI phosphatase
applied extracellularly and to DPI iin?sg appiied intra- & !
celiularly. This would require the u&likely rapid trans-
}ocation of the highly polar lip?d and would imply that

PPI are not located asymmetrically in the membrane. Also,

the hyperpolarization effect of cyclic AMP and of the

v

i ) . )
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subst;ate. Thes would not xpected gince only the DPI

molecules ASsoc1ated w;th the 1on—gate should ‘be 1nyolved.

4

Furthermore the whole scheme is at yariance with the body
‘ -

’ v
k3

. ‘of evidence showing that the nicotinic,choliﬂergic ~n
;f/feeeptor system can be adequatély deéﬂrlbed Es an acetylh
' chollne~st1mulated *jonophoric membrane proteln con31st1ng

of identical gubunits (bé Robertls and Schacht, 974&. .

« .

A detailed critieism of these studies ' is qyallable (Mmchell
- €
ﬂ975 . Clearly, farther experimentation from'other .
1 Y .&
laboratories 15 necessary to resolve thé dlscrepanc1es. '

¢ .v .

s . oe * , ~ ~¢
(iv) Rale of'Phdsphoinpsitides4ih Other -Physioloyical ~ __
. ] " * A ~ ..
A . . . . .
o Processes v ¥ 3 ° * . ¢ s
v . e €. * - .

¢ Little ef£5tt hag been made, to~\§elgn a funet;on
b - . "
to the cleavage of the: dleq;er phosphate bonds of all o

A"
phosph01n051t1des (Durell and GarLénd 1969). The gyclic »
s

w »

1, 2~inosito hqsphate whlch results from PI cleavage has

4

. % T ¥

been suggested to act as secbnd messenger analogous to B,

cycllc AMP for those stlmulm which provoke enhanced PI' )
+

turnover (M&chell and Laptina,.-1972, 1973y. Laptina and~ "o
Michell, 1973a), altﬁough later 1nformat10n has refuted
-th;iysuggestlon (Frelnkel agp Dawsgn, 1973) Mlchelb L,

1975) hag presented a speculatlve ‘diagram 1ndlcating

', . -

”

posslble relatloﬁ§h§ps between PI breakdgwnr and other
1Y

receptor-lxnked phefiomena., \

Outside the nervous system, only two ipdications

.

3
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of the sinvolvement of PPI in physiological processes have |
been reportgd. Phagocytosis’ by polymorphonuclear leukocytes

‘has long been known to increase the inborpo:etion of ‘radio~

active precursors into PI. The effect, ‘due to increased

synthesis, has recently been reported for DPI and TPI as

3

yf}i {(Tou and §tjernholm, 1974),

In erythrocyte membranes, PPI have been shown

* *
2+. It was -suggested that control of the ‘membrane

2+ d

to bind Ca

concentrations of PPI may regulate intracellular Ca

v

"levels (Buckley and Hawthoéne, 1972). Although membranes

with higher PPI concentrations do exhibit greater Ca2+-

ATPase activity, the PPI are not directly involved, in the i
active pransportﬂbg Ca?+ out of erythrocytes (Buckley, .

1974), Factors affecting ca®* metabolism may be of -some
2

-

interest in view of a report that Ca t_aTPasé is depressed

in erythrocyte membranes from"cystic fibrosis patients
(ﬁérton SE 21\%11970*' Both -reduced Ca%j~ATPa§e (Feigk“
and Guidotti, L§?4f:5hd eie&ateq affinity ,for cat
(Eichberg et gi.f.l%j;Y;have been erorted for hereditary

&
spherocytosis erythrocytes. The levels of PPI and the - .
L [

7] m .
capacity to form PPI in~erythroeytes in these conditions

are unknown. .
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"time of collection éhd/ggcked in solid CoO

A. MATERIALS

S
v

I a »

. F} »

"l. .Animals, and Tissues

. .
'

‘ {
@ . N L \s

Fertilizeq eggs, 5 month old chickens, and mature .

]

hens ‘(16 ~ 20 monhhs) of the Shaver "Starcross No. 288" line

8 .

of White Leghorn were obtained from Lone Pine’ Farm Ltd.,

M "

Berwick, N. S. Eggs were ihcubated in a commercial incubator

(Humidaire Incubator Co., New Madison, Oth, U.S,A.) at con-

L2

.stant temperature (37°C) and humidivty (100%). The eggs were

4

automatically turned every 2 hours. After 19 days; the eqgygs

)

were transferred to a non~rotat1ng anuhator and maintalned
. ¥

2

at the same temperatuie and humldlty., Only those chicks which

1]

. hatched on the 2Ist day of #ncubation were used. The hatched.'

chicks were provided with water and housed in the incubator

L

for 2 days. Theys were then transferred to cages mainfgined i

at 22°C and provided with water and chick starter feed<
a ‘ ¥
(Maritimes Co-operative Services Ltd., Moncton, N.B,).

L]

Alternating 12 h periods of llght and darkness were maintained

regardless of season.

1 3

Bovine bfalns and spinal cords for use as a source

of DPI and TPI were purchased from St. Louis Seruq*Coﬁ, East

St. Louis, Illinois, U.S.A. They were quick-frozen at the

« '

z‘fnr shipment to

the labaratory where they were stored at -2§°cC. S

-

¥ e

™

[

o
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¥ Methanol was redistilled when

_'TPI (Sheltawy et al., 1972).

2.

LI

Chemicals

were used without fufther purification except where indicated.

?

W -

-85~

' All chemicals-and solvents were reagent grade- and

2
i

»

L4

Qfsed in the isolation of

1

»

Reagent grade orcinol (Fisher

Scientific Co. Ltd., Montreal, P.Q.) was recrystalllzed

twice from benzene.

from the hot benzene solution by flltratlon through ‘silicone-

W \V&_treated paper (Whatman # IPS).

»

-~

Orcinol crystals werk

.

An 1nsoluble ‘brown oil was removed .

washed with cold benzene, @ried in a vacuum desiccatof

and stored in the dark at —20°C.v

iy

D-Galactose:

“+

1

L

[y

[

3

Napt Oxidoreductase (EC 1.1.1.48,
B »

]

Gél—DH) from Pseudomonad fluorescené and Nap™. were purchased

from Sigma Che

{y-

Ont., and carriex free H33

_32

ical Co., St. Louis, Missouri, U.S.A.

Sodium
A

P1ATP was btained from Amgrsham-Searle Corp., Toronto,

2PO4 from Atomic Energy of Canada

Ltd,, Ottawa, Ony., Cutstum (iso—octylphenoxypT1yoxyethano1)

* 4
was 'obtained from Fishgx Scientific Co., Ltd., Montreal,

P.Q.

3. Lipids

4

]
H

K

/

. Chromatographicallytpuré lipids (Cer, Sulf, Chol,

|
PC, lyso-PC, PE, PS and PI) for use as! standards were pur-

chased from Serdary Research Laboratories,

3

Igndon , Ont., When

' *usgé:;;>lhe substrate in the PI kinase assay, pig liver PI
ﬁ

*

Y

were dissolved in C-M (2:1, v/v) and shaken with 0.2 vol, of

]

0

:_ﬁ“"

i,‘f &

- yt%”
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0.9% (w/v) NaCl. 6 The lower phase was then shaken twice with
"synthetic‘hpper phase" (chloroform-methanol~water, C-M-W,
3i48:47, by vol.) containing 0.3% (w/v) NaCl., The lower

phase was dried in vé%uo, and the PI stored in chlowroform

at "ZOOC.
. s ¥ N
4. Polyphosphoinositides . . )
a, Preparation of Triphosphoinositides .

riphosphoinositides are not available commercially.
They were repared from bovine brains and/or spinal cords
bx:two ethpds. Very pure TPI for use as the substrate
ip enzymgtic :reactions were péeﬁared by a procedure, which
also yielded pure DPI (to be described later). For chroma-
tographic purpg:;s as a marker and for use as a carrier in
enzymatib assay procédures, TPI were prepared by the rela-
tively simple method of Dittmer and Dawson (1961). )In this
procedure Highly acidic phospholipids including DPI and TPI
are recovered from the tissue residue with acidified organic
solvent mixtures after preliminary removal of other lipids
in, neutral solvents. Triphosphoinositides dre purified by
utilyzing their ability to bind té'protgfggé;nd by fractional
precipitatioﬁ of their sodium salts from methanol. Thin-
layer chromatographic analysis showed the product to contain \\\

I

TPI with some DPI (less than 8%) as the only contaminant,
eX’

b. Preparation of Pure Di-and Triphosphoinositides

The preparation of very pure DPI and TPI can be

b
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divided into 4 stages: *

(i) Preparation of Crude "Inositol Phosphatide"
t ’

Fraction ) . ~

[

The procedure is essentially the same as described
by Folch (1949a, b) with two modifications.’ First, the
initial h&ho;eﬁate of bovine brain in acetone was maintained
gt roon temperature for 45 min toapermit the.partial conver-
sion Of TPI to DPI (Wells and Dittmer, 1965; Biéﬁmer and
Douglas, 1969). This increased the yield of DﬁI which are

present in smaller amounts than TPI. Second, the volumes N

“

were reduced when possible in order to conserve extracting
{

solvents. The initial product of this proc;dure) "cephalin",
represents the ethanol and acetone insoluble fraction of the
diethyl ether extract of an acetone powder of bowvine brai;
and/or spinal cord. The yi;ld as/20 - 22 g of ceph?lin
powder per kg of initia; tissue. rude “inositol phos-
phatide" fraction i;\that portion of the "cephalin" which is
precipitated from chloroform by.the addition of 1.45 vol. of
ethanol. The yield of this fraction was about 5 - 7 g pér i
kg of initiaf tissuq. Thin-layédr chromatographic analysi
of all the precipitates and solvent washes obtained during
the entire course of this procédure indicated tqat no appre-
ciable loss of PPI occurs (see Appendix I.a). However, such
preparations contain large amounts of watef?poluble contamin-

ants (Folch 1942) as well as other phospholipids.

5
.

f
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(ii) ©Purification of Crude "Inositol Phosphatlde"

o O o

-

y Fraction and Conversion to Sodium Salts

w A &
8 ¢

The preparation and purification of the "Folch

DPI" fractipn from the crude "inosi{;l phosphatide" fraction
as described‘by Folch,” (1949a, b) is both time-consuming . -
and is accqmpanied,b¥ considerable lesses of PPI. %Fsﬁead,

the crude “1n051tol phosphatlde" fraction was first washed

in the blpha51c system containing acld and precipitated as

the sodium salts from methanol, The procedure is a modifi-
cation of the system employed by Dittmer and Dawson (1
and Thompson and Dawson (1964a) for the partlal purlflcatlon

P

of TPI.

The lipid (about 5 - 8 g) was dlssolved in 100 ml
of chloroform to which was added 50 ml of methanol A bi-
phasic system was produced by, adding 0.2 vol. of N—Hci and
thoroughly mixed., The lower phase was recovered gcentri-
fugation&for 20 miP at 10,000 x g).and thé p;ocgdure was
repeated. aThé abpve procedure was éga*n repeated with 0.2
;ol. of distilled water replacing N-HCl. The lower phase

was dried in vacdzkad the residue dissolved infao ml of

H

-

chloroform. The solution was placed'in ice bath and 140 ml
of cold redistilled methanol added. AaAfter 10 min, any in-
soluble material was removed by centrifugation and discarded

if the amount was small, Otherwise, the precipitate was

-dissolved in a reduced volume of chlorpform and the abdve

procedufe was repeated., The supernatant ("washed PPI") was

TR

- -
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, chilled on an ice-bath and neutralized by the addition of
ice-cold 0.1 N-methanolic NaOH. After 30 min at -20°C, the
precipitated phosphatides, consisting mainly of TPI with little

- DPI, were collected by centrifugation. Addition of acetone
to the supernatant precipitated more phospholipids4'princi-
pally DPI and PS (see Appendix I.b). Almost complete pre-

cipitation of the remaining DPI and TPI was achieved when the

[y

\ rat%é of acetone/methanol was 1 (Table 6). The methanol and

¥

~ methanol-acetone insoluble precipitates ("washed Na-PPI"
. y .
.fraction) were pooled, dissolved in chldroform 'and stored at ‘ jagm

\ -20°.

(iid) DﬁAE—Cellulose Batch Treatment

1

iIn orgar to facilitate the preparation of EQ}e DPI

and TPI by DEAE~-cellulose column chromatography, an enriched =

sodium polyphospﬂbihositide fracfion ("enriched Na-PPI") was

first prepéred: Substantial amounts of PS and PI were removed

from the "washed Na:>91" fraction by .batch treatment with’DEAE— !

cellulose. : . h '
DEAE~cellulose (Whatman Mic}ogranulgy DE~32) was

washed ahd converted to the acetate form (Hendrickson anq

Ballou, 1964). 100 g of thig preparation was suspended in

C-M-W (20:9:1, by vol.) and thesslurry poured{into a Buchner

funfel (7 x 6.5 cm I.D. with coarse grade fritted disc). The

solvent was drained off and the "washed Na~PPI" fractien

(So'mg P) in.SO ml C-M-W (20:9:1:‘by wol.) was poured even}y

over the DEAE~cellulose. The sample was allowed to soak

" .
WW s s Bt . n — Wﬂ'..’
-~ -
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Table 6. Fractionation of "Sodium Inositol Phosphatfde“
- ( . -

n ¥

Fraction 'in Methanol and Methano¥-Acetone:’

* Compositioh of Various Fractions K 0,
» * ot Phosphatides . 6“
° ,' ‘ ' & i . /
» : . P . - ’* ) o
- Fraction ) _TPI DPI Others Total-- Y
- ‘m'}f " a: - . H
I.- Washed mg P.- 41.0 16.8 92.3 150.1 .
*crude PPI %\{ﬁi;;ifn' 27.3.11.2 61.5 100.0
. II. Methanol mg ™. :37.9 9.4 40.1  87.4 ]
Y Insoluble Na-PPI % fraction 43.4, 10.8 45.9° -100.0 .
III. Methanol-acetone mg B 0.9 6.4 5.9. 13.2
Insoluble Na-PPI & fraction 6.8 48.5 44.7 100.0 - ’
. Na-PgI mg P 38.8 '15.8 46.0 100.6
(IT + III) $ fraction 38,6 15.7 45.7 100.0,
% recovery K 94.6 94.0 49.8 = 67.0 :

* ”PI°+:SPG and small
&%

amounts of ﬁPG & CPG

ot

)

2o

o » ~ -

Methanol was addedo%o'wa§hed crhq%;?PI in chloroform and
after neutralization with methanolic-NapH, the prgcipitate
was collected. 2An equal vol. of‘acetone was addéd.to the
super a%ant éhd the secoﬁd précipiééte collected. Individual

-~ I

‘fractions _were then analyzed by t.l.c. . \5
b

]




slowly into the DEAE-celluiose ﬁhicp’then was eluted with

f + solvent centaining increasing concentrations of ammonium

e

acetate. .Ina prelimihary'experiment 500 ﬁl of ammonium
. acetate of concentratlen‘less than 0.2 M eluted no TPI, a “

. small amouné'gf DPI and moreothgn half of the othér phos-
< (R
phatlae% . By 1ncfea51nq thé volume of ammonium acetate to

A

" . 1 liter and reduc1ng a&s concentration to 0.05 M, it wasg

3 PR

S ’ lp0551b1e to remove substantlal quantities of the other' phos-
e o phollplds with 11ttle loss of PPI (Table 7). the PPI were
: ﬂthen eluted with 500 mlmof 0. 8 M*&mmonlum acetate. This
N ‘snriched PPI" fraction ;;s freed from aminonium acetate‘by
. . three successive washes in the blpha51c system against upper

phases contamnlng lM—MgCL2 (Tou et al., 1968). The PPIswere

“then'converted toasodlum salﬁ‘“by washing with acid foLlowe&

5
el
a s v -

. by neutrallzatlon in methanol and precmpltatlon from methanol-

acetone asg described in the~preced1ng section (pp. 81-82).

“
1]
) . L) »
-

’ : (iv): DEAE-~Cellulose Column Chromatography .

A- slurry of washed DEAE-cellulose (acetate form) in

CoM-W (20:9: l, by vol. ) was poured into a solvent resistant

~
e
3

sgfzs column (2.5 x 100 ¢m I.D,, Pharmacia, Upsalla, Sweden)
and packed to @.constant‘height (80 cm) under pressure. The
“"enriched Na-~PPI" fraction (1 ~ 2 g) was. applied té the column
inlthe same solvent. ,The column was eluted with a‘concave
grad{ent of nlum acetate rather than the llnear gradient
employed by Hendrickson and Ballou (1964). A»sxx—chambered

- gradient former (Varigard, Buchler Instruments Inc,, Fort Lee,
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Table 7. Preparation of Enriched Polyphosphoinositides

. Fraction by DEAE-Cellulose Batch Technique

S

Phosphyhjides

(g
N ta
Ammoniug . Volume TPI DPI **Others Total
Acetate (ml)
/' 13
I.. None 200 - - 4.3 4.3 .
II. 0.05 M . 1000 0.7 1.1  10.1  11.9
III. 0.80 M 500 17.4 5,9 7.4 30,7
Lipid-P appliéd 19.4 7.9 23.0 50.3
Lipid~P recovered - 18.1 7.0 21.8 46.9
% recovery’ 93.3 88.6 94.8 93.2
% composition
of fraction III- 56.7 19,2 24,1 100.0

* Lipid fractions were eluted from DEAE-cellulose with

C-M-W (20:9:1, by vol.) containing ammonium acetate at

- ’ 1
concentrations stated. Individual fractions were washed

r

in Biphasic system against upper phase containing 1M—-MgCl2

and P estimated after t.l.c.

*% PT + SPG 4+ small amounts of CPG,& EPG.

»

§



New Jersey, U.S.A.)was used, each chamber containing 400 ml

. ¥
of C~-M~-W having the‘following ‘concentrations of ammonium )
acetate:- 0.1, 0.1, 0.1, 0.25, 0,45 and 0.7 M. _F_}:;étions of

14 ml were collected and examined by t.l.c. to 1ocat?:DPI

and TPI. The chromatographic profile of theée fréctions is
shown in Fig. 6. Ammonium acetate was removed from the
fractions containing DPI and TPI and the pﬁosphoinositides
converted to sodium salts as desciibed earlier' (see pp. 81-82),°
The sodium salts of pure DPI and TPI preparations were stored
in-chloroform at -20°C. When examined by t.l.c., these pure
phosphoinositide preparations were free of contamination by

Pi or other phosphatides (Fig. 7). The column was regenerated
by washing with 1 M-ammonium acetate in C-M-W followed by a

-

large volume of C-M-W.

c. "Carrier Polyphosphoinositides" Preparations

"Carrier polyphosphoinositides" for use in enzyme
assays was a mixture of di~ and triphosphoinositides (approx.
ib% DPI & 60% TPI)., Thése preparations were composed of '
those fract?bns from the DEAE-cellulose colu&n which contained
both DPI and TPI and/or the "enriched Na-PPI" fraction ob-

tained by the initial batch treatment with DEAE~cellulose,
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Fig. 7: Thin-Layer Chromatography of Pure DPI and TPI

= Lipids
(in ug P: TPI, 8; DPI, 5; PI, 5 and mixture of three

Prepared by DEAE~Ce€llulose. Column Chromatography.

lipids in the same amounts) were chromatographed on

Silica Gel H plate impregnated with potassium oxalate

(see Methods 4b & c). ty

%



L

L]

)

4 -06-

b

A . B. METHOBS ) L.

1. Preparation of Tissue for Lipid An;kysis e
. . /4 »

. Embryos, éhicks and adult chickens 'were killed by

. decapitation. Brains were guickly removed, blotted dry and

immediately frozen in %izuid nitrogen, Sciatic nerves were
dissgcted from the upper ‘thigh. ‘The nerves were cut proxi-
mally just below the spinal ganglia and distally just above

the knee joint. The nexrves were then quickly freed from

connective tissue, rihsed with saline, blotted dry and immed-
. < ]

iately.frozen in liquid nitrogen. Recovery of ,a whole brain

’

or a pair of nerves from embryos and younger chicks..

[

v

.

achieved jn less than 1 min after death. The interval between

x

death and freezing of the isolated tissues was greater for

adult birds but}}gss than 1.5 min for brain and 3 min for

sciatic neryes. Both brain and sciatic nexrves were weighed
[ - ‘. - :'
in the frozen state. Approxinately } g of pooled tissue was

uged for each‘analysis.: Nerves from up to 20 dozen embryos

<
. were required atgbhe earlier ages and 4 dozen from 8 day

chicks. Similarly, several brains.'were pooled from yeung

[ 4
embryos.

-

2. Extraction and Purification of Liphds

!

a. Extraction of Lipids from C Brain and Nerve

‘ Lipids were extracted by procedures basicaMy

-

similar to-‘those used previously for studies of whole brain

4
”
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and nerve (Wells and Dittmer, 1967; Sheltawy and Dawson
"1969a) . Lipid extracts were prepared immediately after

collection of tissue. The weighed, frozen samples were

s

placed in 15 ml of C-M (1l:1, v/v) and homogenized in’a

.

Potter-Elvehjem Homogenizer as soon as they bégan to soften.

After 15 min, the tissue residue wés recovered b% centri-

fugation and re-extracted twice with 10 ml of C-M (2:1,

h 2

v/v). The ratio of chloroform to methanol in the combined

extracts was adjusted to 2:1 (v/v).

»

Polyphosphoinositides were extracted from the

% tissue residuge with 10 ml of C-M-conc. HC1 (200:100:1, by

~

vol.). After 15 min at 37°C, the residue was recovered by
brief centriguation and re-extracted twice with 10 ml portions

of the same solwvent.
‘%g. Purification of Lipid Extracts . .

Non-lipid .contaminants were removed from the C-M
‘and C-M-HCl extracts in the biphasic system of Folch et g};
(L957). The C-M (2:1, v/v) extract was shaken with 0.2 vol,
of 0.9% (w/v) NaCl. The lower phase, ;pcluding any inter-
facial material to which cerebrosides adhere, was washed
twice with "synthetic upper phase", (C-M-W, 3:48:47, by vol.)
contzining 0.3% (w/v) NaCl. The upper aqueous phase was
carefully removed and discarded, The fin;l lower phase was

clarified by adding sufficient methanol and dried in vacuo.

’
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“The residue was dissolved in moist chloroform and filtered '»
th;ough glass fiber paper. This washed purified lipid
extraet was stored at -20°C. -7 ‘ -

.The crude C-M-HCl extract was shaien with 0.2 :

,vol. of N-HCl. The upqerhphase and any interﬁgcial'ﬁaterial '
were digcarded. fhe_lower phase'was neutralfaed‘gith ammonia
vapour, ;ashed twice with "synthetic upper phase" containing
0. }% (w/v) CaCl2 and dried in vacuo.. The lipids were dis-

solved in C-M-W (75:25:2, by volﬂé Sheltawy and Dawson, 1966).

3. Chemical Anélysis of Lipid Extracts <

¢

a. Cholesterol Determination

¢ Duplicate aliquots of the lipid extracted with

1 . . .
neutral C-M containing 0,2 - 0.5 umol lipid-P were transferrdd

’
kT 3 .

to 6 ml test tubes and evaporated to drynesa. Saméles'were

”

thoroughly mixed with 1 ml of isopropanol on‘a Vortex mixer. '
The tubes were covered with parafilm and left overnight #o
allow complete dissolution. Standards containing 0.05 eféng

mg Chol per ml.of isopropanol were .also prepared The total

‘ /\ -
Chol were then measured by the method of Block et al. (1966) - :
~

" as adapted for the Teghnlcon Autoanalyzer (Method N-24a, 1966).

-~

This method is based on the formatlon of a colored complex L

when sterols having a 5-ene, 3-g-~ol structure are mixed with a i

[

reagent containing ferric chloride in a mixture of acetic

]
]

B, . . .- -
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and sulfuric acids. Both free gd esterifiﬁdf’ Chol are
measured. The Chol ‘content of the lipid extracts were de-

termined from the standard curve (Fig. 8).

o

'‘b. Galactolipids Determination

v

| 1

(i) Orcinol Method

&

The galactose content of both brain and sciatic
nerve lipids extracted with neutral C-M mixtures was deter-

mined by the procedure of Hess and Lewin (1965). In this
i s -

' s

method an orcinol~H2§64 reagent reacts diréetly with galacto-
lipid galactpse and does not necessitate initial hydrolysis
of the lipid. All glassware used for the analysis was
thoroughly cleaned with chromic acid cleaning éolution
foiloWeq by several washes with tap and.distilled water.
When dr&, it was stored: out of céntact with paper or other
carbohydrate-containing materialy These precautions were
essential for reprodﬁcibility. - The orcino% reagent was
prepared using‘récrystallized ofciqpl (see MaFerials,‘p,OQS).
The reagent was stable for one wee€k when sﬁoreé in the dark
at -20°C. T . ,

. | Allquots (in triplicate) of the lipid extracts
contalnlné 0,57= 4 0 vg of galactol;pld galadtose were ﬁlaced
1n 12 ml round-bottom tubes fitted with gihss stoppers. The
solvent was evaporated under dust free qltrogen. The pro-

[ ¢ a " g

cedure of Hess and Lewin (l965) was followed except that 3 ml

¢

of cold (-20°C) orcinol reagent was added to each tube and

4
{ LN
'
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Fig. 8: Cholesterol Standard Curve as Determined with the

Technicon Autoanalyzer.

Values represent the mean

+ S8.D.

(where S.D. is of sufficient magnitude to plot) for.7 ,

determinations.
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. thg heating in a metal block at 100°C was increased to
40 min. This was found to be necessary for maximum color
yield. The galactose standard curve obtained by this method

is shown in Fig. 9. Galactolipfd content was,calculated
¥

multiplying the galactose content by a fa of 4.6 {
(Svennerholm, 1956; Soto et al., 1966). 9Ka<malar content
of galactolipids was determined by assuming a mean

molecular weight of 846 (Soto et al., 1966). u 9
, (ii) Galactose Dehydrogenase Method

Measurement of galactolipids by this method
requires inrtial hydrolysis of the lipid. The galactose

content is then measured enzymatically using Gal-DH. The

" oxidation of galactose to galactonic acid is measured by

following the reduction of Napt spectrophotometrically. 1

o

The ass;y’has been described by Finch.et al. (1969) and
was follo&ed with-the exception of buffer concentration
which was reduced from 500 to 200 mM. The requirement
. that fhe,peactiog go to completion was satisfied after .
30 min when 0.2 umol or less of galactose was present. .
A linear standard curve was obtained (Fig. 10).
-It was necessary to establish the optimuﬁ

conditions for hydrolysis of the 1ipid{sémp1es since it

>

was not described by Finch et al. (1969). In these

experiments, 1 umol‘cerebrosides (Sigma‘ Chemical Co.,

I4
¥ «

St, Louis, Missouri, U.S.A.) dissolved in C-M (2:1, w/v)

was placed in a glass vial and the solvent evaporated ,

-

4
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Fig., 9: Galactose Standard Curve as Determined by the
,0rcinol~ ~H,804 Method. Values represent the mean % S.D.
(where S.D. is of sufflc:Lent magnitude to plot) for 7
determinations., . .
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Fig. 10: Galactose Standard Curve as Determined by Gal-DH
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of sufficient magnitude to plot) for 5 determinations.

'
* 14




Y
¥

.
-,
¢ S

A

. F

e

8

-104- ’ ' !

.~ - > £ “
.

under nitrogen. Ethanol (Svennerholm, 1956)‘could not be

s B ~

& v
used to solubilize the sample because its presence\&n the

finalﬂhydroly;ate wasyfound to affect. the enzymatic assay

™

(i.e. 20 - 25% inhibition at a final concentration of 2 - 5%,
7

v/v, eEhanol). The cerebrgsides were therefor#’ suspended

in 0.5 ml Wétég by vigorous mixing and gentle warming. To
- R [ ¢

this was added 2 ml of dilute H,50,. The Wal was sealed

and heated in anjovéﬁ. After ¢ooling, the hydrolysate was

neutralized with a calculated amount of l4M—NHAOH,°di1uted

[ -

to a known volume- and filteredithroﬁéh pre-washed. glass

¢t .

.fiber paper. The pH was, checked with indicator paper. The
results of hydrolysis in 2 and 3N—sto4 studied as a func-
tion of both timé and temperaturé are given in Appendix

at 100°C for at

IT.a. The optimum‘pohditions were 3§—H2804

*least 3 h for standards containing 0.2 -~ 1.5 umol of cerebro-

,

sides. Prolonged hydrolysis/j(7 -~ 10h) resulted in lower

. I
recoveries. When standard galactose solutions were treated
similarly, the recovery declined during the first few hours of

heating (Appendix II.b). This loss’was not observed with
cerebrosides oX when bovine serum albumin (BSA, 1 mg) was

added to a galactoge standard. However, BSA increased the
P
blank absori}ion in the subsequent enzymatic assay. ~When brain

b A
drolyzed under standard conditions (no

lipid extracts were

v -*

BSA), similar blank absorbance wag observed which increased with
!

increasiﬁg time of hydrolysis. The optimum time of hydrolysis |,

for maximum_yield of galactolipid galactose vagied from 3 to 6 q

L4 . od
v s
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L4
for lipid extracts of chick brain and sciatic nerve of .

»

different ages. Each lipid sample (duplicate) was therefore

-

hydrolyzed for at least .three different time periods. A

typlcal time study.pattern fpr both brain and nerve 11p1d
extracts is shown in Appendéi IT.c. It was conglrmed that

€ R IS

glucose and sucrose (alone or in combination) did not

interfere with analyéis of galactose stapdards or lipid
hydrolysates. '

(iii) Determihation of Sulfatide Content

L4
)

° v / .
The lipids which were extracted from both brain

|1
and sciatie nerve with neutral C-M mixtures were c?romato-

graphed on smalI“columns of Florisil (Rouser et alJ: 1961) .~

<

Cholesterol, ceramlde and phOSphOllpld fractlons were

discarded and the content of the sulfatides-containing

L4

fraction estimated spectrophotQmetrically by the method

of Kean (1968). This procedure is based upon the formation

of a complex, between tﬁé\qstzr-soluble cationic dye

“Azure A and anlonlc sulfolipids, which is prefirentlally

| extracted into chloro‘m. [\\

\
.

4. Analysis of Phospholipids by Chromatographic

.
*

Procedures
W’—-—-—_—.

’ -

*a. Thin-Layer Chromatography of Phospholipids Extiacted

-
I

swith NeutralEChloroform*Methanol

The washed préparations, originally extracted

with C-M mixtures, were separated by t.l.c. on precoated

o

#
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Silica Gel HR plates (20 x 20 cm, 250 uym thick layer; Anal-

tech Inc., Newark, Delaware). These plates were stored

I

" packed in their original boxes and were not further heat-

v

activated before use unless they had, been stored for a
long time, and failed to ‘provide adequate resolution.’ In ,

this case, they were reactivated at 120°C for 45 min. .

1y .

» ,Lipid samples dissolved in chlporoform were applied as thin

*

bands (10 -~ 15 ug lipid-P/cm of plate) with Hamilton
syringes. The plates were developed in paper-lined chromato-

graphic tanks containing developing solvent which'had been

< allowed to equilibrate for at least 30 min in a temperatﬁre-

controlled cabinet at 21 - 22°C. The developing solvent
consistgd of chloroform-methanol-acetic acid-water
(C-M-AA-W, 100:45:20:7, by vol.). %he solvent was replaced
af%er two plates had b;en Aeveloped. The developed
chromatoplates were dried in air and the lipids located by
exposure to iodine vapour or spraying with the acid-molybdate
reagent of Dittmer and Lester (15%4). “Charfing with 98%
(w/w) sto4 -'37% (w/w) formaldehyde (97:3, v/v) was used
when a permanent recoranof a plate was desired. Ninhydrin
(1, 2, 3—t£iketohydrin§ene hydraﬁe) solution in acetone
(0.2%, w/v) wak occasionally used for detecting phospho-
lipids containing free amino groups.

The solvent system clearly separated EPG, SPG,
PI, CPG, Sph and lyso-PC (Fig, 1ll). Neutral lipids

(mono- di- and triacylglycerols, cholesterols, free fatty

acids etc.) and other phospholipids (PA, DPG etc,) migrated
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a bc mixture d e f Lipid Extract

Fig. 11: Thin-Layer Chromatography of Lipids Extracted
with Neutral Chloroform-Methanol.

1. Reference phospholipids: (a) PE, (b) Sph, (¢) PC,
(d) pr, (e) PS, (f) lyso-PC. Mixture consists of all
reference phospholipids (40 ug P).

2. 10 day chick brain lipid extract (30 ug P).
Precoated Silica Gel HR plates (250 uym thick layer) were
used, plates developed with C-M-AA-W (1, 400:45:20:7;
2, 100:45:20:8, by vol.). Lipids were charred with
sto4—formaldehyde solution (97:3, v/v) at 100°C for 1 hour.
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at the solvent front. Resoluéion\was sensitive to vatiations
in temperature and also varied with different batches of
pre-coated plates. The‘proportions of water and methéno%}

in the solvent' were thé major factors controlling separa-
‘tion and these were altered slightly in order to achieve
oétimum resolution. For exampie, low Rf values for EPG
(lower than 0.7) were increased by increasing the propor-
tion of water or acetié acid. The proportion of methanol
determined the separation of CPG anq PI. Separation of PIX
and SPG was a function of the proportions of both methanol

A

and wateg.

- N “ .

b. Thin-Laye? Chromatography of Phospholipids Ext?!ﬁ‘ﬁg

with Acidified Chloroform-Methanql

The washed phospholipid preparations, originally
extracted with acidified C-M, were~sepaéated on thin-layers
of Silica Gel H containing oxalate (Gonzalez-Sastre and
Folch -Pi, 1968)., 1In initial étudies, acid-washed glass ’
‘plates (20 x 20 cm) were coated with a uniform layer

* (250 um), of Silica Gel H (E. Merck A.G., Darmstadg, Germany)
which was prepared as a slurry of 30 g Silica'Gel in 70 ml
of 1% (w/v) potassium oxalate. Preparative layers (500 um)
were prepared from a slurry*cqntaining 52 g of Silica Gel
in 85 ml of 1% potassium oxalate. Plates were coated using .
an adjustable Desaga Model S-II applicator (Canadian
Laboratory Supplies, Montreal, P.Q.). In later work,

precoated Silica Gel HR plates (20 x 20 cm, 250 um thick

-
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ayer, Analtech Inc., Newark, Delaware, U.S.A.) were
sprayed with a 1% aqueous solution of potassium oxalate
until the surface was wet.' The plates were"gried in'ai;
at room temﬁefature‘and activatgd at 120°C for at least
30 min before use. The lipids were dissolved in C-M-W
(75:25:2, by vol.) or C-M-conc. BCL (200:100:0.1, by vol.)
and applied as narrow bands (5 - 7 pg lipid-P/cm). When

C-M-HCl was used, the bands were neutralized by brief* -

Y ! *

exposure to ammonia vapour. The plates were deVelopéd at
room tempera;urenin a paper—liﬁed:chamber containing either
n—propanol—.4N—NH4OH (2:1,,V/V;‘Gonzalez-Sastre and folch-
Pi, 1968 ) or ‘chloroform—aqétone-methanol-gcetic
acid—w§ter (C-A~M~AA-W, 40:15:13:10:7, gy volZ). RE
values of phospholipids in these systems are‘given in
Appendix III.a. The Rf values were different from the
published values (Gonzalez-Sastre and Folch-Pi, 1968);

however, the relative position of the bands was the same.

c.* Identification ang‘ Analysis bf Phospholipids

N
Sepa%ated by Thin-Layer Chromatography

&

w

Phogpholipids were isolated by preparative?®

*

t.l.c. The individual lipid bands were located by brief

exposure to iodine vapour. After the ioding had dissipated,

the bands Qere scraped onto a Glaggine Powder Paper (E.
Lilly and Cé., Indiana, U.S.A.) and transferred to 25 ml
conical centrifuge tubes. The phospholipids (except
phosphoinositides) were extracted (Skipski et al., 1964)°

*
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tq inositol ratie was determined also.

by suspending the Silick Gel with vigbrous agitatioﬁ.on a

-

Vortex mixer (Scientific Industries, Springfield, Massa-

chusetts, U.S.A.) in two successive portions of the

v N

~ .
developing solvent, then in methanol and finally in M-AA~-W '

y o

(95:1;5, by vol.). Each extract was recovered by brief’

centrifugation. The solvent composition of the popled . | )

extracts was adjusted to that of the biphasic system of
Folch et al. (1957) fontaining NaCl as described, earlier.
Phosphoinositides were recovered from Silica Gel by three

[Aa]

successive.exﬁiactiohs of C~M-conc., HC1 (20%}100:1, by vol.).
After neﬁtralization-with ammoni; vapour, the extract was '
washed in a ﬂiphasic system contgining CaCl, as described
earlier (see agthods, p, *98) . 'The isolated phospholipids"
were tentatibély'identifiEd by comparing their chromato-
graﬁh}q mebilities witﬁ'those of known standards by t.l.c.
using several néutral (Wagner gghgl., 196la), acidic ,
(Skipski et al., 1964; Getz et al., 1970) and basic '
gflvent systems (Abramgson and Blecher, 1964; Kuhn and
Lynon, 1965), and in Fwo diﬁennional systems of Rouser

et ;l. (1969) and Getz et al. (1970). As an additional means .

of identification, the isolated lipids were also examined

Ve .

in the sequential hydrolytic procedure of Dawson et al.
5.

(1962) . For inositol-containing lipids, the phosphorus
*

¥ o \

| Rl

For quantitative analysis, the Silica Gel

»
v

containing the located lipid bands was scraped from the-

-

t.l.c. plates. ~The phosphorus content was measured after

s
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digestion with perchloric acid (see Methods, 5.a).
® R o
. d. Ethanolamine Plasmalogen Determination

~ * 13
¥ I3 .
» 2 14 . -

\ Ethanolamine plasmalogen content was determined

s L
+

: , "in lipid preparations extracted with neutral C-M mixtures °

‘

+e¥ "
e ¥ty

by rechromatography of the isolated EPG (see)Methods, 4.a)"

x

followiﬁg acid hydrolysis of the alk-l—eﬁ&l acyl analogue
z " to l-lysophosphatidyl-ethanolamine (Paltauf, 1971). The .
EPG fractién was,isblated’by preparative t.l.c. and washed

in the biphasic system as described in the preceding e

section. This lipid was spotted on a Silica Gel HR plate
& v =

and exposed to HCl vapour. AFfter removal of HCl fumes
~ “&

under a stream of nitrogen, the chromatogram was developed,

v ‘ y |
PE and lyso-PE visualized and the phosphorus content deter-

mined as described elsewhere (see Methods, 5.a).

PR ' 4 at

L 4 b :
+ 5, Other Analyses /

' 2 .
i

»
A. Phosphorus Estimation

e

©

’ [ 1 .

.Phosphdrus was determined by the method of

Bartlett (1959) after digestion with HC1O, to convert

L4

organic phosphates to inorganic phosphate. The method

is based on the reaction of inorganic phosphate with

-

ammonium molybdate to form a "phosphomo}ybdate“ complex

% . which, when reduced, is blue. CoN
2

-

Aliquots (duplicate)of the washed lipid extracts

containing 0,5 - 10.0 ug P, were transferred to 18 x 150

~
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mm glass test tubes and organic solvents removed by evapora- P
i 3
tion. Phosphorus-containing areas of thin-layer chromato-

grams 4?5 - 300 mg Silica gel) jvere scraped off and trans—

A

ferred to tubes. One ml of 70 - 72% (w/w) HClO4 and 2° glass

beads were added to each tube and:the samples ‘were digested

for 25 min on an electflc heating rack mohnted oﬁ a shaker

-

in a fume hood. The tubes were cooled to room temperature

and phosphorus estimated by the method of Bartlett (X959).

.Tubes containing Silica Gel. ‘were centrlfuged brlefly after

\

cqépr development and the abSOrbance of theasupernatants

? *

measured.. The samples were corrected for _paper or Slllca

2 Gel blanks. Recovery Qf reference phosphdlipids after t.l.c.

)

and phosphorus determination is glven in Appendix III.b.
N &y

v

b. Inositol Estimation )

\ ‘bl
Samples of phosphoinositides were hydrolyzed
M ~
in 6N-HC1 at 105°C for 16 h in seale® vials. The hyd¥o-

lysates yere dried in vacuo over KOH‘pellets the residues

dissolved in 2 ml Hzo'and the fatty acids removed by two !

¥

extractions with diethyl ether, Traizzpff gther were
. bl
<

removed at 37°C under stream of'ai; a aliquots (duplicate)
\ i L 3 °
were taken for phosphorus estimation. In031tol content
t‘ -

was determined chemically by thermethod of Lornitzo (1968)
This method is based upon the contrplled oxidation of

inositol with chromate to form inosost which reacts'

® 13
.

S B vi.¥

L N
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withfurfural in the preseﬁce of HZSO4 to form a coldred

compound (probably 1, 2, 3, 5-tetrahydroxybenzene). Afl
the parame;ers of the method were checkeduhrlt wag necessary
to increase the oxidation time to 12 min from the recommended
8 min«?n‘order to obtain the maximum color yield. A‘Eypical

Sstandard curve is shown in Fig. 12,

c. Nucleic Acids Analysis ) .

]
The nucleic acid content»of chick brain and

3

sciatic nerve was determined by specérophotémetry. After

xtraction of lipids the tissue residue was washed suc-

4

cessively with 10 ml portions of C-M (2:1, v/v), 95%

ethanol and ice-cold 10% (w/v5 trichloracetic acid, then

Ry

dehydrated with ethanol and diethyl ether. The product was

digested in N-KOH at 37°C for 16 h and the nucleic acids ,
A : 3

determined spect%ophotometrically (Santen gnd Agraﬁoﬁf, .
1963). " co :
d., Protein Estimation . ‘

P L3
—\\\i;}etsi§Xcontent'of chick brain and nerve homo-

genatés was determined by the method of Lowry et-al.-

* (1951) using BSA as standard. -

’
-
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Fig. 12: Inositol Standard Curve by the Chemical Method.
Values represent the mean t S.D. for 10 determinations.
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6. Enzyme Assays

n

a. Preparation of Tissue Homogenates

©

o

Unless otherwise specified, all preparations
were maintained at 0 - 4°C., Chicks and embryos were killed

by decapitation., Brains were removed and 10% (w/v) homo-

v

genates in 0.32 M-sucrose containing 0,5 mM - ‘Tris-HC1l

13

. ,(pH 7.4)°wére prepared with a Polytron (Kinematica, Lugzern,
}Swit%er g;d). Scia¥ic nerveg'wer? dissected from up to ’
é 5 doz em?ryos and collected in buffered sucrose. Cohnec- '
/“’tlve tissues were strlpped from the nerves and a 15% (w/v)
a ‘ A}

homogenate prepared by 1n1t1al treatment with a Polytron

[

o ‘followed by grlndlng in a Po?ter—EIVehjem homogenizer. >
The final suspension was diluted to give a 10% (w/v) v
hgpogénate.' Y -
. .
¢ ‘ b. Phosphoinositide Kinases

Phosphatidylinositol kinase (PIK) and diphospho-

inositide kinase (DPIK) activities were assayed by

4

measuring the incorporation of 32P from [7—32P]ATP into

the appropriate products. After several preliminary experi-

I 4

ments, the following assay procedures were adopted.
The incubation mixture for PIK measurements

’ contained 45 mM - Tris-HCl (pH 8.3), 30 mM-MgCl,, 5 mM-

6

*
[7—32P]ATP (5 - x 10" d.p.m./assay), 1 mM-PI and 0.1 ml

of a 5% (w/v) brain homogenate or 10% (w/v) nerve homo-
3 " . 'j
genate in & total volume of 0.5 ml. Buﬂ{if:ﬁfgC12, ATP
a ) N
Y a [ » / !
' \ -

e 7
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VA . '
. and PI were mixed toéether and preincubated at 37°C for
2 min. The reactions were started by addition of the
‘ ! \ tissue homogenates (warmed to 37°C by preincubatigs“fgr
2 min) &@nd incubation continued for “1+5 min. .The same
system was employéd for DPIK  except that O.SﬁmM-DPI was

2 . - used as the substrate and the pH of the incubation mixture

& )

was maintained at 7.4, 1In experimentsfwhere non-ionic

-

detergent. (Cutscum) was added to, the incubatlon fmixtureg,

FEEY a

'the.following)tuﬁscum to protein ratios were used for -

»

optimumt &ctivity: PIK (brain and nerve), 7:1; DPIK (brain),

®

0.6:1; DPIK (nerve), 3:1. Optimum substrate ;Equiremgnts

remained the same except in the ¢ase of DPIK (nerve) where

o~
3 0’ -

1 mM-DPI wasaused in place of 0.5 mM as described above.

@

In bofth assays the reactlons were stopped by
.+ adding 2 ml of ice~cold 0.3 N-methanolic HCl followed by
2 ml, of chlorofoxm. Aftér 10 min at 4°C, a biphasic |

+ ° 3 L

system was ﬁprmedwby adding é’ml of chloroforﬁ containing
p ’ Jcarrier PPI" (aprox. 30'ug P) and i ml of IN-HCl.  The
upper phase 4nd the interfacial layer were carefully remdved
and discarded. The lower phase was washed twice w1th

o

all
The washed extracts were

-

« . containing*¥0.02% (w/v) Ca?I;:

P Ry gl A e

‘tgken to dryness under nif}ogpn, dissolved in 0.5 ml of

o
Fe

c—h—w (75%25:2, by vol.) or C-M~conc. HC1 f;OO:lOO:O.l

ardar

by‘vol ) and applled as 2 cm bands to t. 1 c. plates coated

o,

w1th Silica Gel HR contalnlng oxalate. Two successive

additional washings of the tubes with solvent were
L]

2,25 ml of, "synthetic upper phase“ (C-M-wW, 3:48:47, by vol.)

»

t

*

v
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required fog quantf}éggve yransfer of the samples. The

-

polarity of the deéeloping soilvent was increasedeto move

the phosphoinositides further up the chromatogram

(C~A~M-AA-W, 40:15:13:12:8, by vol.) and to reduce possible

kY

contamination with residual radioactive,[y—BzP]ATP.

%

‘Areas containing DPI ,.&nd TPI weré located by a brief exposure

to iodine vapour and scraped- into counting vials containing
1 ml yiﬁer. Following addition of 10 ml of Aquasol (New
England Nuclear, BostoanMassachuSetts, U.S.A.) ) 32P{§EE‘

measured by scintillatién counting (Unilux I, Nuclear
N .
Chicago, Deg Plaines, Illinois, U.S.A.).

& ~

c. Phosphoinositide Hydrolases

L]
3

Triphosphoinositide phosphatase and triphos~
phoinositide bhosphodiesterase activities were assayed by

measpring the release of inorganic and organic phosphate

Jyespectively: To accommodate a large number of samples,

1}
‘an autoanalyzer was used for these determinations. After

several preliminary experiments, the following assay

procedures were adopted.

t »

(i) Triphosphoinositide Phosphatase

&

fhe incubation mixture contained 45 mM - Tris-
HCL (pH 7.2), 0.2 M-KCl, 2 mM-EGTA, 1 mM-MgCl,, 2.8

mM~-TPI, 5.6 mM~CETAB and 0.05°ml of a 2% (w/v) brain or

10% (w/v) nerve homogenate in a total volume of 0,25 ml,

All components except TPI-CETAB were preincubated together

1y

4

¥

A
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in 2 ml centrifuge tubes for 10 min at 0 - 4°C, then ‘

warmed to 37°C. Triphosphoinositides were dried under

ES ° 8

nitrogen and thoroughly suspended in water. The reactions
were started by addition of TPI or, when required, with
) _the TPI-CETAB mixture (prepared by mixing CETAB with the ’

TPI solution). The incubation was continued for 20 min at
;

- ™

37°C. The reac?ions were stopped by the addition of 0805

* ml of ice-cold 10% (w/v) BSA containing 10 mM-EDTA followed

)

by 0.2 ml ice-cold 10% (w/v) HC1O The tubes were chilled

4

4'
on an ice bath for 15 min after thorough mixing on a Vortex, *

w
» -

: . | .
determined as descfgibed in the following section. Zero-time

e b

t;"r controls were ruy simultaneously and test yalues were corrected.

w >~
@ | 5

(ii) Analysis of Inorganic Phosphate Using the Autoanalyzer

o

L v ¢ ’ Inorganic bhosphate was determined by the
method of Van Belle (1970) using an autoanalyzer
(Technicon Corp.ﬁ,ArdsleyV New York, U:S.A.). The method
measures the spectral shift which occués when the dye
methyl green reacts with phosphomolybdate in dilute acid.
The advantage of this procedure is that the sample is
exposed only briefiy to relatively dilute acid (1.2 N-HC1)
without heating. The danger of hydrolyzing organic phos-

. phates in the sample is greatl& reduced while retaining

4 sensitive response to .Pi.

Vs
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The manifoldlfor the determination of Pi is out-
., %ined in Appendix IV.a. éample tracings of Pi analysis
(standards, reproducibility, peak separation and'contipuous
, uptake) are shown in Appendix IV.b. .
: The presence of HC10, up to' 1% (w/v) concentra-
tion and metal ions up to 3 mM were reported not to affect

the response (Van Belle, 1970), It was confirmed that

¢ MgClz, KCl, EGTA and HClO4 at concentrations encountered S
in the assay procedure had no effect on the responsé
(Appendix £V.c) and that increased aéidity (more than . ‘>~
1%, w/v, of ﬁc104) of the final solution decreased the
response. Slight alkalinity increased the response.&'rhe '\/f

high sensitivity of the method permitted the samples to

be diluted sufficiently tosavoid interference. The presence
of TPI (at a concentration of 2.8 mM) in the assay
mixthe does not interfere with the recovery of added Pi °
(Appendix IV.d). When ;ETAB was added to standard Pi
' solutions, the response was greatly reduced. At 0.1 ang
0.3 mM the response fell to 76% and 28% of the control
" respectively. At 0.5 mM or higher, peak deformation and

baseline glgging occurred. However, the presence of CETAB

g 7
, (up to 5.6 mM) in the incubation mixture had no effect,
suggesting that most, if not all, of the CETAB is‘preéipi-
tated along with the BSA by the HC104. The remaining
v amqunt (if any) is too small to affect the response
:‘ A “
£ (Appendix Iv.d).
E ¥ @
51‘ [ © \
1 LY *‘ M [
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(iii) Triphosphoinositide Phosphodiesterase i}

.
The reaction mixture contained 45 mM - Tris-HCl

2
and 0.05 ml of a 2% (w/v) brain or nerve homogenate in a
total volum? of 0.25 ml. After preincubation at' 37°C for

10 min, the reactions were started by the addition of a TPI
or TPI-CETAB mixture and the incubation continued for 7 min.
Reac¢tions were stopped with 0.15 ﬁl of ic¢e-cold 15% (w/v)
BSp followed immediately by 0.1 ml ice-cold 20% (w/v) HC1O,.
Af£er mixing on a Vortex mixer, the tubesawgagachilled for
15 min in an ice~h9th: Following centrifygation, 0.2 ml
;Tiquots of the su;ernatants“were taken for Pi analysis by
Autoanakyier. Aliquots (0.2 ml) were also taken for total
phosphate analysis as described felow.t The release of Po
was then calculated by difference and used as a measure of
TPI phosphodiesterase activit%, Zero time controls were run

~

simultaneousgly and test values weﬂi.corrected.
(iv) Analysis of Total Phosphate Using the Autoanalyzer

Aliquots (0,2 ml) from Eﬁe above assay were diges-
I
ted with 0.25 ml of 72% (w/w) HC10, for 12 min with constant

shaking, After cooling to roa; temperature the volumes were

diluted to 4 ml and Pi (now regresenting the total~P of the

sample) was measured by the aut&%ated version of the method

e

~,

of Fiske and Subbarow (1925) which 17 less sensitive to the

presence of HClO4 than the method of ‘Van Belle (1970) described

earlier (see p. ilB). The principle is the same as that

Py
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described for the procedure of Bartlett (1959). To increase
the sensitivity, the volume of sample taken into the system
was increased over éhat in the standard method (Technicon
N-4b). Compensation for the volume change was achieved by
reducing the volume of acid-molybdate and increasing the

.concentration of this reagent,

-

The manifold fo; the determination of phosphate
is outlined in Appendix IV.e. Example tracings of analyses
(standards, reproducibility, peak separation and continuous
uptake) are shown in Appendix IV,.f. The response of the

method was not adversely affected by HC164 at concentrations
higher "than those encountered (Appendix IV.g).
Triphosphoinositides and TPI—CETAE in assay
controls gave vqlues for the release of acid-soluble
phosphate when the amount of added BSA was low (equal to
° that used in the TPI phosphatase assay). This suggested
that TPI were not completely precipitated. The effect was
greater with TPI-CETAB mixtures. The problem was avoided
by increasing the amount of BSA added. Appendix IV.h ghows
the effectiveness of the var%ous systems employed. The
effect of CETAB was increased when ﬁéz+ or EDTA was added
to BSA solution but could be minimized by using 0.15 ml of

15% (w/v) BSA alone, Tl , -

Wj\‘wﬁ s

’
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A. CHEMICAL COMPOSITION OF THE DEVELOPING CHICKEN

®

CENTRAL AND PERIPHERAL NERVOUS SYSTEMS .

l, Investigation of Lipid Extracts

———
The tecMnique used to extract lipids was similar

to that of Wells and Dittmer (1967) and Sheltawy and Dawson
(1959a). The neutral C-M mixtures are commonly used to
extract nEutrai glycerides, glycerophosphatides (but not
PPI), cholesterols and glycoi&pids. The PPI areieffectivefy
extracted with C-M mi;tures containing HC1l (Dawson and
Eichberg, 1965). It was confirmed in the present study

that three successive extractions each with 10 ml portion of
neutral C~M mixtures (for i - 1.5 g tissue) effected al&oséﬁ
complete rémoval of usual lipids with the excéption of PPI
from chick neural tissPes. Additional extracts were found
to contain less than 2% of.the extractable lipid~P (Table
8). Polyphosphoinositides were récovered from the C-M
extracted tissue residue with acidified solvents. Aéaih,
three successive extractions with 10 Al portions of solvent
were sufficient for almost complete removal of these lipids

»*

(Table 9): Further extractions increased'the recovery by
less than 3%. ﬁ )

The nefitral C-M lipid extraégfijﬁfter purifica~
tion in a biphasic system (Folch et al., 1957), were
fractionated by a relatively simple one~dimeq§;onal t.l.c.
technique developed for this purpose (see Methods). All

the major glycerophosphatides e.g. Sph,.CPG, PI, SPG and
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Table 8. Yield of Lipid Phosbhorus in Successive

\ Extracts Made with Chloroform-Methanol *

) Brain ‘ Sciatic Nerve
Extract No. ugP/g wet wt. % total ugP/Q'wet wt. % total
Lipid-p -~ Lipid-P
1 426,1 \}15 ' 395.7 23.3
. 2 733.1 57.8 1076.6 63.4
3 90.0 - 7.1 . 193.6 _  11.4
4 4 15,2 1.2 ! 23,8 1.4

» e \
5 3.8 0.3 8.5 0.5
. ; ‘

/?6 \ JN.D * N.D N.D N.D
“Total o~ 1268.2 100.0 - 1698.2 100.0

Values are méans of duplicate analysas. Chick neural tissues
(21 day embryonic) were -extracted once.with 10 ¢ol. C-M

(L:1, v/v) followed by successive extraqtions with 10 vol.
éaéh of C~M (2:1,4,v/v). The extracts were washed in biphasic
system and phosphOfus determined.

* N.D - Not detqctable

4

7 .



Table 9. Yield of Lipid Phosphérus in Successive

. x . AN *
Extracts Made with Chloroform-Methanol-conc., HCl.

'
1
{ '
o~ -
\ Lot ' . }

#

) ‘Brain . Sciatic Nerve
— ' Extract ugP/g wet wt. % total. ugP/g wet wt, % total
No. , - Lipid=p - Lipid-p
’ 1 2322 75.2, 44.4 £ 66.4
- 2 4.0 12. 9. 14.3 21.4
‘o3 ‘1.8 ' 5.8 5.3 "
‘ 4 0.5 1.6 1.3 . 1.9
5 0.1, 0.3 0.3 0.5
6 .. N.ot .+ N.D N.D N,D
Residue**. trace
IFM" ©1.3 4.2 1.3 ‘ 1.9
’ ]
Total 30.9 100.0 66.9 100.0

¥

Valuées aremeans of duplicate analyses.

\ * 4 gay old chick brain and sciatic nerve were first
extracted 3 times ‘with neutral C-M mixtures followed by
succefaive extractions {10 vol. each) with C-M-conc. HCl
(200:100:1, by vol.). Extracts were washed in the biphasic
system contaihing calcium and phosphorus determined.

# ** Residue after 6th Extraction was boiled in acetone and
then in ethanol, dried and extracted once more with .
C-M~-HCl, Extract was washed in the biphasic:system,

+ Interfacial material obtained during washings of succes-
sive extracts with N-HCl, pooled, rinsed with C-M (2:1, v/v)
and treated as above (**), .

Iyt al

# N.D. - Not detectable

13
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(*ngc’were well separated (see' Fig. il). No lyéo-phospho-v

l#pids could be.detected in lipid extracts although 1yso—
’ : y .

« PC move well behlnd Sph in this, system. Other minor

£

hOSphOllpldS such as phosphatldylglycerols, phosphatldyl-

glycerol phosphates, PA and DPG were not separated and

L

// * moved together'at the solvent front. The recovery of

v, s . i

// ' ) nations). Characteriz;tion 6f the major phospholi
" separated by this system is described in tﬁe Method
" This t.1.c. system, which gave adequate and reprodud}
separation of phospholipids, was favored over two-di sjonal
t.l.c. sysFems (Rouser et al., 1969; Getz et al., 19L0)
» where the qdaﬁtity of sampie which could be applied is
Zimited and over the one-dimensional system of Skipski
et al. (1964) which, in this leboratory, did not resolve
- . PI‘and PS satisfactorily.‘§ N - ) :
' The lipids extr;cted with acidified C-M were o
separated on Silica Gel H t.l.c. plates impregnated with
oxaldte (see Methods). These lipid extracts con;ained
DPI, TPI, PI and PS (occasionally traces of .PE). The
phosphollplds, isolated by preparative t l.c., were
. identified by co-chromatography with authequb standards
in several solvent systems (see Methods). The amounts of
RI and PS, although very small, were added to the values
for these lipiés in t?e extracts qede with neutral .

solvents. The recovery of phospholipids after t,l.c. was

95 - 98%. The identity of isolated phosphoinositides was

ospholipids from t.l.c. was 9973 =+ 2,3%(+S.D.,51 determi-.

FUTVS
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confirmed by determining their phosphorus to inositol ‘

*

n ©

ratios (Table 10)2 . e S

It has been known for some time_that the PPI are

”

'hydfqiyzed post mortem if the necessary precautioné to

a

A

freeze the tissue imﬁediaﬁéﬂy after death are not taken.

8 g hid » 3 y M ¥
In .several early experiments, chick neural tissues were

)

frozen immediately in liquid N, after death and séored
at -20°C for 5 - 30 days before extraction of the'lipids.

The values for PPI were much lower @han‘when the tissues

»

were dissected into liquid N, and-extracted immediately

. s

(Table 11). Recoveries of otheﬁhphpspho%ipids were unaf-

fected.’ mherefors the lipids were extracted from all

tissues immediately after collection in liquid N
‘ ' K &

e

2. Chemical Composition .

2 \'\ ) / \

The prime objective of thig Etudy was to . ‘

2.

investigite changes in the phospholipid composition,

P t;cularly the phosphoinositides, in relation to the ,

E

maturation of the CNS and PNS of the chicken. The’

relative merits of the different ways in which aéalytical

data frém developing tissues are best presented have often
been discussed and none are totall§ satisfactory (McIlwain,¥>
1959; Rouser et al., 1972). ALl lipid analyses in this

study are presented relative to wet weight. As back-

‘ground to lipid analyses and‘to permit other modes.of
evaluation' of this data, sevéralxother parameters were
algo.measured. The weights of both brains and sciatic

nerves are given“in Table 12. Although speed of dissection

]

A\
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Table 10. Characterization of Phosphoinositides: ’

1

Phosphorus to Inositol Ratios

N~

Phospholipid Phosphorus:Tnositol
(molar ratio)
* A
PI - - 1.07 £ 0.10(6)
DPI ‘ ‘ 2.03 £ 0.17(3)
TPI 3.06 + 0.16(3)

.Values are the mean * S.D.” for (n) determinations. Phospho-

inositides, isolated by preparative t.l.c., were hydro-

°

Lyzed in acid solution. Phosphorus and inositol were

estimated as described’ in Methods. ”

A

* No significant difference in phosphorus to inositol ratio

i v

was observed for PI extracted with neutral or acidified ™

S

C-M mixtures. . o
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Table 11. Effect of Storage of Frozen

Tissdie on the Levels of Polyﬁhosphoinositides

¥

*

Brain

(19 dayhgmggyo)

Sciétic Nerve
(4 day chick).

e * * %
Fresh Frozen Fresh Frozen
C-M Extract :
(ugP/g wet wt.) 1075.7 1109.8 2377.8 2340.9
R
C-M-HC1 Extract '
(ngP/g wet wt.) 12,6 7.0 54,6 ©31.0°
C-M-HC1 Extract : ’ T
components e AN
(nmol/g wet wt.) ° ) .
ps 28,1 168.7
PI ’1 ~ 24,5 . 102.6.
DPI ' 33.9 © 21.6
TPI © . 89.7" - 191.6
‘Data presented’aé means of at least 3 determinations except
- h ' ° % AN

the  values for C-M extract are

+ Extracted same day.

-
»

i

means of 10 determinations. .

-

AN

\

-

* RKept at -20°C for 11 - l7raays; ** kept at -20°C for

19 - 25 days.

.

A"

y
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Jn the present studx the weight of the brain increased bx

-130~ | «

3

to permit rapid freezing of tissues was the primary .

concern, care was taken to remove all of the sciatic nerve =+ !

»

\ )
lying along the length of the femur. The values for nerve

therefore represeﬂt an anatomic unit. The protein content ¢
of brain and sciatic nerve was also determined and is . g
pr%ﬁented in Table 12. A and DNA were measured as an
indication of‘yhangesuin rotein gynthesizing activity

and cell numbers (Table 13). Tissues from old birds .

°

(16 - 20 months) were analyzed to permit Eonsideration of '

the concent;ation changes relative to adult levels as

recommended by Wells and Dittmer (1967). " % g
Myelination in the chick CNS commences at the

12th - I4th day of embryonic 4 velébmgnt‘(El~Eishi, 1967)- ,‘ -

while in sciatic nerve it begi::BE"a little later at

15 - 17 days (Geren, 1954). The period.of most fapid

myelination ogcurs in the following week during whlch the

mass of the brain doubles (Kurihara and Tsukada,.1968).

70% from 15 day embryo to 2 day chick; the protein content

wag increased only by 51% over a gimilar period. The

increase in weight w;s greater inkgciatic nerve (88 - 90%)
while the protein content increased by 33% over the period
from 17 days of embryonlc age to Q\days after hatching.

The smaller increase in protein content relative to the *
increase in weight reflects rapid deposition of lipid-rich >
myelin membranes which is more apparent in sciatic nerve. L

3

This is consistent with the decrease in nucle?p acid
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Table 12. Protein Content and Weight of DLveloping . .

*
* Chick Brain and Sciatic Nerve

[ A Y
1 ﬁ"i T . . ) : '

Whole Brain . Sciatic.Nerve '

¢ ! ! ¢ i !
Age wet. wt. . Protein wet wt. Protein
.{days) ° (g/brain)- (mg/g wet wt.) (g/50 nerves) (mg/g wet wt.) !

}, 1 M ¥

Embryo , . L i

.
-

Il 0.165:0.002(10) 48.4£1.1(3) - -
13 0.20050.016 (10] 47.0£2.4(3) S -

15  0.489:0.011(10) 51.0%2,1(6) 0.1470.013(3) 32.7i7.%(£\ »
17 0.647$0.031(10) 60.6£3.8(6) 0.208+0.020(3) 43.742.5(5)
19 0.729:0,013(10) 67.0%1.2(6)] 0.335:0.040(3) 47.6%2.4(6)
21 0.78120.013(10) 75.7¢1.9(8)\ 0.4530.035(3) 52.8+2.0(5)

\

3

* 2, 0.827£0,011(10) 77.0£3.1(8) .54510,024(3) 56.8%1.4(5)
4 0.885i6.032(10) 78.222,3(7) 0.630+£0.028(3) 58.0£2,7(6)
8 0.934:0,030(10) 83.5+3.3(7) 0.600+0.050(3) 59,5+4,3(5)
21 - 83.8+4,1(6) - 61.6%5,9(5)
\ 140- | | |
. 180 2,240+0.140(11) ° - 7.140il.07p(10) -

/
s Adult 3.480:0,260(7) 87.7¢7.2(6) 11,790+3.420(6) 38.2+7.5(1) -

-

* Data expressed as hean + S8.D. (number of determinations).

@
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concentrations during maéuratiog (Table 13). Most of the
decrease occurred dﬁring the periods mentioned above, the
decrease being about 15% for brain and 44% for sciatic
nerve. The reduction of RNA céncentration was greater
than DNA concentration in both tissues. Such differences

are obvious when RNA/DNA and protein/DNA ratios of both

tissues are compared (Table 14). The former ratio decreased

4o

for both brain and sciatic nerve, the decrease being 11%
and 29% respectively. The protein/DNA ratio is higher

for brain than sciatic nerve and increased 1.5 - 2.0 .

— %

fold during suchwperi?d. These differences are,probably

-

indicative of an increase in cell mass without cell pro-

-

* liferation. As might be expected, the sciatic nerve \t ,
M #
ations,

exhibited a greater decrease' in nucleic acid concentr
r T relatively  greater increase in weight and a lesser increase
-ip protein content than brain since it contains proportion-

ately less cytoplasm and more myelin,

3., Lipid Analyses

. élactolipida wefe measured primarily to prov%de
a qgggieéi/fnde; of myelination. Galactolipid peasureﬁents
mégg by the two methods gave the same qverage values (Fig.
13). - The’enzymic method was more time-consuming and required
a larger squle but, is more specific and generally gave
less variabie results than the more widely used orcinol
reaction. 'The galactolipids recorded in Fig. 13 represent

only those which are present in the washed lipid extracts

€
«

©
A\

+A
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Table 13..Nucleic Acid Content of Developing

*
Chick Brain and Sciatic Nerve

L)

Whole Brain

Sciatic Nerve

RNA
mg/g wet wt.

DNA
mg/g wet wt.

RNA

DNA

mg/g wet wt. mg/qg wet wt.

Embryo

11
13
15
17
19
21
Chick

2

4

8

2,23%0.08¢(¢3)
2,19%0,07(3)

2.17%0.0818) .

2,14£0.13(8)
1.89£0,07(4)
1.88x0,06(6)

1.94£0,10(6)
1,69+0,03(4)
1.22x0,06(7)

140-180 1.00+0,03(3)

Adult

1.01+0,06(4)

1.,99:0,05(3)
1.48+0,02(3)
0.91+£0.24(8)
0.88+0.20(8)

0.6720.03(4)"

0.68x0,02(6)

0.73£0.09 (6)
0.72£0.04 (4)
0.62£04 06 (7)
0.49£0,03(3)
0.23£0.02(4)

2,22x0.08(14) 1.64x0.06(4)

1.92:0513(4)

1,5520,10(4)

1.49:0,12(4)-

1.22£0.07(6)

4

1.49%0.11(4)
1,37£0.10(4)

1,33+0,13(4)

1.13+£0.,08(6)

0.9220,15(4) 1.00%£0,20(4)

0.48:0,07(3)
0.26%0,05(3)
0.35%0.06(5)

0.81+0.03(3)
0.44+£0,03(3)
0.29%0.06(5)

* Data expressed as mean * S.D. (number of determinations)
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Table 14. RNA/DNA and Protein/DNA Ratios in

!

Developing Chick Brain and Sciatic Nerve

»

Whoié Brain Sciatic Nerve
Age RNA/DNA  Protein/DNA  RNA/DNA  Protein/DNA
(days) ° .- ’
Embryo ’ ; *
T | 1.12 24.3 , - -
13 " 1.48 31.8 - -
15 2.39 56.0 1.35 ° 19.9
17 2,43 68.9 1.29 29,3 .
19 . 2,82  100.0 1.13 34,7
21 2,77 111.0 1.12 39,7
Chick .
2 2.66 106.0 1.08 50.3 N
4 , '2.35 109, 0 0.92 58.0 )
8 1.97 1350 0.59 124,0
140-180 - - 0.59 '/ -
Adult 4.39 381.0 1.21 109.0

N ‘\i:{r‘ o

B gy F

Ratios are calculated

from the data presented in Tables 12 & 13,
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and could be expected to consist of Cer, Sulf and galactosyl
diglycerides. Gangliosidesipartation into the upper phase
washes and were nqot recovered. Galactosyl diglycerides
have been shown to be very minor components of the galacto- °
lipid fraction in both brain and sciatic nerve‘ (Wells and
Dittmer, 1967; Inoue et al., 1971; Yates and Wherrett,
1974) and were not measured separately. Sulfatides
represented 5% of the galactolipids prior to hatching and
increased thereafter attaining 12% at 8 days and 21% in
both the 5 month and adult brains. The proportion of
galactolipfa represented by Sulf in sciatic nperve remained’
constant at 21% for all ages. A considerable éroportion
(30% of adult) of the galactolipid.was already present in
the 15 day embryi'brain and the increase to adult levels
occurred over a short 5 day span beginning with the 18 day
embryo. Very little increase occurred after the chicks
were 4 days old. The values reported in Fig., 13 for brain
are identical to those in an earlier study (Garrigan and
Chargaff, 1963) in which the oldest brain analyzeg was

from a 1.5 day old chick. 1In nerve the change was much
greater and occurred over a longer time period. Only

12% of the adult concentration was present in 15 day embryo
nerves rising to 90% in the 8 day chick nerves. Since Cer
constitute the major portion of tﬁe galactolipids, the
deposition of total galactolipids in both chick neural
tissues could be used to define the period of most active

myelination: 18 day chick embryo to 1 day chick for brain

-
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Fig. 13: Deposition of Galactolipids (Cerebrosides +

Sulfatides + Galactosyl Diglycerides) in Developing Chick

Brain and Sciatic Nerve. Values are means * S,D. (where

S.D. is of gufficient magnitude to plot) of 3 to 5 ’
determinations. Galactolipids were determined by both

the orcinol method (open symbols) and the D-galactose:

NaDt oxidoreductase method (solid symbols).
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and 17 day chick embryo to 4 day chick for sciatic nerve.
Both the Chol and. total phospholipid concentra-

tions (Table 15) increased rapidly between the 16 day embryo

and the 4 day chick.' This was followed by a slower rate of

increase to the adult concentrations. The initial concen-
trq&ions were the same in brain and nerve but the rate of
incré;se and the adult values were greater in sciatic nerve.
The molar Chol/total phospholipids ¥Yatio changed very little
in brain throughout maturati?h. In sciatic nerve, the ratio
increased slightly during or close to the period of active
myelination (15 day embryo to 8 day chick) and changed very
little thereafter (Table 16). The obvious increase in
galactolipid/phospholipid ratig of brain occurred over a

3 day span between 19 - 21 days of embryonic age and “
remained unchanged during subsequent’ development. The,

E

sciatic nerve exhibited an increase in fhis ratio from late

. ?M**

embryonic age to 8 'days after hatching and thereafter' showed
no change, These ébservations indicate that the 3 major
catagories of lipids (i.e. Chol, ;alactolipids and phospho-
lipids) accumulate during development with relatively
different rates but the major deposition of these lipids
occurs over a short time perioé and is generally coincident
with the myelinogenesis.

The concentrations of phospholipid classe; in
developing chick brain and sciatic nerve are gi;en in

Tables 17 and 18. Changes ocourring tﬁ;éughout development

in the nerve and brain were similar although their magni-~
,)6

!
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Table 15. Total Phospholipid and Cholesterol Concentrations

in: Developing Chick Brain and Sciatic Nerve v

t
*
mmol/g wet weight

L]

e

T
b I

- Braih - . ‘. * Sciatic Nerve
Age Cholesterol Phospholipid ‘Cholesterol, Phospholipid
(days) .ot ) T -
o g
Embryo ]

11 10.2£0,6(3) 22.3%0.8(3) - -
13 11.420.4(3) '22.9:0.5(3) - -

‘15 13,5%1.8(3) 27.0x1,1(14) 16.5%3.2(3) 24.624.5(7) r
17 17.1£2\1(3) 28.3x1.2(13) ~ 23.8x2.4 » 3.7(10) s

19. 21.0x1.83) 34.715.3(13) 35:5+3.6(2) ‘47:115.0(11)

»
T d sl AadilaaiiEe. v

N 21 23.9:2.2(4) 41.5:2.2(19) 46.M:4.3(3) 54.3£4.5(10)
. .

N

2 26&311.915) 44,.2+1,9(16) ‘52.515.5(5) 62'5i4'9(13)a
"+ 4 28,0£1,9(3) 46,.3%1,9(13) 60.0%2.9(3) 76.726.8(13)

#
:
%

8 31.2&1.5(3) 46,9:1.6(7) 66.6+3.8(3) 71.8+2,6(3)

»w N -

-

12 29.2:1.2(4) 51.8:2,3(8) - - :
* 140-180 37.71.0(4) . 52.15.6(9)  72.5:5.1(4) 81.8:10.0(6)

Adplt _40,0£0.9(5) 59.3:0.9 (5) 76.7:0.7(5) 88.0£1.9(5)
\

A
*Data expressed as mean ¥ S.D. (number of determinations)

-
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Table 16. Cholesterol/Phospholipid and

Galactdlipid/Phospholipid Ratios in Developing

Chicly Brain and Sciatic Nerve

Cholesterol /Phospholipid Galactolipid /Phosph?lipid
N\

?g:ys) Brain Sciatic‘Nerve Brain Sciatic Nerve
Embryo ‘
n 0.457 ] - 0.088 -

13 \ 0.498 - 0.090 -
15 . 0.500 K 0:671 0.073 0.140
17 ‘ 0.604 0.612 0.073 0.150
19 0.605 03754 0.077 0.198
21 0.576 ©0.849 0.133 0.278
Chick | ' K
2 0.595 0.840 " 0,135 9.318
4 ‘0.605 0.782 0.135 0.293
8 0.665 0.928 0.138 0.345(
140_b8Q , 0.724 0.886 - -
Adult 0.675, 0.872 0.123“ 0.348
p

x

Data calculated from Fig.13 and Tablels,
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tude was generally greater in nerve.\ Choline phospholipid
increased ‘by less than 50%, achieving\adult levels in the

8 day chick brain while no ch;nge was observed in sciatic
nerve. The proportion of total EPG représented by the
plasmalogen form was 41.1% in the 11 - 13 day embryo brain
which then increased in the following 8 days to reach the
adult value of 51.6% at 21 days., The ethanolamine plasma-
logén content of embryonic sciatic nerve was initially 41:1%
of total EPG in the 15 day embryo. The proportion of this
lipid then increased rapidly to 46.6% and 58.5% in the 19
day embryo and 2 day chick nerve regpectively. 1In this
tissue the adult propoffion of 73.2% was achieved 8 days
afte; hatching. In contrast to brain the concentration of
PE in sciatic nerve changed very little Auring devplopment
and virtuall§ all of the increase‘\seen in the concentration
of total EPG was due to the plasmalogen form. The intrease
in SPG and Sph that occurs in both tissues w§s not restricted
to the period of active myelination. Phosphatidylinositbls

increased in both tissues, the increase being greater in

nerve and not restricted to the period of active myelination.

The phospholipids which moved at the solvent front on t.l.c.
(PA, DPG, etc.) showed a general increase in brain 'but
remained about the same in sciatic nerve throughout develop-
ment. Both PPI were present in 15 day embryo brain and
increased g;;atly”up to the 4 day chick. After this period,
DPI declined slightly while TPI increased steadily through-

out subsequent maturation. Neither PPI were detectable in
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Table 17. Phospholipid Composition of Developing Chicken Brain

umol/g wet weight

nmol/g wet wt.

k2.7
Others

AQ‘? CPG EPG SPG Sph PI , DPI TPI
(days) n
Embryo 11 3  10.2:0.90 6.1x0,3 2,0:0.1 0.5:0.10 0,8:0.1 1.74:0,40 ] 13,2+ 1.3 48.2* 6.4
. 13 .3 10.}:0.50 6.9:0,4 2,3:0,1 0.4:0.10 0.8:0.,2 1,1:0,20 13.6* 0.9 49.6* 4.8
5 15 3 12,2+0.50 7.9:0.4 2.8%6,2 1.,1:0.20 1,0:0,1 1.5:0,20 15,2+ 2,4 54,5%10.8
17 4 13,5:0.30 8.9:0.2 372+0.3 1.5:0.30 0.8:0.1 1.4:0,10 24.5% 6.6 72.8¢ 9.1
- 19 3 14.7:0.40 11.3:0.1 ° 4,2$0.3 1.6:0.03 1,0:0.1 1.6+0.03 33.2% 6,9 89,7:15.6
21 6 18.2:0.70 13,6:0.5 4,2:0.2 1.8:0,30- 1,1:0.1 1.8:0.04 67.9:13,9 122,0%25,1
Chick’ 2 3 18B.8:0.04 14,3:0.3 4.5&6.1 2,0:0.03 1,2#0.1 1,8:0,03 100,0:11.8 116.7+16.6
4 3 18.9:0,.60 15.1:1.5 5,0:0.4 2,5:0.30 1.4:0.2 1,5:0.04 116.1:13.2 207.7%23.9
8 7 58.910.90 15,9+0,4 5,3:0,2 ,2,5%0,20 1,620.4 2.4:0,08 101.6% 3.6 269.0% 9.1
] 12 3 19.2:1.50 18.1:1.4 5.4:0.4  3.7:0.50 - 22:0.30 142.3% 4.8 381.0% 6.9
140-180 3 19.7&22qo 22,2:1.6, 6.1:0.5" a.szo:4o 1.9:0.5 2,220,220 102.,1l% 7.3 546,4%15.2
Adult - 5. 21.I+0.60 22.6:0.3 7,0:0.2 4,6:0.30 2,2:¢0.2 1,8:0.20 115,8:16.5 620.9213.2

1Y

* pata presented as means

** Represents umol 1lipid=P, includes phosphatidylglycerols, phosphatidylglycerol phosphates, PA and DPG.

3

-

r

¢

* 8,D. for n determinations.

*

3
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Table 18. Phospholipid Composition of De;;;%;:;;/;hicken Sciratac Nerve* -
’ umol/g wet weight nmol/g wet weight
Age CcPG EPG SPG Sph , others” " PI DPI TPI
(days) n ‘
Embryo 15 3 '12.9:0.10 8.0x0,10 3.0£9,10 2.420,05, 1,1+0.1 1,540.03 ND+ ND
. 17 3 "13.5:0.05 11.3:0,30 4,2£0.20 5.0£0,20 1,620.2 l.616;08 13.1% 1.0 74.8+ 5,5
. 19 3 13.90,05 13.630505 5,8+0,02 7.120.03 2,0+0.4 1.7+0.,01 21.5% 2,9 175.2% 21.6
21 3 14,3:1.10 19.3%1.00 7.8%0,.50D 9.7:0.40 2.2:0.7 1.7:0.20 30.9: 2,1 292,7: 18,2
Chick = 2 3 14,120.40 22.5%0.60 8.1+9,20° 11.3+0,30 2.3:0.6 1.8+0.04 37.3:34.8 363.5x 41.1
4 4 16.520,30 31,5:0,30 12,3%0.10 16,.3:0.20 2.3&0.1 2.3:0.30 31.9: 2.8 459.1= 41.8
8 3 15.0%0.20 26.6#0.30 11.9:0,10 13.7:0.30 2,5:0.6 2.3:0.10 45,2: 2.6 538.2+ 6.9
140-180 3 14.9+1,50 30.5%1.,00 16.1i0.70 20.3:0,09 2.4&3.7 3.4:0.80 68,3 5,1 772,3: 40.4
Adult 5 12.9:0,30 30.521,10 16.8:1.40 22,0:1.30 2.2:0,6 3.620,10 67.2:15.0 875.3£i26.2

*

-¢vi-

——

* DpData presented as means ¢ S.D, for n determlngylons.

**‘Repfesent umol lapid-P, includes phosphatidylglycerols, phosphatidylglycerol phosphates, PA and DPG.

,

+ Not detectable. 4

E:2
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the 15 day embryo nerve, Both were deposited rapidly .

during the period of. active myelination followed by a fteady "

N
ipcrease to the adult level. Sciatic nerve exhibited a %\ .
dﬁaracteristically lowwDPI/TPI ratio which has been k\

observed by others (Sheltawy and Dawson, 1966f. . ’
) ~
B. PHOSPHOINOSITIDE KINASES OF THE DEVE OPING

- \\

CHICKEN CENTRAL AND PERIPHERAL |

NERVOUS SYSTEMS

«

LIRS

l. Investigation of Assay !Procedure

] - L XY

- Assay procedures for both PIK and DPIK have been S

[y

described for use with homogenates of a varaet§“of tlssues

Y i

okin and Hokin, 1964; Mlchell and Hawthorne,‘1965,

3

Colodz1n and Kennedy, 1965 Hajra et al., 1965, "1968; . .
\\ Kai et al., 1966, a, b, 1968; Michell gg,gi.,»lQB{é!Tou A (;Q:D
et al.,, 1968, 1970; Harwood and Hawthorne, 1969a, b;
Iacobelli, 1969). 1In these systems, tge source of enzyme
was 1ncubated w1th¢the approprlate substrate in the .presence .

of [Y' P]ATP and the appearance of radioactivity in the

. isolaged product measured, The conditions of incubation :

. were variable and samewpat different means of isolating the . %
reaction products were .employed. fFinal separation of ) \\ ?
phosphoinositides was achieved chroﬁafoé%aphically on k \\

=

| formaldehyde-treated paper (Kai et al., 1966, 1968), L

silicic acid-impreénated.glass fiber paper (Tou EE.éi" b

N Ry

. 1968, 1970) or thin-layers @f Silica Gel H impfegnated


file:///L965

\ . o, ~l44- w
with potassium oxalate (Gonzales-Sastre and Folch-Pi, .
1968) . =N
|
a. Measurement of Radioativity \
L . .

- The most convenient method for the radioassay

of phospholipids following separ;tion by t.l.c. is the
direct gounting by liquid scintillation spectrometry of the
*.“ lipid gontaining Silica Cel scrapéfffrom the plate\ The

. recovely of radioactivity in l4c"and H—labelled tipids

4 a -

" varies with' the class of phospholipid and, the cofiposition of ~

. the scintillation mixture (Webb and Mettrick, 19 . ‘Smhller

. : ! :
. ft . 32 ' PP - ; 114 \

Y

E"N " variations in counting'efficiency would be expected with
% . P; hoyever, the PPI ‘adhere more tenaciously to Silica
4 bl } ’

S

. s Gel than other phospholipids. Both toluene and xylene~

' ‘»~Q, ased scintillation systems were investigated using ?ZP—

ot LY

lag?lled PPI obtéined from,a stggsard DPIK assay system.in

P
%
EJ
L 1.4

“w thch DPI was also labelled by the ‘action of K on R .

: 1 ;
' endogenous PI. Thé phosphoinositides were extracted amd

-

separated, bf;t.l.c. as.describéd in "Methods". The DPI

e ]

%

fo and TPI bands were scraped'into vials containing scintil~
lation mixtures. The T

overyjof rad16act1v1t¥ ih the
) xylene-based mixture (Aquasol) was better than that achleved-
l 4

in the toluenerbased)sc1ntlllatlon mixture ejgn when tbe ' a

Silicd Gel was maintained in suspehsion by’ the a&diiion of

sufficient Cab—o—811 (Packard Instrument Co., Downers Grove,'

¢ Illinols, U.S.A.) to form a" stable ,gel (Table 19). gdq;tq‘ .
12 N ¥

. ' ion of water to Aquagql marginally increased the b ! e

3 ' 3
¥ * ¥

~%
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Table 19. Recovery of Radjoactivity' from 32P-labelled
Polyphosphoinositides Absprbed onto Silica Gel .
s e .net
Scintillation Mixture Radioactivity (c.p.m.)
J‘l
- ‘ ‘ i Y
Toluene® (10 ml) . 1250 \
. - * |
' ++ NS Z/ \
\ Toluene (10 ml) + Cab-o0-Sitw 1364 \
' * . . .
\ Aquasol (10 ml). v ' 1558 ,
r\ L
: Aquasol (10 ml) + 1 ml water lele v
) /
Aquasol, (10 ml) + 2 ml watér 1618
. k% f
Aguasol (10 ml) + 3.5 ml water 1616

+ Toluene based scintillation mixture containing 4g/f
2, 5-diphenyloxazole and 100 mg/l‘l, 4-bis-2-(5-phenyl

’ oxazolyl)-benzene. ¢ »
' b

"

++ Sufficient Cab-o-Fil added to form a stable gel.
} A

A

. " * Xylene-based scintillation mixture.,
. eroe @ -
> - v Py “ ‘
‘ ** gtable gel. ., o - xgﬂ v D
L *
” 'i
b e » ’
_ ) . o~
- hd .
# » , .
* X + o )

-
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recovery. Formation of a gel with large;\&gpntities of
water (3.5 ml) offered no further 1mprovement. A scintil-

latlon mixture consisting of 10 ml Aquasol -and 1 ml water

/ ‘was adopted. ) ) .
r . k)

! b. Isolation of Reaction Products

£
-
a

’ Procedures for the extraction of reaction
products from the reaction mixture were investigated using
. the standard-DPIK incubation mixture (see Methods). In
' ’ the method of Kai et al. (1968) the reaction was stopped
%?md the lipids extracted by the addition of 3.75 vol. of
. , C-M (1:2, v/v) to give a monophasic system.\ After 15 min
¢ . ; at room temperature, a biphasic sy;tem was produced by the
addition of 1l.25 vol. of chloroform containing 1 mg of
1, carrier TPI and 1,25 vol. of 2M-KCl containiAg 0.5M-sodium
» Rhosphaté buffer (pH 7.4). The lower chloroform phase was
. regovergd and washed with 4.75 vol, of synthetic upper

L phasa (CﬂM‘W, 3:48:47) containing KCl and sodium phosphate

-t

¢ ) "buffer, In the studies of this system, a mixture of DPI
. ' and TPX (;epresenting aéout 50 ug of lipid-P per tube)

- .= " gerved as a carrier and the ‘total radioactivity present in
' the washed lower phase was measured. Several difficulties
were\enqpuntered (rable 20). ' Extracts of control tubes

lacking DPI contained small amounts of radiocactivity which
, could arise from DPI formation utilizing endogenous PI as
é , the substrate and/or incomplete removal of [y~32P]ATP ‘

and/or'formation of radiocactive products by other reactions

-

LY ) .\
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, involving the ATP. Extracts of contéol tubes lacking
enzyme also contained radioactivity suggesting the incom-
plete removal of [y-32P]ATP. An insoluble particulate
material was prééent in the extracts. Removal of this

‘ material by centrifugation before or after washing in the
biphasic system or through glass wool as described by

'>Garbus et al. (1963) d1d not re in any improvement.

—

igh (Table 20).

The extraction system employed by Iacobelli

(1969) for the assay of DPIK in rabbit sciatic nerve myelin

!

was tﬁgref&re investigated. This procedure uses acidified |

g ?r‘;g,r’

solvents to ensure complete extraction of PPI followed by ‘K

the removal of water-soluble products in the biphasic system

s &y m A

of Folch-et al. (1957). The kinase reaction was stopped

: it by tge addition of 2.5 ml of ice~cold 0.1 N-HCl in methanol
' ‘ followed by 5 ml of chloroform containing 1 mg carrier-TPI.

After 15 min at 37°C, 1.38 ml of 1N-HCl was added and the

regsulting lower chloroform layer washed once with 0.5 vol,

of sy?thetic upper phase containing N-HCl in place of

water., A similar system was employed by Tou et al. (1970)

except that a biphasic system was created by the addition

of 10 ml 1M—MgCl2 and the chloroform phase was washed three

' times with 10 ml each portions of erMgCIZ.

-

v " Initial trials with the procedure of Iacobelli

¢ {1969) yieldea somewhat lower blank values than that

A

. . .
obtained by the procedure of Kai et al. (1968). The

4 ot controls were ;till unacceptdbly high and insoluble material

-
-
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Table 20. 'Radioactivity in Washed Lipid Extract from Phosphoinositide Kinase Assay

-

. . Radioactivity in Wgshed Lipid Extracts

Rerfoval of Particles

-

B *%
Assay Systemf With Centrifugation Filtration
(omissions) Particles Before wash't After wash*

. ) . . /
None a 1365 : 658 1118 1109!
Substrate (DPI) 170 » 115 . 115 150
Homogenate 998 328 837 991

4

+ DPIK system of Kai et al. (1968) as described in the text.

r .
++ Particles removed by centrifuging the monophasic system after addition of C-M (1:2, v/v),

see text.

-

* liarticles femoved by centrifuging final washed lipid extract.
/

** particles removed by filtering the biphasic system through glass wool as described by

v

Garbus et al. #1963).

-8V T~
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P g
persisted in the final washed lipid extract which would

interfere witﬁgquantitative trangfer. of lipids for

chromatography. The presence of the insolugfé material ,i
was avoided by increasing the concentration of acid in the
methanolic~HCl used tq stop the reactioﬁ from O:i N to R

-

0.3 N. The initial biphasic system was then produced by
adding chloroform and»lN—HCl as described Qy Iacobelli

(1969). Severa} procedures for washing the lower phases

were compared using extracts oé unincubated assay controls

(Table 21) in order to assess the removal of non-lipid

radiocactive comp;unds. One wash of the lower phase wiEP

acidified synthetic dpper phase as described by Iacobelli

(1969) gave loY blank values, approximately twice the

background of the counter. However, PPI are soluble to,

some extent in acidified upper phase solutions. This

potential loss was overcome by using C?.Clz in ’the upper

phase wash solutions. Two washesureduced the blank counting .
rate to backgr?und levels (25 - 30 c.p.ﬁ:)‘and this
procedure was tentatively adopted. A similar washing
procedure was employed by Eichberg and Hauser (1969) whb
stépped the reaction and extracted lipids by adding 19 vol. )

"of C-M (2:1, v/v) containing 0.25% concentrated HCl. This . :
procedure gave somewhat variable results since‘centrifuga7n )
tion often did not effectively remove the insoluble,regidﬁe
from the homogenate and particulate material persisted in

to

washed lower phase. The KC1-PO, buffer system of Kai et al.

(1968) was least effective in removing 32p from the lipid*

extracts.
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Table 21. Comparison of Biphasic Washing
Procedures on the Removal of Water-soluble
32P—labelled Compounds from the Unincubated

Phosphoinositide Kinase Assay Controls
Omissions No. of Washes Wash Solution Radioactivity
None (1) -1 Acid upper phase (2) 72
Homogenate -1 Acid upper phase 51
None 1 Cagi upper phase (3) 118
Homogenate 1 Ca” wupper phase 127
- 14
None 2 Cagi upper phase 28
Homogenate 2 Ca upper phase 29
None | 2 KC1l-PO, upper phase (4) 150
Homogenate 4/) 2 Kcl~-Po4 upper phase , 138

, 2l «
(1) Homogenate added after addition of 0.3 N-HCl in methanol

to complete incubation mixture.
' ®

(2) Synthetic upper phase (C-M-W, 3;48:47,3by vol.) prepared

with N-HCI in place of water (Iacobelli, 1969).

(3) synthetic upper phase containing 0.02% (w/v) CaCl,.

(4) Synthetic upper phase prepared with 2M~KC1l-0,5M-sodium
phosphat§ buffer (pH 7.4) in place of water (Kai et al.,

1968) L] . - & - ’ v‘
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Previous work (Kai, et al., 1966, 1968; Tou
et al., 1968, 1970) had shown that PIK’and DPIK activities
. cannot M measured independently in crude homogenates by

32

measuring ~°“P incorporation into total lipid extracts.

The assay systems differ only in, the requirement for °~

% exogenous substrates. In the DPIK assay system, the *
endogenous PI present in the crude homogenate, is also
phosphorylated to DPI. Triphosphoinositides are labelled
also in PIK assay system by phosphorylation 5f the réaction
product (DPI) and/or small amounts of endogenous DPI. i}
is thergfong necessary to separat? the reaction prddupis

in order to isolate the two actiﬁities. Thin-layer 4

5
chromatography on oxalate-treated Silica Gel HR was used -

to separate the reaction products. The polarity of thgw
developing solvent mixture was increased (C-A-M-AA-W,” ™
40:15:13:12:8, by vol.) in otder to move phosphoinositides

farther up the chromatogram and reduce the poséibility of

’ .contamination with residual [y-BZP]ATP. Almost all of the
. . radioactivity’was found in the DPI and TPT bands and only
; trace quantities were detected at or close to the origin

of the chrp togram., Little or no radiocactivity was found

o anywhere ‘elge although distinct lipid bands were present

at the solv front and at the positions expected for PI

and PS. ?

t 1

The overall recovery of added carrier PPI in

“ the modified system (see above or Methods) was compared with

a1

that obtained using systems reported by others. The standard
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DPIK incubation system was used. The lipids in all washed °
éxtracts were separated by t.l.c. Using 2 mg BSA in place
of tissué homagenate, the best recovery was obtained with
the modified system (Tablé 22). Using an active brain
homogenate, the mod:.fa.ed extract:.on procedure yn.elﬁied the

greatest recovery g’f radioactive PPI while the radioactivity

in the control tubes remained at background levels | {25 - 30

c.“p\..m.). 'The reproducibi:‘lity of' this system was assessed
in 10 repetitive assays,/ The following measurements of
;:adioactivity (c.p.m. S:D.) were obtained: r,Contrénl

(no ,homb.gehnate)‘, 27+ 3} DPI, 1053 # 55; TPI, 2671 % 15,

2 ‘ ¢ ‘ ‘ y. ‘
2. Characteristics of Phogphoindsgitide Kinases

°

Both PI and DPI were readily phésphorylat d by,

oy P ..

hamogenates of chi¢k brain and sciatic|nerve (Table 23). ',
£ 4 * .

As’ noted eariier, simultaneous syi'xthesis of DPI occurred .

’

in DPIK as‘says. Synthesis of 'I'PI also ocaurred 1n‘%h’i(m \ |
N\

assays. to\» a lesser exte{x't. K:metiu paramet,grs (Vmax,
etc.) of some enzymes are known to change during pogfn#tal
de‘relopment { i.e. Bell and Bcobichon, 1875). Thereforsg,
it was necessary to 1nvest1gate each aspect of the assay

systems to ensura that they were su:.table for hbmogenatet; t
\ - s
of both chlck brain and nerve at all ages. < ¥
a » r

*

” Eoy
’ Y N -

1 8
'(i.) Basic Auay éuracteristics o

*

‘!‘he pH pmfile for P’Ix of chick bzain :ba‘ed '

. . .
.
L
. P , :
—-— s - .

R

“
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. recovered after t.l.c.
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Table 22. Recovery of Polyphosphoinositides in
\ ¥
4.

Phosphoinositide Kinase Assay Systems

Method S ngovery of + Radioactivity +
. polyphosphoinositides (c.p.m.)
{(DPI + TPI)
. O
Modification of L
Iacobelli (1969) 92,6 1714
Iacobelli (1969) 88.6 1569
Tou et al. (1968) 72.6 ﬂ - -
Kai ¢t al. (1968)" 51.6 - 166
! _-" ~ e

Results are means of two dei;erminations.:

] ~

+ Active homdgenate replaced by 2 mg BSA. Added DPI-TPI,

, ~
M

' s

G+ Similar experiment contaim.ng O 1l ml of 10% (w/v) 2 day
Qld chick brain homogenate and 0 9 mM~DPI "in the reaction

- mixtuyre. Radiocactivity measured in DPI + TPI after t.l.c.

0

v

h A

- #
* Presence of particulate‘material in washed lipid extracts

hampered applicatiéx; of the iipid to t.l.c. plates.
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Table 23 Phosphoinositide Kinase Activities in Chick Brain afid Sciatic Nerve Homogenates

' »* Kinase Activity.
nmol formed/min/mg protein
Brain Nerve
pH 7.4 pH 8.3 : pH 7.4 pH 8.3

DPI TPI DPI TPI DPI TPI DPI TPI

»

Basic Assay System o o 0 0 0 0 0 0-
+ Homogenate | ‘ ‘;,;o 0.48 1.49 0.46 0.20 0.08 0.23 0.07
+ Homogenate + PI *(1 mM) - - 1.65 0.49 - - 0.35- 0.09
+ Homogenate + DPI {0.5 mM) 0.85 1.50 - - @.24 0,32 - -

* Contains 40 mM -.Tris-HCl buffer, 30 mM-MgCl, and 5 mM~[y>2-P]ATP (2.38 x 10° c.p.m.)

in a total volume of 0.5 ml. 3 day old chick brain (0.341 mg protein) and nerve (0.46 mg

#
protein) homogenates were used,

-

»

~pST-
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only a single peak of activity at pH 8.3 (Fig. 14). The '

@

relative activity at pH 7.4 was lower than reported for
either rat brain microsomes (Colodzin and Kennedy, 1965) .
or ra%‘kidney cortex (Tou et al., 1568).» The pH profile N
for chick sciatic nerve exhibited the same activity*betweqn
pH 7:35 and 8.5 raiéing the possibility of an ;dditional

' pH 7.4 enzyme in this tigstie (Fig. 14)° as hés‘been~reported

in mammalian liver (Harwood and Hawthorne, 19695).
s

/
1

The effect of var&ing‘concengrationé of PI on
DPI formation is shown in Fig. 15a. Without added PI, there

R ) .
was a consid®rable synthesis of DPI. Only marginal stimula-

tion was observed when exogenous PI were added to the in&g-

is

bation mixtures but the extent of stimulétioﬁ'varied slightly
with tissue and age. Higher concentrations (up to 4 mM~PI)

have produced no inhibition in 'both chick’ brain and sciatic
nerve homogenates. Subsequently, 1. mM~PI-was réutiﬁely ysed.
¢

In chick neural tigsues, optimum activity was

obtained with 5 mM~ATP in the presence of added MgCl, (Fig.
15b).

*

Higher concentrations of ATP than 7 - 8 mM produced
sozf inhibition in chick brain. The "apparent Km" for ATP
:

a
1

wa

o~

0.95 x 107> M (Fig. 16). The responsé to added MyCl,

@ was variable; however, oiatimum activity was obtained for all -

» R - . - -
preparations adove 20 mM (Fig. 17). Oniy\hrain homogenates

k]

"

. LN
hibited slight inhibition by Mg2+ concentrations above
40 under standard assay conditions. The Mg?* and AP ©

2+

- wed T
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Effect of"pH on PIK Activity. I
procedure using homogenates from: O, 15 day embryonic chick .

" Standard assay

protein); ®, 4 day chlgk brain (0.31 mg
‘prdtein) ; 4, %16 day embryonlc Chlck sc1at1c nerve (0,37
mg protein), ind.A 49 day chick sciatic nerve (1.14 g

éroteln) Product‘expressed as nmol/assay. N
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+
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Fig. "15:

(a) ‘'Effect of Substrate (PIY

-

-

“

e

using -homogenates from: ©, 15 da

)

(NERVE
DIPHOSPHQINOSITIDES (nmdl) .
(BRAIN)

:

*
f

ration on PIK Activity. Standard assay procedure
yonic chick brain (1.25-mg protein); e, 52 day
chick brain (0.91 mg protein); A, 16 day embryonic chick sciatic, nerve (0.37 " mg protein)
and A, 20 day chick sciatic nerve-: (1,50 mg protein),
(b) Effect of ATP Concentration on PIK Activity.
genates, from: o, 15 day embryonic chick brain (1,25
1 protein); &, 16 day embryonic chick
day chick sciatic nerve (1.50 mg protein).

Fad

Staridard assay procedure using
mg protein); e, 52 day chick bra

sciatic nerve (0.37 mg protein), and A, 20

(
a

. .

by

y
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dslceytéations (5 mM), ‘maximum activity was observed Qitﬁ

2 mM-ATP and higﬁgr'concentrations cauged inhibition

(Fiqg. 18§). This activit& was much lower than observed at

higher concentrations of both ATP and Mgz+. A similar

effect was observed for the simultaneous production of TPi.

* "The ratio pf Mg:ATP is important since inhibition by excess

ATP was overcdeme by raising the Mgz+ concentration. The ] \\

requiréhen for MgCl2 élsg appeared to shift slightly

toward lower concentrations when no exogénous substrate

was providedg?Fig. 18b}).: '

The component used to start the PIK reaction
was ;f some importance (Table, 24). Attempts to start the
reéction with ATP gaVé the lowest values. Initiation by \
:‘ the addition of substrate (éI) was not possiblq)since ’

. the reaction with eghqgenous stibgtrate gave high zero time 2:}
céntr?ﬂs ~(tukes in whiah t%e reactioq)was stopped after ghe
.pre}néubation éeriod) and the reaction in the follbwing P

1}‘ 1.5 min yiil;%d low values., In the absence of added‘Mg2+,

A . ) - .
. the endogenous reaction during the preincubation period

- . “ L <

wag much reduced but the activity measured after the i

Qadditioh of ug?+ was also low. The'highestfactivities

.
e

L4 .
were obtained. when the reacticn was st;rted by the addition .

of homogena&e‘%ﬁggesting that the prior mixing of the ATP

“ and Mg%+ is advantagéous. .o

i '

- A L g

3 » ¥ M . 4 Y
. , Under-standard assay conditions, the reaction
L4 > I3 , 13

rate was constant only for 2 min after yhich there was .

»

et

' liihip net synthasisa§£fDPI (Fig. 19a). . Similar results
N . 'AA . )
' fcb‘ . .
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Fig. 18: : ‘ ’ T

(a) Effect Of ATP Concentratlon on PIK Activity with Two Different Concentrations
of MgClp. 31 day chick brain homogenate (0.83 mg protein) was assayed under standard
conditions with: e, ®, 30 mM Mgclzr o, o, 15 mM MgCls. Lower graph indicates simul-
taneous synthésis of TPI.

(b) Effect of MgCl; Concentration en PIK Activity in the Absence or Presence of
Exogenous Substrate (PI). 52 day old chick brain homogenate. (0.95 mg protein) was
assayed under standard conditions with 1 mM-PI (open symbols) and with no added PI
(closed symbols). Simultaneous'production of TPI is indicated by squares.
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“Fable 24. Initiation.of Phosphatidylinositol. « .

¥ ‘ < s

-

, Kinase Reactipn

PI Kinase Activity

*
Reaction Initiator .
. « (nmol DPI formed) .

Homogenate (no PI in reaction) l.27 | ¢
» R - Y

Homogenate . . 1.53 ‘ d
Homogenate + BI (mixed together) 1.37

PI (zero time control = 0.93 nmol DPI) 0.91

ATP N ®72 .

N
0,84 .

MgCl2 (zero time vontrol = 0.08 nmol DPI)

u !
2 day chick braip hemogenate. All Tomponents except

* \

* Assays contained 45 mM - Tris-HCl ©H 8.3), 5 mMr[yr3

2p1aTP,

A

30 mM-MgClz, 1 mM-PI and 0.} ml of 10% (0.63 mg protein)

those used to initiate the reactions were mixed together
- & "

r -—r

at 4°C and warmed up-to 37°C for 2 min before the reactions |

wereigtarted. Assays in whicp homogenate and [7-32P]ATP ’
were breincubated together required a z;ro‘time control
4st9pped after preincubation~pefiod) to correct f%; synthe-
gis with endogenous substrate. ’Reactionquere terminated

after 1.5 min.* . X :
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hav? been reported for rat br%in and kidney cortex

(Cofodzin and Kennedy, 1965; Kpi et al., 1966b; Tou et al.,
\ T - T

1968) although these investigators. continued to use longer
4ncdbation times in their standard assay systems. In the

present study, a Very{;h;;t’incubatioﬁ time of 1.5 min was
used‘énd a linear response to protein co#centration was seen

% ;
~over the range of 0.25 - 1.5 mg protein (Fig. 19b). No

.loss qﬁ PIK activity was observy thn homogenates were

& 3 R . .
(ii) Effect of Thiol Groups, Chelating Agents and

Reaction Products

1 LA

Table 26'shows the effects of various additives

3

”

_on PIK activity, In contrast to earlier reports (Kai et al.,

1966bsy Tod et al.,, 1969) reduced glutathione inhibited the

reaction. Sodium-EDTA’(z mM) has beeh included in Mg2+

« fortified assay-mixtﬁres by others since stimulation was
obéerved (Kai et_al,, 1966b; Tou et al., 1968) and/or the

p;oportlcnallty to protein concentration was extended

(Kal et al., 1966b). The effect had been attributed to the

preferentlal removal of Ca2+ (over Mg2+) and/or other

"
heavy~metal ions (i.e. Cu2+ inhibits kinase) and also to

&

L. ;he 1nh1b1tldn of- TPI phosphohydrolases. In chick neftral

tissues, EDTA had no e¥fect at low concentrations but larger

_amounts were inhibitory, probably 4s'a result of the lowqué

IMg2+ concentrations. Chick brain PIK was inhibited by one

-

-

reaction product. (ADP) but not by the osher. DPI actually

H\



DIPHOSPHOINOS ITIDES ( nmol )

DIPHOSPHOINOSITIDES ( nmol) BRAIN
DIPHOSPHOINOS ITIDES ( nmol ) NERVE

. . 1 0.0
0.0 0.5 1.0 1.5

PROTEIN ( mg)

0 2 4 6 8 10
TIME ( min )

ey

Fig. 19: . )
(a) Time-Course of PIK Reaction. Standard assay procedure using homogenates from:
0, 15 day embryonic chick brain (0.50 mg protein); e, 4 day chick brain (0.37 mg
protein); a, 16.day embryonic chick sciatic nerve (0.375 mg-protein) and a, 4 day chick
sciatic nerve (0445 mg protein). ' . -
(b) Effect of(Protein Concentration on PIK Activity. Standard assay procedure’ using
homogenates from: o, 15 day embryonic chick brain; e, 8 day chick brain; A, 16 day
embryonic chick 'sciatic nerve and a, 24 day chick sciaticynerve.
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Table 25. Stability of.PI Kinase Activity of

Chick Brain Hoﬁogénatet

*
Time of Storage -DPI Syn:}7sxized
(days) . . (nmol/min/mg Protein)
- 53\ L )
0 * 1.59
* J
2 1.57
“ -
5 - i 1.60
8 oy 1.56 .
10 ’ 1.58 "
14 1.56
20 ‘

1.3/L\

Standard assay procedure using homogenate of 15 day chick

brain. Results aremeans of duplicate analyses.

* Homogenate was kept at -20°C for various days in separate

tubes and thawed only once before use.
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Table 26. PI Kinase Activity in Chick Brain

Homogenates: Effedt of Various Additives

-

Adiﬁtion

EDTA

[

{ EGTA

GSH

TPI

’

DPI

ADP_

D
NHE OO0 oo bowuyt MDHE v

QON -«

[ W o) oo

o

RRR RE EEE

2% 2% 2%%°

[=N e Ut = MO

- -

%

-

»

Percent of Control

-
»

4

13
82
31

106
99

93
77
64

114
115
122

110
112

85
77

i

{

Standard assay ‘conditions using homogenates 65\21 day chick

brain.

4
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’ of‘Cutscum (2%) similla ‘to those employed by Kai et al.

¥

»

produced a small but consistent stimulation (10 - 12%), °* -
Triphosphoinositides also produced similar stimulation of

PIK activity in both chick brain and sciatic nerve homogenates.

(iii) Effect 'of Cutscum

oW

‘& "“ Cutscum,*a non-ionic detergent, has been reported
1

to stimulate PIK activity in both neural and non-neural
tissues (Colod21n and Kannedy 1965; Kai et al., 1966b;
Mlchell et. al., 1967; Tou et al., 1968, 1969; Harwoo& and
Hawthorne, 1969a). ‘This effect was conflrmed for chick

neural tissues. In prellmlnary experlments, concentratlons .

/

\

(1966b) were qsed to check the basic parameters of the -
assay\system. Cutscum d;d not alter the pH profile for
either tissue and the requlreqents for ATP and Mg2 remained
thg same }Fig. 20;, b, c)t: ?hgkstimulato;y effect of Cutscum

was found to be related to pﬁstein concentration (Fig. 2la,
- ”

b). As noted p;eviousl§ (Tog et al., 1969), simultaneous

L1

production of TPI was inhibited at all detergent concentra-’
tions. Inhibition of DPI formation at high detergent:

protein ratios was not as pronounced in sciatic netve.

¢

Maximum activity was‘consistegtly obtained at a ratio of
7:1 fexr homogenates of both chick brains and sciatic nerves .
‘of all ages. When the optimum detergent:protein ratio was-

ﬁaiq;ained, Cytscum did not extend the linearity. of DPI

Pl »

férmation with time (Fig. 22a), as has been observed for

» pat brain (Xai et al., 1966b),vnor gid it alter the linearity
4 / .

]
»
L &

.

>
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Flg. 20: Effects of pH(a), ATP(b) amd MgClj, (c) on BIK Activity. Standard assay conditions.
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Fig. 21:

‘ (a) Effect of Cutscum on Chick Brain PIK Activity.

1 l L i

-

0 5 .10 15

CUTSCUM (m§g [ assay )

-«
o

. . .
Standard assay procedure was

used ‘with hamogenate of_35 day old chick brain containing: ®,,0.43 mg prqotein and O,

0.85 mg proteih.

13

- (b) Effect of Cutscum on Chick Sciatic Nerve PIK Activity. Standard assay procedure
. was used with homogenate of 2 day chick sciatic nerve containing 0.486 mg protein,.

Homogenate used was frozen for 26 days at -20°C.:

’
'
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3
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with protein concentration (Fig. 22b)., ™"The response to
added substrate was changed (Fig. 23a, b). Cutscum was

PI in
P * T

inhibitory at verq low concentrations of exogenous
chiq& brain. A similar effect has beén feporped.in'

erythrocyte membrane PIK (Buckley and Hawthorne, 1972),

- ™

The activity was dependent upon the concentration of
exogenous substrate in both brain and sciatic nerve homo-
genates., The stimulation obsexrved at higher PI concentra~

tions was considerabj; gréater for sciatic nerve than

’ ' N »

brain,

3

v

b, 0D%£998§E5Iﬁ6§§tide Kinase

{ (1) Basic Assay Characteristics

Béth chick brain and sciat{c nerve preparations
exhibited little activity bel;w pH 7 (Fig. R4a). Maximum
activity occurreé at pH 7.4 with relatively |little decline
at higher pH Vaiues. %?é/bptimum requirement for ATP was

' 30

5 mM in the presence o

-

mM-MgCl, (Fig. 24b). The
"apparent Km" for ATP was 0.95 x 10”3 M (Fig. 25). Concen-

trations’highe£ than 6 mM strongly inhibited the reaction.

Magnesium was required and the*maximum activity was obtained

with concentrations above 20 mM YFig. 26a). All prepara-

- ey 9
o

tions exhibited little DPIK activity in the absence of .
added substrate (Fig. 26b). Maximum activity was observed

with 0.4 - 0.5 mM~DPI in -both chick brain and sciatic )

»

nerve homogenates. Higher concentrations of DPI produced

L 4 )
some inhibition in chick brain; the inhibition was greater

k7
4

, A



P

L —

[E—

te

S

o

*
a b
¥ ‘05—' .‘40
3 i s
€ ]
P = [ 04,.
K R *
.
by el = + *
= 7 R J\ ol » = =) 03 ‘o
- = —
;g 1\-/5 ”-20§ g; < // —703
[ 2 o~ o
% R - S22 g,k /./ =
£E g} o8 . s E . =
o w = =] /
g:. i » :‘:i ,/’ -
(= fal S
g= ) ’ t-l-o?" § /'/ 41 *
ki g4tk . ) = [i I o . .
=) g2 5- '.:"’ ”
LY -
G a . i L 1 [ ls) 040 L —t 1 ’ FEO I, I S ‘
“ 0 5 g 15 20 & 0 00 025 0 50 075 100 125
. TIME ¢ min " PROTEIN ( mg )
- - &
. , . ]
. - - *
L+
IR - - . 4
Flg. 22: i

(a) Time-Course of PIK Reaction. Standard assay conditions using homogenatéé from
2 day chick brain (0.41 mg protein; homogendte used was frozen for 20 days at -20°C)
without Cutscum (O) and with Cutscum/protein ratio of 7/1(e).

(b), Effect of Protein Concentration on PIK Activity. Standard assay conditjions
with Cutscum/protein ratio of 7/l. Homogenates from 2 day chigb brain (frozen for 20
days at -20°C) and sciatic nerve (frozen for 26 days at -20°C)" were" used.
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Fig. 23: Effect of Cutscum on the Substrate Dependence of |
PIK. Standard assay conditions without Cutscum (@) and
with Cutscum/protein ratio of 7/1 (O). (a)-homogenate of
21 day embryonic chick brain, 0.48 mg protein (frozen for
18 days at -20°C). (b)-homogenate of 30 day chick sciatic
nerve, 0.48 mg protein A frozen for 30 days at>:20°c).
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Fig. 24: . , ‘ ) -, .
(a) Effect of pH on DPIK Activity.. Standard assay procedure using homogenat from:
o, 15 day embryonic chick brain (0.56 mg protein)’; e, 19 day chick brain (0.38%§g
protein).; a,.16 day embryonic chick sciatic nerve (0.38 mg protein) and a, 49 day
chick sciatic nerve (l.14 mg.protein)., . < .
(b) Effect of ATP Concentration on' DPIK Activity. Standard assay procedure usifig
" homogenates from: o, 15 day embryoenic chick braip (0.56 mg protein); e, 16 day chick
brain (0.44 mg protein); a,.16 day embryonic chick sciatic nerve (0.39 mg protein) and

A, 49 day chick sciatic nerve (1.14 mg pratein) .-

.
- > ] ~
> 2

El . o & - <
.,
-

29

=

*
- ‘4
I3

P

-

-EL1-

w s

/ "TRIPHOSPHOINOSITIDES { nmol ) NERVE

»



—

T———

-

v -3 -
. N - 1 . )
na’ '
N * L] 2 4
: . - Le g o
b . - :) i - * .
- /
. _ { .
3 -~ .
¥ » Al
’ ® - -
<
* * -
N v < o
~ i 4 I3 s 4
- - € ® v
>
. $ .
- o
. ) * -
LY ‘\ -
s
At
5
=0
1 I - Py i 3 -
-10 -08 -06 -04 -02 T00 +0 2 +0 4 +06
{ 17 [ATP]  (mM) )
- ! EY e ) ¢
v - ¢ - f
< 7 e - . , 5, =
Fig. 25: The.Dependence of Chick Brain and Sciatic JNerve DPIK Activity on ATP Concen- S
trations. Data recalculated {(nmol TPT" forme&/mln/mg protein) and symbols takenkfrom : N
- Fig. 24b. Double-reciprocal plot . .
t - ) ; -
~ ® \C f 4’ n \_g -
& L] * I3 2 & a
r ~ - - . & :
* o
, )
¥ .
- . A
. ;{ % . : -
. ¥
» - = .



"

-~

TRIPHOSPHOINOSITIDES { nmol ) BRAIN
('NERVE )
TRIPHOSPHOINOSITIDES ( nmol )
(BRAIN )

0 15 30 45 0.0 05_. 1.0 15 20
. MgCl, ( mM™ N DPI CmM )~

-

Fig. 26: . ~ . ’ '

(a) Effect of MgCly on DPIK Activity. Standard assay procedure using homogenates
from o, 15 day embryonic chick brain (0.56 mg protein);-e, 11 day chick brain (0.35
mg protein); a4, 16 day embryonic chick sciatic nerve (0.39 mg protein) and a, 49 day "~
chick sciatic nerve (1.14 mg protein). , . >

(b) Effect of Substrate (DPI) Concentration on DPIK Activity. Standard assay
procedure using homogenates from; o, 15 day embryonic chick brain (0.56 mg protein);
e, 31l.day chick brain (0.42 mg protein); a, 16 day embryonic chié¢k nerve (0.39 mg
protein) and 4, 34 day chick sciatic nerve (1.14 mg protein).
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W +
for sciatic nerve and was observed at concentrations

3

higher than 0.6 - 0.8 mM: The "appa%ent Km" for DPI waj//
about 0.1 mM (Fig. 27). The refction rate was constant”,

- 1

~ for only a very short time (Fig. 28a) and assays were

v “

routinely incubated for 1.5 min. This is‘a much shorter

time than has generally been used by other 1nvestlgators,
&

) although the reactlon rates in these studles also declined

sharpﬁy after few mlnutes (Kai et al., 1968 Tou et al.,

LS

1970). o . -

' The order in which the constituents of the
¢

incubation system were added was alsg, important. Attempbs’
7

to initiate the reaction by the addition of [y-32P]ATPS

b V4
** gave higher but variable'results and a convex curve was

obtained with increasing amounts of DPI. Reactions
initiated by the addition of MgCl

Best results were obtained when the reactlon waa staéted

with the enzyme (Table *27) . The same was true for the

“

simurtaneous“prodﬁction of DPI at this pH .except similar.

2

4 . L
activities were observed when reaction was started with

-

either MgCl, or Aggi Kai et -al. (5968) observed

higher DPIK attivities whén Mg2+ was aQéed last since
precipitation-of Mg-DPI in the absence of protein could
*he avoided; In the present system a very fine precipitate

did form during the brief preincubation peiiod but it was

not a less suitable substrate for the én2yme. When assayed

under optimum conditions, the activity was proportional

to protein concentrations up to 1.0 - 1.4 mg protein/tube

/ .

2 resulted in low activities.

.

-

[
2
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Table 27. Initiation of DPI Kinase Reaction N
R
, DPI Kinase PI Kinase (pH 7.4)
Reaction , cpm ° nmol TPI cpm nmol DPI
Initiator (net) {net)
DPI 575 0.65 261 °© 0.09 .
{control) «# 80 191
‘ "w ’
Enzyme ° 684 0.96 261 0.31
(controlYy 27 \ 22 . 1
Mg2* " 525 0.64 164 0.18
(control) -+ 34 23 '
 ATP . T .846 -, 1,07 155 . }0.18
(control)d . ™~ = 26 . 19
4 ° - - ' ¢

@

* Optimuin concentr'atlons of all components were used (see

Methods/ All constituents except component used to initiate
-~ - L In
the reactions were mai“ﬁta:.ned at 4°C, mixed together and

preincubated’ at 37"!: for 2 min, Controls were terminated

. after tgé preincubation period. Enzymé'source was 36 day
. \ v fl y " -

} chick brain (0.38 mg protein/tube). Reactions weres

LY M . “ . 9

termirtated after l'.§, min, )

- *
-
*



depending upon the age of the chick (Fig. 28b). The
activity was stable for 9 - 12 days 1f the homogenates were

stored at 20°C»(Table 28) . @

(ii) Effect of Thiol Groups, Chelating Agents and
Reaction .Praducts . |

.‘Sﬁlfhydryl compounds have been reported to
inhibjit DPIK'(Kai et al., 1968; Tou et al., 1970). in .
chick brain, DPIK activity was reduced 11% by 5 mM~reduced
glutathione (Table 29). Higher concentratlons (10 mM)
restored the activity to control levels as was observe?
for rat brain (Kai et al,, 1968). '?heVDPIK activity in
rat brain homogehates is stimulated by low concentrations of
EDTA (2 mM% in th? présen?e of added MgCl, (Kai EE'El':
1968) ., The effect was presumeéd to be the result of
inhibition of cagaﬁolic enzymes. However,'the DRIK of
chick neural tiSsues was inhibited by similar concentrations
of EDTA (Tabie 29)., EGTA, a‘specific inhibitor of brain
and nerve fﬂ? Phosphatése (Qee Section III.C.l.) only
marginally increased the‘actiQity,indicating that removal
of the labelled products by this catabolic enzythe is not”
significant: As observed earlier for rat brain and kidney
cortex (Kai g£ al., 1968; Tou et al., 1970), DPI kinases
of,chick’ﬁtf?bus‘fzg;ies were ‘inhibited by both reaction
products (ADP and TPI). The presence of only 0.05 mM-TPI

reduced the activity by more than 30% (Table 29).
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Table 28. Stability of DPI Kinase Activity 5

“ .

Chick B&ain Homogenate

v

*
Time of Storage

s

Activity

(nmol/min/mg. ‘Protein)

*%

© (days) DPIK PIK (pH 7.4)
0 1.43 04648
. “ - ¥ 4 A
3 o145 0.602
& 3 9 ‘ 1.42 0.610
1) “ ’ ’
9 1.41 0.620
12 1.43 0.47%
15 1.27 . 0.43%

¢

¥

Standard Assay proceduré using homogenate of 15 day chick

brain.

Results aremeans of duplicate analyses.

*

-

* Homogenate &as kept at -20°C for various days in separate

tubes and thawed.only once before use.

£

1

-

-

P 4

** Represent PIK activity (without added PI) under

conditions of DPIK assay.

*
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Table 29. DPI Kinase thivity in Chick Brain Homogenates:
]
. Effect pf Various Additives
Addition \K . o DPI kinase
¢ . (% of Control)
EDTA 1.2 mM - - 86
I
2,0 mM : La9
4.0 mM ' . X ) 60
6.0 mM . 33
w *‘ ' “
EGTA 1 mM R . 114,
GSH 5 mM ' 89
10 mM * 10% .
TPI 0,95 mM - 68
0,10~ 38
¥
ADP 1 M 83
2 mM 16 ‘

a

Standard assay conditions using hom03Zhates of 28 day chick

brain (EDTA & EGTA) and 19 day chick

.

rain (GSH, TPI and ADF).

v
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(iii) Effect of Cutscum

<
t

Detergents have not generally been inéluded in
DPIK assay systems since Cutscum and Triton X~100 have
been reported to be'inhibito;y ig rat brain and kidney
preparations while sodium deoxycholate has no effect (Kai

et al., 1968; Tou et al.A.1970). However, Eichberg and

9

" Hauser ((1969) found that the activity in crude homogenates

of rat bilain was greatly enhanced by Cutscum. Cutscum was

”

'also Yound to stimulate the DPIK of chick brain and sciatic

“nerve to a greaterlextent than observed for PIK under

appropriate ggnditions. 1In preliminary experiments, ‘
2%

— i —— .

Cutscum (1%) did not alter the pH optimum or ATP and Mg
;equirements (Pig. 29a, b, c). However, as was observed

for PIK, the ratio of detergent to protein was critical

(Fig. 30; and a sharp peak of activity wa; obtained with

brain homogenates at a ratio of 0.6 (Fig. 30). The optimum

;;tio for nerve was 3.0. When the Cutscum/protein ratio

fo;(brain was maintained at the optimum/ value, maximum "
st;mulatioq was seen only at low substrate concentrations

(Fig. 31la), with apparent inhibitidn occurring at higher \\\
concentrations. The sciatic nerve DPIK was not similarly

inhipited but the substrate concentration required to

saturate the enzyme was increased by Cutscum (Fig. 31b).

Other aspects of the DPIK assay (time and protein curve)

were not changed by Cutscum (Fig. 32a, b).

#”
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Fig. 29: Effects of pH(a), ATP(b) and MgClz(c) on DPIK Activity. Standard assay
conditions were used with 1% Cutscum but with different incubation times: (a)

5 day chick brain (0.71 mg protein) for 3 min; (b) 19 day embryonic chick brain
(0.48 mg protein) for 3 m%?; (c) 14 day chick braim (0.68 mg protein) for 5 min,
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‘ embryonic chick brain, 0.48 mg protein without Cutscum
“ - (@) and with a Cutscum/protein ratio of 0.6 (a); (b)

ﬁi ’ homogenate {30 days frozen at -20°C) of 2 day chick v
& sciatic nerve, 0.48 mg protein without Cutscum (@) and 9
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(2) Time-Course of DPIK Assay. Standard assay conditions using homogenates'from 21
; day embryonic chick brain (0:48 mg protein; thomogenate used was frozen for'1l5 days at

-20°C) without Cutscum (0), and with Gutscum/protein ratioc of 0.6(®). : . o

(b) Effect of Protein Concentration - on DPIK-Activity. Standard assay conditiaons
with Cutscum/proteid ratio of 0.6 for brain and 3.0 for sciatic herve. JHomogenates
, from 21 day embryonic chick brain (frozen for 10 days at - -20°C) and 2 day chlck sciatic
_perve (frozen for 49 days at -20°C) were used. ; : .
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enzymatlc act1v1t1es. Assay conditions were investiga

S, ) . “
° - C, PHOSPHOINOSITIDE PHOSPHOHYDROLASES OF .
. THE DEVELOPING CHICKEN CENTRAL AND
- N .
PERIPHERAL NERVOUS SYSTEMS - -

*"a: ‘ A’r‘}

LU - Beveral assay procedures for both TPI phosphatase

and TPI dlestera§e have been described. The major dlfferences

haye been the presence, or absence of a catibnic amphipathic

u

L

&,a

primarily in homogénates of chick brain (& - 28 days old).

The important features of eacp’assay gystem were then

“
» " o o«

confirmed to be thessame for homogenates of chick brain and i

+ .Sciatic nerve from éhiéi“émbryos, chicks and adult- chiGkens. .

Hawthorne! 19?5). Max1mum stlmulatlon of both enzymes

[ ¢ -
"
3 P

When suspensions of TPI were incubated with chick

brain homogenate in a reaction mixturé containing Tris-HCl * .
1)

’ »

bﬁffer (pH 7.2):°release of both inorganic-P and organic-P s

was oﬁserved (Table 30). Addition of CETAB enhanced both
activities when an equlmolar mixture of substrate and
detergent was used to start the reactions. Similar stimu-
lation has been observed by others in several animal species
and is believed to‘be the result of moderation of tpe
negative charge on #he substrate (ﬁawson and\Thompson, '

1964; Sheltawy et al., 1972; Palmer, 1973a, Cooper and

was observed with 0.2 M~-KCl in the presence or absence of

CETAB. o }

a
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Table 30, Effect of KCl and Chelaéeﬂg Agents on the

Hydrolysis of Triphosphoinositides by Chick Brain

TPI Phosphatase TPI Phosphodiesterase

(vg Inorganic-P) (ug Organic-P)
additions « A B A B

*
None 1.3 2.5 0.4 4,6
KCl  0.05 M 1.5 3.2 1.1 6.8
KCl oc‘l M l|5 . 3’.5 10'9 “ 9-0
KCl 0.2 M’ 1:4 3.7 3-2 8.8
&k

EDTA 1 mM 1.1 1.5 ND ND
EDTA 4 111 S d.0 ~1.2 ND ND
EDTA 10 mM 1.0 1.0 ND ] ND
EGTA 0.5 'mM 1.7 2.5 ND ND
EGTA 2 mM: = 1.7 2.5 ND ND
EGTA 5 'mM 1.7 2.5 ND . . ND

* Control contained 45 mM Tris-HCl (pH 7.2) and 1 mM TPI

‘ A
(experiment A) or 1.mM TPI ~ 1 mM CETAB (experiment B).

-

additions were preincubated with the buffer and enzyme (0.23
mg protein, 10 day chick brain homogenate) at 0°C for 10 min,

All tubes were then incubated at 37°C for .30 min.

4

*%* ND -~ not detectable.

-
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l. Characteristics of TPI Phosphatase

« < ‘~'
. s

-

Wy

For the accurate measurement of TPI Phosphatase,

A Y

it is desirable to eliminate or at least minimiz%,cohpeti-

~

tion for the substrate by TPI phosphodiesterase and éthér

non-specific phosphatases. Salway et él. {1967) reported

selective inhibition of TPI phosphodiesterase in rat brain T
¥ + 1

N

by EDTA (4 mM) while others have found IPI phosphafasg to
be"inhibiyed as well (Lee and Huggin, 1968a, b; éheltawy

- et al., 1932). Both enzymes in chick brain were inhibited
by EDTA although the effect was smaller for TPI phosphgtase.'
Selective abolition of the diesterase activity was accomplished

°

in the presence or absence of CETAB by the use of EGTA, a
highly specific chelating agent of Ca2+. The‘phoséhatase, |
a Mgz+ requiring enzyme (Dawson and Thompson,” 1964),was
unaffected. .In the absence of CETAB, the activity was
’slightly enhanced by EGTA. This stimulation may be due to

the elimination of competition for the same substrate by .

TPI phosphodiesterase as was suggested earlier for EDTA .
stimulation in rat brain (Salway et al., 1967) and EGTA .

W

stimulatign in protozoa (Palmer, 1976)., Competition by

. the diesterase was not apparent in‘éhe presence of CETAB
since EGTA caused no stimulation of phosphatase activity.
Th;refore, EGTA was included in the measurement of TPI
p£osphatase activity. The effects of CETAB were found
to be more complex than initial;y expected, ° Stimulation
of the activity inVOlved a cémplex relationship between the

concentrations of detergent, substrate, Mg2+ and homogenate.

[ - u-w
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In the absénce of CETAB, the T%I phosphatase of embryonic -
Chlck brain was saturated with 0 2 mM-TPI (Fig. 33a).

Similar results were obta1ned.W1th homogenates of sciatig =

4

‘nerve of all ages where the specific activity was very lows

>

b

(Fig. 33c, d). ' Older chick brain’ homogenates-exhibited

)

* much- higher phosphatase activities and smaller amounts of
- . 3

o

homogenate were used in the assay system. These homogenates

require? more substrate to saturate Ehe enzyme but were

. L o

inhibited by 'TPI concentrations greater than 0.8'mM’ (Flg. -
33b).~ ) ’ /

? 5
-
9

+ Addition of CETAB greatly }ncreased the maximum
velocity:in both tigssues and prevented substrate inhibition
}n chick brain homoge;ates. Optimum stimulation occurred ~
at a CETAB/TPI molar ratlo of 2 (Fig. 34a,.b). The '
detergent also increased the sSﬁstrate concentra;iens
required for saturation of the enzyme in’ﬁoéh tissues go
et least 2 ﬁM. Sti ula %?n by CETAB (Fig. 53a, h, c, dfu
was greater fop embr opic tissues (4 - 8 fold) than for
adult tissues (2 - 3 fold): ‘

Sheltawy et 31. (1972) assumed that homogenates
of guinea pig brain‘contaiﬁed gufficient ﬂﬂﬁ* t0 meet e
requirements both for an activating ion and to moddrate t&g?
negative charge on the substrate. This is not a valid
assumption fe; homogenates of chick neural tissues since
addition of M.gCl2 to ‘the incubation mixture enhanced the

TPI phosphatase activity. In the absence of CETAB, a 10

fold increase-in activity occurred with 2 mM-Mg2+ at the .

¥

. ¢

¥
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Fig. 33: The Effect of CETAB on the Substrate Dependence of
Chick Nervous System TPI Phosphatase Activities. Assays
were as described without added MgClj-using‘homogenates of
(a) 15 day embyyonic chick brain (0.12 mg protein); (b)

.6, day chick brain (0.I9 mg protein; (c) 15 day embryonic
chick sciatic nerve (0.20 mg protein and (d) adult chicken
sciatic nerve (0.20 mg protein). Assays contained: no

CETAB (®); CETAB/TPI ratios of 1/1 (O); 2/1 (A) and

2.5/1 (4). Reaction product expressed as ug Pi/assay.
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INORGANIC PHOSPHATE (pg,P)

0 1 2 0 1 2 ,

CETAB/TP1 RATIO

£l

Fig. 34: Effect of CETAB/TPI Ratio on TPI Phosphatase Activity. Standard assay
conditions were ,used without added MgCl,. (a) Homogenates used were from 6 day chick
brain containfing 0,14 mg*protein/assay. Substrate concentrations were: a, 0.6 mM;

o, 1 mM; e, mM. (b) Homegenates used were from: i, 17 day embryonic brain (0.07
mg protein)s ©, adult chicken sciatic nerve (0.20 mg protein) and e, 15 day embrygnic
chick /sciatic nerve (0.19 mg protein). Substrate concentrations were 2 mM.
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optimum substrate concentration of 1 mM (Fig. 35). The
requirement was reduced to 1 mM in the presence of CETAB
but remained the same for both.concentrations of CETAB
confirming that the added Mgz* is required for anoth:f‘,
purpose as well as to neutralize substrate charqg. This
was also apparent iz} the failuré to acr;ieve ﬁinear
'relationship of activity with increasing prot;in concen-
. trations ih the absence of Mg2+ with or without CETAB
(Fig. 36). This’is characteristic of the presence of
act;;ator in the homogenate (Dixon and Webb, 1964).

’ The subsﬁ;ate inhibition seen with brain
homogenates in the absence of CETAB (Fig. 33b) appears
to be the res&lt of inadequate neutralization of the
%ggative charge on the substrate by endogenous éivaleﬁt
éations. Coﬁpetition by TPI for the Mg2+ requifed by the

2+ (1 mM) aid

enzyme may also contribute., Addition of Mg
not prevent inhibition by TPI when the M92+/TPI ratio
became less than about 1.7 (Fig. 35).~’Maintaining this
ratio congtant at 2.0 prevented inhibition by high

{
concentrations of TPI but no stimulation of the maximum

actiygﬁg occurréd. The ¥g2+/TPI ratio was nqt critical in'
the ;resence of CETAB (Fig. 37b) so longwas some Mg2+

was added (1 mM). Under, these conditions! the maxiﬁum
activity was considerably increased (4 fold); As observéd
earlier the concentration of substrate required to saturate
the system was increased to over 2 mM. The requirements

2+ at a CETAB/TPI ratio of 2/1 did not change with

~/

4
. ™

for Mg

—

.
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Fig. 35: The Effect of Magnesium on TPT Phosphatase.

Agsays were as described using a homogenate of 26 day

chick brain (0.14 mg, protein) and 1 mM-TPI. The CETAB
concentrations were: none (o), 1 mM (o), 2 M (A). '
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Fig. 36: T}€& Dependence of TPI-Phosphatase Activity on the
Amount of Homogenate. Activity was measured with a homo-
genate of whole brain from a 28 day old chick. The assay
system was as described using 2 mM-TPJ - °*4, niM-CETAB with
(@) and without (O) 0.8 mM-MgCl,. When CETAB was omitted
(triangles) the TPI concentration was”reduced to 0.5 mM

to avoid substrate -inhibition and acdtivity was measured
with (&) and without (A) 1 mM-MgCl,.
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Pig. 37: Effect of Magne51um on the Substrate Dependence of TPI Phosphatase.
Assays were as descrlbed using a homogenate of 28 day chick brain (0.11 mg
protein). (a) In the absence of CETAB activities were measured in ‘the presence
of 1 mM-MgCly; (A) and with the ratio of MgCl2/TPI maintained at” 2/1 (a).
(b) Assays containihg CFTAB with 1 mM-MgCl, and CETAB/TPI J’:.atlo of 2/1 (0)
and with constant GfAB/TPI/MgClp ratigs of 2/1/1 (@).
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deGélopmental age. Both brain and nerve phosphatases
exhibited a broad peak of act%vity at 1 mM--~M92+ (Fig. 38).
Stimulation was greatest for chick brain hoyogenates.

The final assay system contai?dﬂfi mM-MgCl, ’
and a saturating concentration of TPT 2.\ mM) with sufficient
CETAB (5.6 mM) to give optimum CETAB/TPI ratio of 2.

Using these conditions, the response to incregsing proteih
was linear (0.01 - 0.1 mg protein) for homogenates of embgyo—
nic and older chick tissues (Fig. 36 & 39a)./The time course
of the release of inorganic-P was also lini r up to at least
20 min (Fig. 39b).and a ?road optimum from pH 6.8 = 7.5

was observed (Fig. 40). Thin~-layer chromatography of t%e
lipid productslbf the reaction confirmed that DPI dad n;t

]

accu@ulaté but were depho%phorylated‘%o PI as had beeﬁﬁ
reportgd for the‘TPI phosphatase of brain (éheltawy et gi.,’
1972) and kidney cqftex (Lee and Huggins, 1968b). ,
Tﬁe-presence of acid and alkaliné phosphatases |
represent potential sources of error in TPI phosphatase
measurements., Alﬁaline phosphatase can bé inhibited by °,
EDTA (Hubscher and West, 19653 or cysteine (Coopér and
Hawthorne, 1975) and acid’phospyat?sgs are inhibited by
fluofide {Hubscher qnd West, 1964; thgn, 1970). ED?A is
not appropriate in this assay system since it inhivAts the
TPI phosphatase, . Addition of NaF or cys%e%ne (up to 3 mM)
to homogenates of éhigk neural tissges had no effect on the
liberation of inorganic-P from TPI suggesting that neither’

alkaline nor acid phosphatases coptributed to the measured




Rty

B .
PO .
e g TE T 4

¥

)

INORGANIC PHOSPHATE (pg P)

Fig. 38: Effect of MgCly on TPI Phosphatase. Standard
assay_ conditjons used. .Enzyme sources were: A, 18 day
0ld chick brain (0.11 mg protein); A, 17 day embryonic
chick brain (0.07 mg protein); O, adult chicken sciatit
nerve (0,20 mg protein); @, 15 day embryonic chick
sciatic nerve (0.20 mg protein).
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Fig. 39: s
(a) Effect of Protein Concentration on TPI Phosphatase Actavity.. Stand;:;“\\\\ .

assay conditions were used. Sources of enzyme were: A, 17 day embryonic
chick brain, e, 17 day embryonic chick”sciatic nerve; O, 21 da¥ chick sciatic
nerve,

(b) Time-Course of TPI Phosphatase Activity. Standard assay conditions were
used. Sources of enzyme were: A, 17 day embryonic chick brain (0.07 mg proteln),
s, 21 day old chrck brain (0.06-'mg); @, 17 day embryonic chick sciatic nerve
(O 26 mg protein; O, adult chicken sciatic nerve (0.16 mg protein).
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v Fig. 40) Effect .0f pH on TPI Phosphatase. Assays were as

described. Sources of enzymes were: A, A, 17 day embryonic

chick brain (0.07 mg protein)y @, 0, 2T day old chick brain

(0.06 mg protein); m, o, 17 day embryon ¢ chick sciatic
nerve (0.19 mg protein). ;~¥, Vv, adult chickenfsciatic nerve
(0.20 mg protein). Solid symbols, 45 mM\; Tkis-HCl; open
symbols, 50 mM~HEPES ~ 50 mM=-MES. -
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acg;vity (Table 31). Higher concentrations of cysteine

were élightly inhibitory.J/Blank values, already low, '
b

were marginally reduced b oth{aéents. Stimulation of °

the activity by CETAB and a sensitive detection system
permipted ;pe use of small amounts of protein, thus furthérﬂ
reducing the effect of any possible hydrolysis of TPI by ,

non-specific phosphatases. Reduced gluéathione, which has

been reported to stimu%ate’TPI phosphatase (Dawson and

s

Thompson, 1964), had no net effect in our assay system at

T

up to 15'mn concentrations. Higher amounts (20 me were .
inhibitory . (Table 31). Thé'bH 5 supernatant” fraction

(Sheltawy et al., 1972) prepared-from either rat brain or’ L

chick brajn also had very little effect in the presence

of CETAB. These agents were therefore not"included in

the routine assay systeg%/// ’ ’

2. Characteristics of TPI Phosphodiesterase
. ) L &

»
v

'Stimulatio‘.Pf TPI phosphodiesterase in crude

homogenates by KC1 h?s been repdrted for rat brain (Keough
and Thompson, ;9701{ however, the optimum concentrationfbf‘ .
KCl was determined only for TPI phosphatase (Dawson and
Thompson, 1964; Sheltawy et al., 1972). In chick brain
homogenates the effec£ of KCl was found to be both time

and concentration dependent (Fig., '4la). Preincubation of
the homogenate with KC1 for 10 min was necessary to obtain
the maximqm effect, particularly at low KCl concentrations.

All the chick neural tissues exhibited a similar response
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_;éahle 31, Effect of Sodium Fluoride, Cysteine and

' Reduced Glutathione on TPI Phosphatase Activity |,

Addition , ‘ % of Control
No;e?* 100
NaF , 0.5 mM 95
1.0 mM 99
1.5 mM ) « 101
2,0 mu , 93
~ Cysteine 1 =M To2'
3 mM ‘ 96
5 mM i : 83
Glutathione 10 mﬁ‘d . g 97
(reéuqed) 15 M 102
T« 20 M 74

"

-

* Standard assay conditiqns ‘using homogenates from 20 day
chick brain, 0.095 mg protein (for NaF & Cysteine) and 21

day embryonic chick brain, 0,08 mg protein (for glutathione).

** Homogenates added after the addition of BSA and HC1O,.
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: Fig. 41: °

(a) The Effect of Pre-Incubation with KC1l on TPI Phosphdalesterase. Incubation mixture
contained 45 mM-Tris-HC1l (pH 7.2), tissue homogenate (16 day embryonic chick brain, 0.13
mg protein) and 1.5 mM-TPI, reaction time 7 min.

(b). The Effect of KCl Concentrations on TPI Phosphodlesterase. Reaction conditions
as above but contained 1.0 mM-TPI. Homogenates were used from: e, 9 day chick brain
(0.21 mg protein); o, 16 day embryonic brain (.13 mg protein); &, adult chickenasciatic
nerve (0.20 mg protein); A, 15 day embryonic sciatic nerve (0.19 mg protein). Embryonic -

chick brain was also assayed with 1.% mM-TPI and 3 mM~CETAB., Pre-incubation time of 10
min was used, “

—
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to KCl, optimum activity occurring with 0.12 - 0.2 M-KCl
ih the absence of CETAB (Fig. 41b). The optimum was slightly

shifted toward higher KCl concentrations in the presence of

CETAB and all subsequent assays included 0.2 M-KCl. "

»

. Stimulation of brain TPI phosphodiesterase activity

" by CETAB has been reported (Thompson and Dawson, 1964b;

Keough and Thompson, 1972) and in each case the molar ratio

of CETAB to TPI was critical for optimum activity. The
optimum ratio at any gubstrate concentrgtion was 2/1 for
homogenates of chick brain (Fig. 42a). As reported earlier
for bovine brain (Thompson and Dawson, 1964b), no stimulation
occyrred below a threshold }atio of about 0.5/1,Nliﬁ2$1ar
results were obseryed for embryonic chick brain and for
embryonic and adult sciatic nerves (Fig. 42b). 1In the absence
of éETAB, the TPI phosphodiesterase was saturated by 0.5 mM-TPI;
Although the total activity was greatly enhanced by CETAB,

the apparent affinity‘of the enzyme for TPI was reduced (Fig.
43a, b, ¢, d). The enzyme could not be fully saturated at
practical substrate concentrations particularly in older

chick brain where saturation was not achieved in some prepara-

[3

tions up to 5 mM-TPT.

2+ 4o the

Addition of low concentrations of Ca
crude homogenates caused some increase in activity «(Fig.
44a). Higher concentrations resulted in inhibition which
was accompanied by obvious precipitation of the substrate.
Optimum levels of CETAB were present in these experiments

2+ was not required for substrate

2+

suggesting that the Ca

neutralization and that the Ca®  content of the homogenate
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Fig. 42: The Effect of CETAB 6n TPI Phosphodiesterase Activity in Chick BYrain.

were as described without added calcium.

(a) The effect of 1ngrea51ng CETAB/TPI ratios using @ homogenite of 10
o4mM(.),10mM(o$,15mM (4), 2.0 mM

(0.12 mg protein). TPI concentratlons were:
(A) and 3.0 mM (D).

(b) The Optimum CETAB/TPI Ratio for TPI Ph05phod1esterase Activity.

Assays

day chick brain

TPI concentration

was 2.0 mM and the sources of enzyme were: A4, 15 day embryonic chick brain (0.06 mg
protein); e, 17 day embryonic chick sciaticmerve (0. G9 mg protein); o, adult chicken

sciatic nerve (0.20 mg protein).

¥
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Standard assay conditions were used without added calcium.
. Homogenatas from: (a) 15 day embryonic chick brain (0.06

mg proteim), (by 10 day chick brain (0.115 mg protein),

(c) 17 day embryonic+chick sciatic nerve (0.09 mg protein)
and. (d) adqult chicken 'sciatic nerve (0.2 mg protein). TPI
alone (®); CETAB/TPI-ratios of 1/1 (o) for (b) and (c) and
1.5/1 for {(a) apd (d); 2/1 (a) and 2.5/1 (v). .
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was inadequate for optimum agfivation of the enzyme. The

-requirement for Ca2+ was dependent to some extent upon prior

s

treatment of the homogenate with XKCl, The amount of stimu-

. 2+ ’
lation by Ca“’ was greater but the imum activity obtained
. [ 3

lwith Ca2+ alone was considerébly lower“than in the presence
of Kci‘ On the other hand, Mng was ingibitory. As'
anticipated, M92+ stimulated the TPI phosphatase activity
in the'ﬂomogegatés. The release of Pi was suppéessed bi
Cazt (Fig. 44b) thus making it possible to assaJ the
diesterase without significant' competition from the TPI. ;‘
phosphatase. Similar observations were.made for embryonic
brain and both embfyénlc and adult sciatic nerve 4Fi§; 45) .,
Optimum activity wa; obtained w1th”0.é ﬁM—CaClz.

‘Very low activities were encountered in mature
nerve. For the intended devélopmental studé itiwas )
désirable to eﬁpance tﬁe activity w%th CéEAB. Tﬁe final

»

- assay system contained KCl (0.2 mM), CaCl, (0.2 mM), CETAB

>

(5.6 mM) aﬂa QPI (2.Q mM). Since the phosppod;fsterase was
th fuily saturated the reaction rate could be expected %o
decrease with time. The reaction rate was in fact .constant
for only 7 - 10 min (Fig. 46). With this short incubat

tion period the release of organic phosph;ﬁe was ;ineaf
with respect to enzyme concentration so ‘long as no more

than 25% of the substrate was consumed in #he reaction

(Fig. 47). Both central and peripheral nervous tissues

exhibited the same pH'optimum at 7.2 - 7.4 (Fig. 48).
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were described with 10 min incubation tifle using a homogenate qof 28 day chick brain - -

(0.05 mg protein).

(a) and inorganic phosphate”(b).

(e, 0) and MgCl

»

~

Activity was measured with (solid symbols) and without (open
symbols) preincubation of the homogenate with 0.15.M KC1,
concentrations of both CaCl

The effects of increasing.
2(A,A) on the release of organic phosphifte
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Fig. 45: Effect of Ca2+ and Mg2+ on the TPI Phosphodies-
terase of Chick Nervous Tissues. Standard assay conditions ;
with added CcaCl, (e) or MgCl, (A) in the presence aof 2.0 M-
KCl. Dataiwas cz:btained with®(a) 15 day embryonic chick
brain (0.7 |mg protein), (b) 17 day embryonic chick sciatic .
nerve (0,03 mg protein) and (c) adult-chicken sciatic nerve .
(0.08 .mg pfotein). o
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brain (0.04 mg proteind); a, adult chicken sciatic nerve (0.06 mg protein); A, 17 day .
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Fig. 47: Dependence of TPI Phosphodiesterase Activity on
Enzyme - Concentration. Assay conditions were as described
in "Methods". Sources of enzyme were: 0, 17 day embryonic
chick brain; @, 28 day old chick brain; A, 17 day embryonic
. chick sciatic nerve and A, adult chicken sciatic nerve.

3 ‘%w*ﬁ‘ Baw, w -

N



>

i

*

ES N

.

Fig. 48: pH Dependence’df TPI Phosphodiesterase., Assay
.conditions were as described.in "Methods" and buffered ,
with 45, mM-Tris-HC1 (solid symbols) or 5Q mM-HEPES = 50
mM-MES (open symbols). Enzyme sources wgre: m, o, 17 day
embryonic chick sciatic nerve (0,02 mg protein); wv,v,
adult chick sciatic nerve (0.07 mg protein); a, o, 17 day
embryonic chick Hrain (0.03 mg protein); e, o, 21 day old
chick brain (0.06 mg protein).

MES: 2-(N-morpholino)ethanesulphonic acid
HEPES :N-2~hydroxy-methyl piperazine-N-2-ethanesulphdnic acid

v
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D, ’POLYPHég;;QINésIT;DE METABOLISM IN DEVELOPING

» CHICKEN CENTRAL AND PERIPHERAL NERVOUS SYSTEMS

The difficulties of expressing biochemidsl

enzyme activities relative to protein is not ideal ‘since
inqividual brain proteins accpmulate at different rates and *
hence may affect the observed activity. Probably the

preferred é;pressioz is relative to tissue weiéﬁt (Rouser ’

C g et gl.\i&?lZ) but earlier studies ha;e used .activity/mg
protein and total activity/@héle tissue’as well (Sa}way

et al., 1968), Expréssion of activities in terms of unit

. DNA is also complex and seldom is used. The data in this

S gtudy are presented graphically in 3 ways; relative to wet

. weight, to protein and to anatomical. unit }.e. per whole J o
Rk brain, or' n number Jf nerve pairs. Unless otherwise i

indicated, descriptive statements will refer to data

expressed relative to wet weight of tissue. Shaded areas

in the graphs indicate the period of most rapid myelin

accuﬁulation as defined earlier by cerebrosides deposition

"

(see Fig. 13).

' I .
1. Polyphosphoinositide Synthesis

. ngeral diff}éulties were encountered in
determining the two phosphoinositide kinase activities in
the presence of Cutscum e.g. (i) the amount of Cutscum

required for optimum activity varied with the amount of

t
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protgiﬁ in the homogénate, (ii) the sub§trate (PI, DPI)
requirements were altered etc. Even using the apparentL
optimum conditions (including suitable Cutscum/protein
ratios for both brain and sciatic nerve), the results , -
were less reproducible than those obtained in th% absence
of detergent. The variability was greatest with homdgenates

of embryonic tigsues (e.g. the stimulation observed in a °

]

¢

"given homogenate ranged from 8 - 15 fold in 15 day
&« ¥ \

embryonic brain compared to 6 - 9 fold in adult brain). | -

Al -

Therefore, the use of Cutscum was initialli avoided. 'Both ‘

" sciatic nerve qugressﬁzggiig Figs. 49, 50, 51 & 52, N
In the absence of detergent it is principgally enQogenous‘
PI which is phosphorylat;d by PIK at either pH 7.4 or 8.3 .
and inhibition by DPI does not occur (Fig. 15a, Table 26).
Since the éeactio éonditions were‘otperwise similar, the '
DPIK agsays prbviggé 4 measure of PIK acti&ity at pH 7.4 @
when the incorgoration of 32? into BPI was also measureq.
‘These values ;re included in Figs. 49 & 51 since the
‘previous developmental studies of PIK in postnatal rat
brain were at EH 7.4 (salway et al., 1968; Eichberg and
Hauser, 1969) andlsciatic nerve PIK appeared to be active
over ; bgoad range of pH.‘ In this work as in an earlier
study (éalwa& et al., 1968), expression of kinage activities
relative to protein and to tissue weight yielded similar

developmental patterns., The pattern was even quite similar
$

i
\ .

~>
»

ey
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when represented relative to the weight of the whole tissue.

However, the adult values were always the highest, even

2

though the activities had stabilized or declined when
expressed relative to protein or wet weight. This is due

to the very large increéase in size of the brain and sciatic
¥

nerve (see Table 12). '

The PIK activity was low in unmyelinated

embryonic brain and the 4 - 5 fold increase wag;coincident 4

.

sy . . . . .
with the period of most active myelination (Fig. 49). The
A
activity increased very little after this period. A

3

similar developmental pattern was observed at pH 7.4. The

DPIK activity in chick brain also increased dramatically

(4 fold) during the period of most active myelination and

remained unchanged thrdéughout subsequent maturation CFig.
50).

3

The developmental patterns for both PIK and

| T LN

i
DPIK were. very different in chick sciatic nerve (Figs. 51,

52). The PIK activity doubled during the initial phase

,e“&'@buf—?’ "ﬁm -

of myelination and.then decreased quickly to premyelina-

P Y

tion levels (Fig. 51). The activity continued to fall to

very low values characteristic of mature nerve. The DPIK

A

activity also increased 2 - 3 fold during the initial

&

B 1

phase of myelination and then fell to premyelination

.
WA

i levels (Fig. 52).

Y' The fall in PIK and DPIK activities in chick

«""’e’i

\§?iatic nerye during maturation was unexpected in view of

the continued accumulation of TPI long after the period

.

T o TR F‘"? -
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Fig. 49: Phosphatidylinositol Kinase Activity in Developing
Chicken Brain, Standard assay conditions were used.

(#) activity at pH 8.3, (A) activity at pH 7.4 obtained

from DPI kinase assay (see text)., Each value is the mean of
at least 3 determinations (different homogenate prepara-
tions). The vertical bars represent the standard deviation
where it is larger than the symbol. The shaded area repre-
sents the period of most rapid myelin accummulation.
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Fig. 50: Diphosphoinositide Kinase Activity in Developing
Chicken Brain. Standard assay conditions were used. Each
value is the mean of at least 3 determinations (different
homogenate preparations). The vertical bars represent the
standard deviation where it is larger than the symbol,

The shaded area represents the period of most rapid myelin
accummulation.
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of most active myelination (see Table 18). It was

,considered possible that the increasing amounts of compact

. ) 8

myelin and connective tissue{might reduce access of tﬁé
exogenous substrates (ATP, DPI) to the en;ymes and .
contxibute to the declining activities as the nerve matures.
Therefore, the enzymatic activit;es in both chick brain and
sciatic nerve were redetermined‘in‘;he presence of ‘optimum
amounts of Cu%scum. The résulés confirmed that both kinase
activities increase during myelination and remain high in C\\
chick brain (Fig. 53a, b). The devélopmental pattern Bf -
PIK-was‘tidentical to that observed yiihbut Cutscum except
f?i the higher activities. The DPIK activity increased
ogly 2 fold at the onset of myelination (Fig. 53b). This
in part reflects the greater stimulation of embryonic
homogenates’by Cutscum. °~ It remained constant thereafter.
Measurements of PIK and DPIK in the presence of Cutscum
also cbnfirmed th;t ;hese activities, decline in sciatic
nerve‘after the period of most active myelfhation (Fig. 4
52a, b). However, the developmental pattern was altéred.
The PIK activity intreased during myelinétion, but the
peak of activity occurged later (7 - 10 day chick). The
DPE{‘assays yielded the highest values in unmyelinated
nerves followed by a decline’to low adult values. -
' The data obtained with detergent-solubilized

systenm is usegul for comparative purposes only, since the

tissue homogenates were those used in the initial studies

without detergent which had been stored frozen at -20°C

- "
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for 30 - 40 déys.y Considering the many additional variables

.encountered with Cutgcum supplemented assays, the data

. Yoy
without detergent is mgfe reliable. The graphs, however,

I

do§cgnfirm that the activities of both kinages decrease

agter the initial period of myelination in nerve but noﬂ{ .

in brain. e

]

2,) Triphosphoinositide Hydrolysis

1

-
> ¥ Y

The maximum level of TPI phosphatase’ activity

»

in myelinated adult chicken brain (14.1 * 1.7 wmol
ihorg&nic—P réleased/min/g wet we;ght)‘was at least 2
ordgrs of magnitude greater tﬁan\thg‘phosphoinositide
kinase activities (see Figs. 29; 50) and significant
activity ;as present in}preﬁ;elinat embryonic brain.
The rapid inc&ease in the activity occurred over a short
period and coinpided‘with the rapid deposition of myelin
(Fig. 55). The TPI phosphoaiesterase activity, like TPI
phosphatase, was 2 ordetrs of magnitude greatei than the
phosphoinositide kinase activities in chick brain but the
increase occurred over a longer ‘period of time and was k%>
not specifically correlated with myelination (Fig, 56).
This observation is at variance with the results in post-

natal. rat brain where a closer association of the enzyme

activity with myelination has been regérted (Keough and

* Thompson, 1970). If expressed relative to protein, the

phosphodiesterase activity rose ahruptly 5 days before the

onget of myelination and remained constant -thereafter.

.
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. The developmental patterrs of both hydrolytic
activities were also very different in sciatic nerve.

The TPI phosphétase activity did not change appreciably

with age and was lowelr than the activity in embryonic

e

eﬁrain (Fig. 57). yonic chick sciatic nerve exhibited

high TPI p%osphod#gst ase activities equal to that found

in adult brain (Fig. 58). This activity Eyeadily declineé B
» with increasing, age with no abrupt-chapgg‘during myelination.

The phosghodiestgrase activity in adult perve)?as ﬁ?mpar?ble

to that ,found in embryonic brain. The total activity of both

enzymes in sciatic nerve increased during and after ‘the’ |

. G . N
period of myelination as a nsequenceé of the growth in the
,58¢) .

. 4

size of the nerves (Figs. 57c

3
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A. CHEMI?AL COMPOSITION OF THE DEVELOPING CHICKEN

CENTRAL AND PERIPHERAIL NERVOUS SYSTEMS

l. Periods of Active Myelination -

Wells” and Dittmer (1967) related lipid changes to
the three periods of development in the postnatal rat brain:
premyélination (1 - 10 days), rapid myelination (11 - gO
days) and a period'of late maturation continuing to adult-
hood ring which myelin accumulation continues at a slower
rate, Sim;larly, these three major developmenta;vstages ’
may be distinguished in both chick brain and sciatic nerve.
It is generally accepted that Cer are primarily myelin
c&ﬁponents (Garrigan and Chargaff, 1963; Wells and
Dittmer, 1967; Eng and Noble, 1968; Norton and Poduslo,
1973). Cerebrosides are a;sent from pre-myelination rat
brain (Wells and Dittmer, 1967) although other galacto- h
lipids (Sulf and galactosyl diglycerides) are present in’
small gquantities. Héwever, Cer are not compleFely restricted
to myelin., This is particulariy evident in emb;yonic chick
brain where 26% of the aduit concentration gf galactolipids
is present prior to the appearance of microscopically
demonstrable myelin at 17 - 18 days. Only a small portion
of these galactolipids are Sulf (5%). Both the present and .
earlier work depict a period of active galactolipid depo-
gition in chick embryoﬁic brain, béginning at the 18th

day of incubation and continuing until shortly after

hatching. In chick embryo sciatic nerve the concentration
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of galactolipids was very low it 15 days but increased
dramatically over the next 10 days (the proportion repre-
sented by Sulf was constant). Similar-observations have
been recently made for human (Daviso; et al., 1973) and
rabbit sciatic nerves (Yates and Wherrett, 1974). The
presence of small quantities of galactolipids in 15 day
embryonic chick sciatic nerve suggests that early m}eli-
nation may have just begun. Their subsequent deposition
indicates a slightly longer period of very active myeli-
n;tion in nerve than in brain which continues for 3 or 4
days after hatching. Nucleoside-2°:3°-cyclic Phospﬂate~

3’-nucleotidohydrolase (EC 3.1:4,16) is well documented

> as a m’in marker for CNS although its role in the

peripheral nervous system is not as certain. Activity
appears in 17 day embryonic chick brain followed by a pe}iod
of rapid increase lasting until 2 - 3 days after hatching
(Kurihara and Tsukada, 1968). Recent studies (Dreiling

and Newburgh, 1972; Mezei and Palmer, 1374) have shown

this enzyme to be absent in 14 day embryonic nerve and to
increase rapidly to maximum activity in the 1 - 2 day old
chick. These periods of rapid myelination correlate well
with earlier anatomical and histological studies (Geren,

4

1954; Carpenter amd Bergland, 1957; El-Eishi, 1967).

2, Changes in Weight, ‘Nucleic Acids and Protein

The most apparent increase in the weight of

both chick neural tissues occurs during the period close
| .
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to that of rapid galactolipid deposition. Kurihara aﬁa_
Tsukada (1968) observed doubling of the mass in rat brain
during this period. Other workers also obser;ednan increase
in chick brain weight similar to the one reported her%
{Freysz et al., 1971). Shrivastaw and Subba-Roa (1975)
reported an inc;ease in w?ight but their values for the
total weight of the chick brain were somewhat smaller'than
repor@gd here probably because -the brain samples they used
did not include cerebellum., Lipids,and to ; much lesser
extent proteins, are deposited at much higher rates during
the period of rapid myelination than at any.developmental
age as a result of the accumulation of 1ipid~ricp membranes.,

€ -

This is reflected by the steady decrease (relative to wet

» -

wt.) in nucleic acid concentrations and increase in
protein/DNA ratios, in both chick brain and sciatic nerve

(see Tables 13 & 14), The decrease in nucleic acid concentra-
tions suggests an increase in cell size without cellular
proliferation. These results are i; agreement with recent

studies of rabbit sciatic nerve and chick brain (Yates and

Wherret, 1974; Shrivastaw and Subba-Roa, 1975)., The latter

‘'workers also noted a marked increase in the DN% content of

the chick brain at 2 years of age as comparegh;o the values
at 10 days. In the present study, this increase was smaller
in brain excegzwskgt. in whole sciatic nerve about a 6 fold
increase occurred over the same period. A similar rise

in the DNA content of rat brain has been obsgerved and was
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interpreted as a reflectioﬁ of progressive proliferation

" of glial cells with aging (Vernadakis, 1973). Earlier

studies have supported the general idea that the accumula-

tion of DNA in brain is only marginal after hatching in the
q?icken and after 21 days postnatally in the rat (Winick and
Noble, 1965; Margolis, 1969; Zamenhof et al., 1971; Howard,
1973). However, these workers did not analyze very old

brains (less than 100 days of age; in one instance 425 days).

3. Lipid Composition

The values for lipids reported here for adult
chicken hrain are compar;ble to several previous studies
(Sheltawy and Dawson, 1969b). During the initial phasés of
this investigation, a comprehensive analysis of the phqspho-

lipids in chick brain covering the period from 7 day embryo

to adult appeared‘(Freyszgg al,, 1971)}. 1If converteg"to

the same mode of expression their values are very similar

to those in Table 17 except for the PPI. They reported
almost equimolér concentrations of DPI and TPI in brains

It is well known that TPI is rapidly degraded
after death at least initiall& to DPI (Sheltawy and Dawson,
1969a). The best analytical procedures for.PPI have
minimized this loss by freezing the tissues immediétely

in liquid nitrogen, a precaution not taken by Freysz et al.
(1971). However, their values for toﬁéi PPI were similar
to those reported here. The present study also exhibited

e
a higher TPI/DPI ratio for adult chicken than reported by

}\ .
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Sheltawy and Dawson (1966); however, the relative propor-
tions ‘of each class of phoéphol%Fid,,cholesterol and
galactolipid were similar. This may simply reflect the
use ofﬂdifferent‘breéds of chicken since such differences

L] I

have been observed in stqdies of sciatic nerve cholesterol
“and cholesterol esters (€. Mezei, private gommunication).
After tﬁe liptd analyses of chick srain and
sciatic nerve had been completed, Hauser and Eichber;
(1973) repprted greatly’improved recoveries of DPI when
calcium‘ﬁdé added to the first, solvent in the extraction
scheme. . herefore, the vallues for PPI in Tables 17 & 18,
obtained without CaCl2 might not represent the in vivp

concentrations of these lipidg. The effect was confirmed

a -

work by others in this

laboratery. The.amo

v

added CaCl2 required for optimum
recovery is different than reported for rat brain and

. - decreases with age from 30 - 60 umol/g of tissue for

embryonic bra%g to 15 umol/g of tissue for adult brain

(Shaikh and Palmer, 1976). It seems likely that the

these lipids to.tissue proteins. An

i

earlier study (Pal , 1971) found that divalent cations
suppressea\the readsorption of acidic phospkolipids onto
insoluble tissue proteins from C-M when sufficient water
was added to éesult in a two phase system. It is evident

. that adsorption onto tissue proteins is enhanced by calcium

»~

4 " ' e

1 4
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when.éhe proportion of water is well below that which gives
two phases. The effect of Eacl2 also varies with the

tissue studied. The addition of even small amounts of

CaCl2 has little if any henegzpial effect o;beI recoveries
from both embryonic and chick sciatic nerves; however,
recoveries 5f.TPI are‘reduceé, greatly so in the older nerves.
Hauser and Eichberg (1973) noted little effect on PPI. N
recoveries from rat kidney and suggested that the probable
reason was the higher calcium content of kidney tissue.
Shgseqhent work in this‘laboratory showed that this is not

a likely explanation fq; chick nervous tissues. Alter-
natively, these effecﬁf may reflect dffféring‘tissue con-
centrations'of ?cidic'and bagic proteins which bind PPI,

the former via calcium salt bridges (Dawson, 19§5; Palmer
and Dawsqn, 1969). Both classes of prptei&s are known to
increase during maturation in brain (Cicer&’gg al., 1970;

Roboz-Einstein et al., 1970; Rappoport et al., 1971).

b,

' Improved values of chick brain PPI obtained
4& with CaClz-fortified solvents are presented in Fig. 59.
The recoveries of these lipids were increased considefably

at all ages‘but the developmental pattern remained unchanged.)

4, Lipids and Development

When the data for the lipid constituents of chick
brain are considered relative.to their concentration in
adult brain they generally fit the classification derived

by Wells and Dittmer (1967) for rat brain. Although present

-y
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Fig. 59: The Deposition of Polyphosphoinositides in
Developing Chicken Brain: Comparison of polyphospho~
inositides concentratlons determined with and without
added CaC12 in extracting solvents.
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in considerable concentration prior to the onset of myeli-

nation, EPG increased more rapidly during myelination in

»

chick brain than other “components classified as general
membrane lipids. ‘

This more clearly reflegts the higher

concentration of ethanolamine plasmalogens found in myelin
membranes (qurocks, 1972).

Lipids occurring in very low
)
initial relative amounts which undergo more rapid increases

are quantitatively more important components of myelin.

i To
be congidered exclu51vel§ a myelin constituent a compound

must be absent prior to myeilnatlon.

Only Cer meet these
criteria in rat brain (Wells and Dittmer, 1967; Norton and
Poduslo, 1973).

~

Polyphosphoinositides deposition has
generally been reported to follow a 51m11er pattern to that
of Cer in brain, although results have varied w1th different
laboratorles and spec1es. The greatly improved yields
achieved by adding CaCl, to the system make

earlier values
for these lipids obsolete, particularly for DPI in immature
brain, -

-
DPI were present at 1/3 oflthe adult concentration

before the onset of myelination in chick brdin and increased

. . - \
abruptly to adult level within the perfod of rapid myeli-
nation ‘(the same’as Cer and Sulf).

N
A}

a

]

membrqp$s and the concentration in these membranes is

This pattern suggests
that DPI are constituents of both myelin and non-myelin
probably different but' ¢constant.

N
‘Triphosphoinosgitides and
Sph were the only lipids present at less than 10% of the

adult concentration in 11 - 13 day embryonic chick brain.

: &
When expressed relative to the adult concentra-

a

-
. {

»

-
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in the amount present in 15 day embryonic nerve with norle

-~
Py

exceeding 25% of the adult values. Phosphatidylinositols
Fwere present at 40% of the adult concentration and increased
slowly without any sharp increase during the most active
myelination. Phosphatidylcholines were present af the

adult concentration before myelination and showed &n initial
increase followed by a subsequent decline. This lipid is

a major component of membranes, including myelin, and its
concentration probably reflects the initial deposition of

myelin followed by a change in the composition:of the myelin

2
K

dur%ng stages of development,
Considerable evidence now available suggests that

PPI are principally components o? the myelin sheath or an

anétomically contigugus structure. The presence of

DPI and TPI mostly in a "myelin-rich" subcellular‘fraction

and their 2 - 3 fold enrichment (as a % of total phogpholipids)

in the highly purified myelin support this suggestion "(Eichberg -

anq Dawson, 1965). Further support arises from the obser-

vation that substantially hiéher quantities of these compounds

are éresent in myelinated than unmyelinated peripheral nerves

(sheltawy and Dawson, 1966). The levels of DPI .and TPI,'as

well as several of the enzymes involved in gheir metabolism,

were found to incfease in rat brain during development, most

rapidly during the period of maximal myelination {Eichberg

¢

and Hauser, 1967; Wells and Dittmer, 1967; Salway et al.,

i
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1968; sheltawy and Dawson, l969a; Keough and Thompson,
4

+1970) . The results of the present study complement the |

~"
above suggestions. The content of PPI in both chick brain
and stiatic nerve increased dramatically during deveiopment.

The increase was much greater than for mosﬁ\other lipids.

\,
In chick brain, the rapid increase in TPI cohg;:tration

which .continued into adulthood supports that they are

largely associated with myelin. quever, there’are indi-
cations that an appreciable pogtion of PPI may bé{components
of non-myelin structures (Hquser‘gg,%i.d 1971), Both PPI
are present prior to myelination in rat*brain (Eichberg
and Hauser, 1973) as well as chick bralé% gvidencéhQas
also been r?ported for the presence of';mélg guanti :es

»

of PPI in brain subcellular fractions other thammyelin

(Eichberg and Dawson, 1965; Hajr; EE‘EE"'!QGK{jaS wé@l
as in astrocytes in cell culture (éﬁuser et al., 1970).
The PPIAhave also bgen identified, usually in dow |
quan;ities, inﬁa wide Qariety\of mammalian tissues in

addition to brain-and also in protozoa and yeast (see Section

I.C.4). The deficibnecy of TPI is less than that of Cer in

&

S

i

e

. the brains of "quakKing" mice which are characterized by defic-

v

ient myelination while DPI are unaffected {Hauser et al.; \\

) 19715; Dawson and Clarke, 1971). These data suggest an extra- \\\

i“i M"

2
R

o  E T

b4

myelin compartment containing DPI and some TPI'and a myelin
compartment containing mainly TPI which is consistent with
earlier studies of white and gray matter (Hauser et al.,

1971a) . A recent fractionation study employing an a;kéline
A ° . . \
\ ¢ » -
3 \.\ N
\\
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medium to avo%d post-mortem breakdown and a CaCl2
supplemented extraction system has confirmed this i£bres=
sion (Eichberg and Hauser, 19733 and shown that only the
myelin PPI increase during mat;ration of the rat brain.
Futhg;more, there is qonsiderablé evidence that the meta-

bol\c activities of:the two pools of PPI are difkerent

(SheM;awy and Dawson, 1969a; Gofizalez-Sastre et 41.,

-

1971). 1It is not known where the putative nonfmyelin PPI:

pool is localized. In nervous system they may the

components %f plasma hembranes of neurones (including

axolemma and synaptic nlembranes) or localized in other
)

cells (astroglia, ependymal, microglia, etc.).

\h- : The 1ncrease of PPI content in sciatic dHerve

- ¢ 4

durlng developm nt was gneater %han brain. Both DPI and
TPI were absent before myellnatlon and their deposxtlon §
cloaely parallelea that of chfracterlstlcally myelln 11p1

(Cer). Thxs suggests that the eéxtra-myelin PPI pool 1s

v

either absent or very‘izdll in peripheral nerve. The very

low .quahtities of both {pPI ani TPI in partially‘myelinated/

unmyellnated periphexral nerves of lobster and cow support

A

1

this suggestlon (Sheltawy and Dawson, 1966) This is not

surprlslng since peripheral nerve is less’ complex, hav1ng

proportionately less non—myelln constltuentq. Axons
Coy

represent a small proportmon of the .nerve and there axe ',

\ v

N P
fewer cells. . . . . .

When the lipid data for whole chlck braln is*

expressed as mol percent of total llpld (Tablé 32», the

a
[ ‘ » ‘

.“

-

i

)
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B Embryo . Chick .
1. 13 15 17 19 21 2 4 8§ 12  140- Adult
A ) 160 .
3.4  32.6 32,8 35.7 36.6 35.8 35,7 36.0 37.4 34.2 37.9 38.0
Galacto—~ " - *
lipids 6.0 5.6 .4.8 4.3 4.6 8.3 8.1 8.1 7.8 8.1 6.9 6.9
Phospho=-»' o T
lipids 62.6 ° 61.8 62.4 60.0 58.8 55.9 56.2 55.9 54,8 57.7 55.2 55.1
CPG 31.4 30.9 29.6 28.2 25.6 27.3 24.9 24,3 22,7 22.5 19.8 20.0
EPG 18.8  19.7 17.0 18.6: 19.7 20.4 19.4 19,4 19.1 21.2 22.3 21.5
s - 6:2 ,%.6 6.8 6.7 7.3 6.3 6.1 6.4 6.4 6.3 6.1 6.7
sph 145 1.1 2.7 3.1 2.8 2.7 2.7 3.2 3.0 4.3 3.9 4.4
PI 4.3 3.1 3.6 2.9 2.8 2.7 2.4 1.9 2.9 2.6 2.2 1.7
DPI’ 0.19 0,19 ©0.10 0.21 0.27 0.30 0.29 0.26 0.28 0,26 0.19 0.19
mer¥ . - 0.24 <0.22 0.26 0i24 0.29 0.35 0.37 " 9.38  0.48 0.57 .0.67 0.67
Er Tot‘a'lg ljpids” ;;éresegt Chol + galactolipids + individual phospholipids
+ Values obtained wi?:h CaCl, (added during first extraction with C’-‘ﬁfﬁ ™ S

A2
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proportion of most lipids (Chol, EPG, sPG, and PI) remains
constant. Phosphatidylcholines decrease during the entire
time periocd studied while galactolipids increase only

3

during the active period of myelipatith The proportions
of Sph and ethanolamine piasmalogens increased. Similar
observations have been made for rat brain except that the
increase in galactolipid continues long after the period

of most active myelination. These changes have been

shown to be the'res\lt of corresponding maturational

\\zyhanges in the composition of myelin itself rather than .

X

simply reflecting the dep051tlon of myelin having a ‘
different lipid composition from the other parts of the >
brain (Norton and Poduslos; 1973). Galactolipid increased
very little in chick brain after the period of most active

myelination suggesting no change in the galactolipid

‘composition of the myelin. Since the PPI are quantitatively

minor, components, changes in their proportions reflect their

ihcrea%ing concentrations. The increase in TPI but not DPI

continues long after the galactolipids have ceased to change,

-

and could indicate a maturational change in myelin membranes -

" for this lipid as well.

Since myelin sheaths make up a much greater

proportion of nerves, the lipid analyses might be expected

to reflect more closely the composition of myelin. If

expressed.as a proportion of total lipids (Table 33),the
analyses of whole sciatic nerve resemble the limited lipid
composition reported for chick sciatic nerve myelin (Oulton

»
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N . A
Embryo Chick
15 - 17 19 21 C2 , 4 8 140~  Adult
: . 180 -°
Chol 34.6 - 36.4 40.5 40.3 40.5 37.1 41.3 39.9 39.5
Galactolipids 7.2 8.9 10.6 13.2 14.7 13.9  15.3 14.9 15.8
éhospho;ipids 58,2 54,7 48,2 46.5 44,8  49.1 43,4 46.2 45,2
CPG }‘ 27.0 20.7 15.9 12.5 10.9 10.2 9.3 8.0 6.7
EPG . - 16.8 17.3 15.5  16.9 17.3 19.5 16.5 16.4 15.7
SPG 6.3 6.4 6.6 6.8 6.2 7.6 7.4 8.6 8.7
sph 5.0 1.7 8.1 8.5, 8.7 10.1 8.5 10.9 11.3
- PT 3.1 2.5 1.9 1.5 1.4 1.4 r.4 1.8 1.9
ppxt : - 0.02 0.03 0.03 0.03 0.02 0.03 0.04  0.04
rp1t. - ©0.11 0.20 0.26 0.28 0.28 0.33 0.42 0.45

A 4%

* Total lipids represent Chol + galactolipids + individual phospholipids.

+ Values obtained with CaCl, (added during first extraction with C-M).
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and Mezei, 1976). Contributions of non-myelin membranes
are evident only in the higher PC, marginally higher Chol
and lower galactolipid proportioﬂs. The maturational

changes are also the same. The most striking change is

~

the progressive reduction in PC and the. reciprocal relation-
ship between phosphatidyl and phosphatidal-ethanolamines.
The adult values for these lipids are very similar to those

reported recently for rat sciatic nerve (Klein and Mandel,

© 1976). The increase in the proportions of gdlactolipids

and-bhosphatidalethanolamines is largely complete after
the period of most acéive myelination. The decline of
CPG continued after this period as did the increase in the
Sphmportlon. Phosphatidylserines tended to increase
slightly while the total phospholipid decreased., Similar
trends are also evident in lipid analyses of human fetal .
sciatic nerve (Davison et al., 1973). Furthermore, the |
results indicate & continuous’ increase in the proportion
of TPI at later adges suggesting that the concentration of
this lipid is not constant and may also exhibit long-term
maturational changes in nerve myelin.

Althdﬁgh the association of PPI with myelina-

tion is more apparent in peripheral nerve, the confirmation

"awaits the analyses of the isolated m&elin. A suitable

procedure which avoids losses of PPI during preparative
procedures has recently been suggested (Eichberg and

Hauser, 1973).
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B. PHOSPHOINOSITIDE KINASES

Published assay procedures for PIK and DPIK
were found to be unsatisfactory. As noted by Hajra et al.

(1968) , the recovery of reaction products was often low:
I

The systéh‘used“ﬁn this study was a modification of the
method of Tacobelli (1968) and similé¥ to that used by
Eichberg and Hauser (1969). The recovery of DPI and TPI
after extraction from the reaction mixture and separation
by t.l.c. Qaé 93% and considerably better than the 50 - 75%
achieved by the earlier methods.

The reaction rates for both PIK and DPIXK in

-

chick neural tissues were constant for only a few minutes

(2 - 3 min). A similar time dependence has been observed
»

for rat brain, liver, kidney and ox adrenal chromaffin

Y

granule kinases (Kai et al., 1966a, b, 1968; Michell et al.,
1967; Tou et al., 1968; Eichberg and Hauser, 1969; Harwood

1)
and Hawthorne, 1969a). In spite of this, longer incubation

periods were used in most of the earlier studies. The use

-

of a much shorter incubation time in this study (1.5 min) -

-
+

¥
thus provides more reliable measurements of the initial |,

rate. The reaction conditions were otherwise very similar

[ e
° »

to that used by others.

€

The characteristics of chick neural tissue PIK

‘v -
and DPIK differ in several regpects from those of other

1

tissues and species. Phosphatidylinositol kinase activities’
1] N .

having several different pH optima have been reported.

Liver contains two enzymes with maximum activity at pH 7.4

"
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and 8.3 (Harwood and Hawthorne, 1969%a) while chromaffin

granule membranes of bovine adrenal medulla possess peaks

of activity at pH 4.;‘an 7.7 (Phillips, 1973). The

soluble PIK of yeast is active at pH 7.4 (Talwalker and

Lester, 1974). The most comprehensive investigations of

PIK in rat brain (Kai et al., 1966b), including develop-

mental studies (Salway et al., 1968), have been done at

pH 7,4. However, the pH optimum for rag brain an® .
kidney cortex PIK activities is 8.3 (Colodzin and Kennedy,
1965; Tou et al., 1968). As expected, chick brain homo-
genates exhibited maximum activity at pH 8.3: Chick v
sciatic nerve hoﬁogenates exhibited essentially the same
activity oveér a wide pH range (7.3 - 8.,4), indicating the ,
possibilityhof two enzymes as has been reported'for rat

liver (Harwood and Hawthorne, 1969%9a). The developmental
changes in PIK were the same at pH 7.4 and 8.3 in both

brain gnd sciatic‘nerve. This suggests that both tissues

possess only a single kinase although the nerve enzyme is

active over a much broader pH range. Only rat liver

homogenates (Michell et al., 1967) and the soluble PIK of

yeast (Talwalker and Lester, 1974) are able to phosphorylate

exogenously added subgtrate. Both chick neural tissues and

-rat brain homogenates show little ability to do this in the

absence dg detergent -suggesting that only membrane-bound PI
is reactive., PI are insoluble and exist as very large micelles

in agueous suspension and may not be accessible to the
: -

-~
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. enzymes in this form. Exogenous PI are phosphorylated
i; the pggsencg of detergents. It is not clear wﬁethér the
detergent acts by solubilizing the substrate (formation of
smaller mixed micelles) and/or the membrane~bound enzyme,
‘ High concentrations of PI inhibit PIK in o
Aerytﬂroégtes (Hokin and Hokin, 1964), brain picrcsomes
(Colodzin and Kennedy, 1965) and kidney cortex (Top/ég al.;
1968) but not in rat brain and livef homogenates (Kai
et gl.v 1966a; Michell et al., 1967), yeast (Talwaiker and
Legter, 1974) or chick neural tissues. V
. Synthesis of TPI accompanies the foymation of

K AN
DPI from PI in both chick brain and sciatic nefve (see

Table 23). Simultaneous synthesis of TPI is also a
characteristic of homogenates of rat brain (Kai et 31.;
1966b), kidney (Tou et.al., 1968) and of erythrocytes
(Hokin and Hokin, 196;), but not liver or chromaffin gran-
ules (Michell et al., 1967; Phillips, 1973). '

Both DPI and TPI, whe? added to the standard
PIK incubation mixture, produced some stimulation (10 - 20%)
of PIK activity in chick brain homogenates. The effect is
smaller than the stimulation reported in rat brain homo-

. s
genates +(Kai et al., 1966b). This may reflect some degree

éf detergent-like activity of the very polar PPI. I; has
also been suggested that these lipids compete with th#
reaction product (labelled DPI) for sites on hydroiytic
enzymes. EGTA (an inhibitor of TPI phosphodiesterase) had

no effect on PIK reaction rates in chick brain or nerve.

i

~
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, However, hydrolysis of the labelled DPI by TfI phésphatase

can not be excluded. DPI is reported to inhibit rat liver
- and kidney cortex microsome PIK (Michell et i., 1967;

.

Tou et al., 1M69) but these observations ‘were made in the

. presence of Cutscum (Tou et al., 1969) and other additional

. . componehts (Michell et al., 1967).

[

.

Several other important considerat%ons were !

t

|
~ *. brought to light. The substantial inhibition iof the chick

«nervous tissue DPIK by relativgly low concentrations of

0

N TPI places an egtra emphasis on the use of pur ubstrate.
' [ XU
The DPI used in some earller studies contained las mych as

25% TPIvand may explain the 1np1b1tlon reported| at high
- ’ \ “gﬂ
substrate ‘concentrations (Kai et al., 1966bF. The DPI-

0 ‘

,‘“Qgsed in the Present investigation did not contain any TPI
: 4s judged by t.1l.¢. (see Fig. 7). Concentratipg of ATPu

h&gher than 6 M inhibited chlck neurél tissue®DRIK. In

~ , LB 4 v

%
previous studles with rat .brain (Kai et al., lﬂﬁ@) and

3y  rabbit sc;atlc nerve myelin (Iabobe}ll, 1969), 1nh1b1t10n

e

\ by ATP was not observed at valdes up to 8 - 12 mM,1

L}

- - "1970). ‘This 1nh1b1t10n was attribdted to competltion

?
between fxee ATP and Hg ATP complex for -the active site -
Z

\

(Tod et al., 1970) sxnce 1ncrea31ng the LU concentratlon

’
» shlfted the AYP' optjimum to higher concentratldns. ) ’

»

i PIK has ffgquentxy been assayed 1n the presence

[

14
of non-ionic detergents. The.detergents were ﬂgt,lncluded

"o

€. in DBIK measurements since they.huﬁe generally-been .

' ?

” w
1S

although it wds reported for rat.kldney cortex (TOF et al.,

-

Y

-~

1

-
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‘the negatxve charge on the substrate micelles. This may
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-

reported EP have no effect or to inhibit rat brain and

3
N

kidney~cor ex preparations (Kai et al,, 1968; Tou et al.,
1970). Ho %Xen, Eichberg and HausF} (1969)~observed
stimulation\of bth PIK and DPIK activities in rat brain
homogenates by Cutscum. Little attention appears to have -
been paid t9 the relationship between detergent Qnd protein,

as well %s to effects of detergent on other parameters of
!
{
the assay system which were found to vary with the tissue

studied (see Results, Section B.2.a. (iii) and b. {(iii)). -

It is clear that the effects of Cutscum are complex when

i

crude ﬁBmogenates are used, “The importanée of the deter-,
gent/protein ratios implies an effect on the enzyme itself
while the altered substrate dependence sugges#s possitle

changes in the physicadl, state of the substrate and/or 1t5

"~
. .

accessibjlity. e .
- . -
C. TRIPHOSPHOINOSITIDES -PHOSPHOHYDROLASES
A

1 -
or

Reported assay mixtures for both TPI phosphatase and

TPI phesphodiesterase have varied from simple mixtures of

homogenate and substtate to complex.mixtures containing

YVarious additives and requiring special precautions. A
" maYor differenge has been the addition of CETAB. Undoubtedly
‘ . .

Zthe.major role of CETAB in thesé assay systems is to reduce

1y
L

‘be bssentlal for enzyme substrate contact since:TPI

phosphatase ¥rom ox brain is negatively charged at physxo—
logxcal PH (Dawson and Thompsonv 1964). In agueous

x T -
4 " . B
S - ‘

. .
. - ' 1
-y Py hd
s
. . R

-
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solution, TPI form small micelles (Thompson and Dawson,
1964) which have a molecular mass estimatquat 78100
daltons (Hendrickson, 1969) and a very large negative
charge on the surface (Palmer and Dawson, 1969). CETAB,
like other jamphipathic cations, is, believed to become
aligned with the TPI molecule s; that their pglar head-
groups-are fogether at the micelleusqgface. As the
CETAB/TPI ratio increases, the net charge on the surface
decreases leading ultimately to neutral or nearly neutral
particles which form large insoluble aggregates. Althougk
divalent cations can also serve this function to some
extent the higher concentrations required frequéntly result

3 .
in precipitation of the substrate, a problem which is :

largely avoided with CETAB (Thompson and-Dawson, 1964b;

, Dawson and Thompson, l§64; Cooper and Hawthorne, 1975).
7

In all cases, the molar ratio of CETAB/TIP is critical.

: 4
,The preferred ratio in different tissues and assay condigions

has been variable. Both chick neurai“tissue TPI phospha-~
tases and phosphodiesterases exhibited optimum activity at

a ratio of 2.0. Earlier studies reported optimum ratios of
0.3 and 1.6 for thé TPI Phosphatases of ox brain and rat

brain re!bectiyely (Thompson and Dawsén, 1964b; Salway et al.,
1967). T eferred ratio reported for phosphodiesterase

preparations from ox brain has varied from 1.2 to 2

-

(Thompson and Dawson, 1964b; Keough and Thompson, 1972).

t

The differences in the optimum CETAB/TPI ratio for various

tissues are nét fully understood. However, it may simply1

»
’

. 5

P L I S
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be the consequence of differences in enzyme preparations,
presence of otHer phospholipids in varying amounts in tissue

homogenates and/or impurities in the detergent’ itself.

‘These observations have been made for several enzymeé

-

(see Helenius and Simons, 1975), ° :
The action of CETAB is more gomplex since it alse”
appears to alter the affinity of both enz&mes for the

substrate. Without CETAB, the TPI phosphatases of cHick
R .
neural tissues as well as mammalian brain (Salway et al.,

1967; Sheltawy et al., 1972) are saturated by low TPI
concentrations (0.5 mM). The subst}ate‘requiremené rises
to at least 2 mM in the presence of CETAB. This increase, -
first reported by Salway et al. (1967), had been attributed

to the presence of EDTA and large afmounts of MéClzwby

?

Sheltawy et al. (i972f' The results withi chick neural
tissues indicated that it is a consequence of adding CETAB.
A similar CETAB induced "apparent" decreased substrate’
affinity for TPI phosphodiesterase has been,néted before.-

The "apparent Km" value of 1.6 mM for ox brain phospho-
! N
diesterases (Keough and Thompson, 1972) measured in the -

-
.

presence of CETAB implies a‘lower §ff£nity than obseived
“-' . -

”

earNer without CETAB in rat brain (Keough and Thompson,

L3

1970)\and kidney (Tou et al., 1973). CETAB makes it

-

difficult to achieve saturating conditions'q} reasonable
- ’ ’ .

TPI concentratibns'during-measunements of TPI phosphodies~

.

terase in chick brain and netve. . The aoncentration used

A v N b v - »
(2.8 mM) was barely adequate and made a shorter reaction
. AN '

1 .~
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time nepessary. ‘ The effect may be more apparent than real f

. LY

if’ the 1owered net charge of TPI-CETAB micelles results 1Q§\j

*

y
larger micelles having less total surface area. However,
‘some preliminary studies‘of'TPI—CETAB nicelles in the

\ . ) . *
ultracentrifuge tend to suggest that+this is not the .

-

éase (Dxr. Palmer, private communication). It may be that»

reduc1ng the negatlve chagge permits the mlcelles to -
approach the~enzyme nore easlly but that the mmxed

*

detergentrTPI micelle i1s less compatlble with the actlve

N

site ih some™other aspect. CETAB may also exert an effect , N

-

directly bon the enzyme. The converse has also been

obsexved- in kidney extracts where CETAB reduged the

-

saturdtipy concentration of TPI from 2 mM to.l mM (Cooper °

and+Hatthorne, 1975).

ta

. ' 8
Systems for measuring TPI phosphatase and phospho-,
\ -

diesterase must ensure that the twd EctiyitieS\are measured

A

-~

»

-,

L 4

-

v

g Sheltawy;gg al. (1972) avoided tye use of CETAB since it was

.

~.L . -
1ndependent1y of each othexr and of ofher non—spedif;gl Y .

»

phosphatases and phosphodlesterases. Although TPr phospﬁe—a T o

tase is mon;tored by measurlng the release of inorganic .

phosphate ~compet1tlon for the substrate bg TPI phospho- ,

[N

ﬂiesteQasé.Eould reduce the apparent act;vzty. Contribution
by nonrgpec1fic phosphatases mué% also: be con51dered

»
know’~te stlmulete theqdlestenase and preferred nst to supple— -
ment their asgay sys;em w;;h Mg to avo;d stimulatlon of Lo .
~alkaline phosphatases. It was assumed that the'Mq preseﬂ% 7

in the’ hamogenate\wuuld be suﬁﬁiciEnt gpr both activﬁtion of-

‘,.ﬂ “r\‘ -
< Y, " - ‘.i- - '

» ' .
-8 - ~v S . -
) N w 1 * . - ' 0% 2 e
. . k . -¢‘ ‘ _, . - -
. T T o * A . . L .
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TPI phosphatase and reduction of the-negative charge on the

L 4

substrate. Under these cpndiéions, appreciable hydrolysis

of TPI by alkaline.phosp atase was considered to Be unlikely

at neutral bHT\yln homogenates of'chick neural tissues,

¢

the TPI phosphatase act1v1ty weuld also be very low in the

absenck of CETAB and Mg The endogenous Mg% in chick

brain and ner%e homogenates is not adequate for maximum
A \ N .

stimulation of the TPI Phosphatase even when CETAB is

present to reduce the chaige on the stbstrate. Similar

results have been observed for rat kidney preparations

’

(Coopef and Hawthorne, 1975). Non—spec%fiqﬁphosphatase '

9
activity is high ir* this tissue but the allaline phosphatase

- /couId be effectiyelyiinhibited by dysteine and the acid

‘.

thSphatase by fluorlde. However, neither fluoride ndér -
thlcl reagents (cystelne, reduced glutathione) ﬂ;d any .

effect on’the release of 1norgan1cﬁ§;osphate b§Mﬁ%mogenates

. 4
“of chick neural tigsues in oux assay system suggestlng that

L]

nop—spec1f1c phosphatases were net active or did not act on

‘TPE under these conditions. The pregence of CETAB is

iy ¢

hosphatase act1v1ty as

LY

\
probably at least partially res onsible since it has been.
found“te suppress ﬁon—specific E

measured by the hydrolysis of 2—glycerophquhate~in
\ 3 \ . - .

*
Y

protozoa (Péimer, 1976) . * Furthermore, crude homogenateé

1]

Bf rat kidney aléo exhibit little non-specific activity “

towards TPI in an'assay system containing CETAB (Cooper

P x

and Hawbhbrne, 1975): . * .

e K
. Seledtive inhibition &£“TPI phdsphodiesterase by EDTA

I v * R Y " v

12

3

.
L

A

[ .

At o

=
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a

J/ (4 mM) reported in rat brain was not obtained in chick N

.\J
neural tissues, Although the phosphodlesterases were\ﬁbég

susceptlble, a considerable loss of phosphatase act1v1ty ‘\ .

\
also occurred., However, the selectlve abolltlon of T?I *

phosphodiesterase activity by EGTA provi es for the '

independent measurement of_;ﬁésphatase activity.

"= »

!

-

The dephosphorylatlon of TPI by TPI phosphatase results ‘ .11

in the formatlon of PI with DPI appearing only as a

- transient 1ftermediate in the mammalian tissues (Thompson |,

i

| .
and Dawson, 1964b; Lee ahd Huggins, 1968) as well as in the
|

i

chick neural tissues, The first step is a selective
*

hydrolysis of the monoester-phosphate group in the 5 p051t10ﬁ
of the inositol ring (Change and'Ballou, 1967 Cobpe:nand
Hawthorne, 1975ﬁ.~ It is not known if the sé%aentlal
dephosphorylation of TPI is the ,function oflone or’ two
enzymes. Few studles have used pure DEI as thelsubstrat\\-—¥

fox thls enzyme;~ cOoper aﬂ&\Hawths/nb (1975) hwmve compared

the hydgolysxs of TPI and DPI in rat kidney cortex homo- .

LI

‘'genates. Small dlffexencesln resﬁonse to dialysis, metal-

ion astivation and detergent suggested two enzymes. However,

»
gave very little increase in the reaction rate.. Based upon

this and similarities in other«properties,j;71ﬁi?concluded

that'only one phosphatase is presgzt which is capable of

hydrolyzing both DPI and TPI. Re ently, protozoal

(c. fasiculata) TPI phosphatase has been described which

converts TPI to DPI only (Paimer, 1976). This also appears

L
"
-~ 4 ‘
- - -

Y, >
‘;\ .

/

addition of DPI to a*prepdration-already-saturated with TPI '//ﬁ;«
. ! .
rl

.
a
P L

s

-



Y M - ., . Q'f -
" to be true of the TPI phosphatase activity in the mammalian

)

erythrocyte cytospla(Dr.‘Palmer, private communication).’

. A'Oinously, further studies with purified enzyme preparatione

\

are needed tefgétéb%ash i¥ two phosphatases are present' in,
¥ .

A}

these tiésues. . /

»

A dlfflculty w1th TPI phosphodlesterase assay systems

A L)

. has been the Selectlon of conditions which dlscourage
competltlon from phosphatases. In the initial studies of

Thompson and Dawson (1964), about 50% of the total water- .

L3

soluble phosphate released from TPI by ox braln preparatlon . Y

1

¥ %as lnorganlc-P. Addltlon of ether reduced this to 17 - 29%.

A

*

™
Similar results were observed by Keough and Thompson (1970) ¥

4

for rat brain hgmogenates. Thompson and Dawson (1964)
achieved selective measurements-of TPI phosphodiesterase
- activity on%y when ax brain acetone powder extracts were

. subjected to heat treatment.‘ TPI phosphatase activity was.
i,
’ asafgoyed but a partial loss (40%L of the diesterase

* “§5A actxv;ty also occurred, Othef'éttempts at parfial purlfl— /

catlon have also resulted in considerable 1osses of phospho—‘

L] »

dlesterase activity” (Thomgson'and Dawson, 1964b;; Tou et al.,

LY

1973) and wexe therefore unsuitable for studies intended to

-

measure tOtZ% tissue act1v1t1es \agnder the condltlons

ick neural tlssues, inorgan1c‘?~rapresented no

«
Wi

. ‘used With ¢
more than 1% of the tdtal water«soluble phosphate released.‘

This was- the resulf of (i) low Mg2 concentrations which \ "

would stimulate osphatases, (i1} CETAB. inhibition of

non-specifif phosphatases and #iii) addition of ca®’ which

1
” a
.
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stimulates éhe diesterase and inhibits the phoephatase.
The speg¢ific requ%rement of TPI phosphatases for
Mgz+ is well documented (Dawson and Thompson, 1964);
however, an absolute cation requirement for TPI phospho-
diest rases has been less certain, Thompson and Dawson

» (1964b)) initially reported that both ca?t and Mgzﬁ

7 stimdlated the actibity of a partially purified preparation
from hgyine brain only in the absence of CETAB, suggesting
that their prihe'ﬁode of action is to reduce the negative

+ charge q&wghe subst;ate. In most studies,no’catione have

. 'been required in the assay system (Keough and Thompson,

A 1970, 1972) except wheﬁ éhesphatidylinositol was the
& substrate (Keough and Thompsornt, 1972). The rat kidney
.0 s enzyﬁe is inhibited by both.Ca’’ and Mg®' uniess initial£3

. - t L2
![depleted by EDTA” treatment- in whlch'case, elther cation

partlaily restores activity (Tou et al., 1973). Stimu~
R % . . -
v lation bf chick pervéus tissue TPI phosphodiesterases by
% ' § 4

T . Ca2+ but not Mgzﬁzin the presence of optimum levels of

j> ) CETAB and specific-inhibition by EGTA, a chelating agent

s

Ks

, ’,: ¢ with a ﬁigh affinity for Ca2+, tronély suggests that these
v ) enzymegispeCLflcally requlre Ca; . Although’adding Ca'Cl2
r . & to the assay eystem dld not cause a large 1ncrease in the
“activity, it dld suppress "the small TPI phosphatase activity

i .
T st supported by the: ende&genous Mg2 . The catabolism of TPI '

2+
. S, <in chick braln and nerve therefcre occurs via a Mg N
- - ) N ) i 2+

ph&tase and a Ca dependent phosphodlesterase\\

\. 4 v .

:/’ . compar le to ‘hat described recently in protozoa (Palmer,

(Y -
. n
‘ -
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" D, ENZYME ACTIVITIES DURING DEVELOPMENT

L
L

l. Phosphoinositide Kinases o ' 3

.
v \
-

Measurements of PIK in the two earlier studies
\

of polyphosphoinositide synthesis in postnatal rat brain
were made at pH 7.4 (Salway et gi.,’1968; Eichbe}g and
Hauser, l§69)7, The premyelination walues are similar to )
those observed in chick brain at pH 7.4, However, the ,

act1v1ty in adult chick brain was at least 3 tifes greater

[N

than in rat brainvT Salwangghgé;‘KlBGS) reported the PIK

to inc;eaée only 2 fold at birth; well before the onset

of myelination in the rat. One experimental series showed
. the adtivity to remain high while the second %eries showed

«
LN » ‘

it to,dgcrease during and after myelinééion. The latter
obseréation w;svsupportpd by the work of Eichberg and
"Hauser- (1969) who\found the PIK activity‘to éfeadily
*dgggease'afte:,birth.,:fhe aﬁpearanbe:pf PIK activitflin p
devg;épiné chi%k brain was different in three respects.
The increase in activity was greater (4‘— 5 fold), was
»coincident with onset of myelination and the aétivity
remalned hlgh durlng subsequent maturatlon. The DPIK ,
act1v1ty also showed a dramatlgx(4 fold) “increase during .
the period of most active myelination and thereafter
remained high in chick brain. Salway et al. (1968)
obgerved a similar deyglopmenta{ pattern for this enzyme

in postnatal rat brain; however, Eichberg and Hausger

(196§) reported an -increase in activity duting later stages

L - MR T
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of myelination. The appearance of PI kinase before DPI

% kinase in rat braln has been 11nked to the presence of

DPI but not TPI1 1ﬁ unmyelinated brain (Salway et al.,
.1968). .This is not likely a valid correlatidn since -
embryonic chiek brain also contains a relatively large
amount of DPI (30% of the adult concentratlon) and little
TPI but eXhlbltS 1ow PIK ;ctlvrty prior to myellnetion.
‘Eichberd and Hauser (1969) assayed both kinases
in the presence of Cutscum (0.4%) which might account, for
the d;ﬁierences between\\helr results and those for chick

brain. However, assays gepeated in the presence of

.

optimum amounts of Cutscum did confirm that both enzyme

activities increased during myelination and remained high °

in adult chick brain, - .
f t» -

Iy

2

.2, TPI Phosphohydrolases :

1
N

? In“a short abstract, Hauser et al. (1967)
- '3 1
repotrted th%t the activities of TPI physphatase and TPI

phosphodiesterase showed no changes in brain acetone powder
-~ "

exéracts from newborn and mature rats.‘ ?owever,‘detai%fd
studies of thgse enzymes (Salway ek al., 11967; Keough and
Thempson, 1970) in developin% fostnatil rat brain have
shown ihe activities of both*enzymes to increase 3 - 4 fold
dup§ng the period of most rapid myelinhation %10 - Zp ‘days
of age) +In chlck brain, the increase in TPI phoqphatase.
actn.vn.ty coincided with the depos:\.tlg} of myelin. The

acEivitx,nbperved was at least 10 fol ‘greater than reported

\\-nd“n.' ‘ t

. . N
. ” - &
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for guinea piggk;ain (sheltawy et al., 1972), largely as a

L}

result of using a maximally wstimulated assay system. They

were also at least 2 fold greater than values for rat

u

brain obtained in the presence of CETAB (salway et al.,

1968), although a siniilar developmental pattern was observed.

'S

Salway et al. (1968) found the TPI phosphatase activity in

" rat brain to be very much greater than the DPI and TPI

ES

'synthetic capagitf. The digfe;ence was smaller ip chick -
brain but(EPi phééphatasé was still 2 orders of magnitﬁde
greater than either the PIK or DPIK activities. The TPI
phodphodiesterase activity was even greater. Unlike rat
brain (Keough and Th;mpson, 1970), the increase in chick

brain TPI phosphodlesterase was not c01nc1dent with rapid

deposxtlon of myelmn, although this 15 true for the other

, three enzymes of polYpPosph01n051t1de metabolism. TPI

phosphatase inwchépk sﬁiatic nerve remained constant at a
vigue lower than that founé in Embryonic brain. ?he highest
TPI phosphodiestaxase actitity was;found‘in t?e embfyonic
nerve but the low adult values were comparable to those in

Ambryonic brain. Even these low activities greatly ekceeded

ﬂf‘the‘activities of the sénthetic enzymes. Reported values
) -

for PIK and DPIK ‘could be incregsed through the use of
appropriaté detergents, although néﬁysufficiently to equql
}tﬁe catabolic activities. ,Extrapolation of data obtain;;\
with'detergent;f?rtified assay systems to the in gigé
situation is questionable. Therefore, to wha%.exteht these

data indicate that the in vivo catabolic activity far exceeds
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A ! .
the synthetic capacity is ‘not clear,” If it is true, ™.

effective control on the catabolic enzymes must be ekerted.
The deposition of TPI correlates well with

myelination in both chick brain and sciatic nerve (seé -

Section III.D.l.). Since both PIK and DPIK are necessary

for TPI synthesis it is not surpriging that their activities

« 4 ‘

incgease when this lipid is being. deposited in myelin. The
catabolic enzyme activities (TPI phesphatase and phospho-
diesterase) also rige at or near the period_oé most active
myelination in brain. Both synthetic and catagolic enz&me
activities appear to be corfélated with the concentration
of TPI in this tissue. The continuwed high synthetic and
catabolic activities in adult brain are consistent with
the presence of PPI having a high rate of turnover, probably
that paxtion of the total PPI which is located outside of
the myeiin (Sheltawy a%d Dawson, 196%a; Gonzalez-Sastre

et al., 1971).

This study constitutes the only report concerning
all four enzymatic activities in PNS. The activity patterns
ark quite different than brain. The Synthesis of TPI for
depdsition in sciaéic nerve appears to be the result of
a transitory, increase in synthetic capacity which is
restricted to  the pe&iod of most agtive myelination. The
kinase acti%ities.are therefore correlated with the rate gf
TPI deposition. the TPI Phoaphatase activity is 10 ~ 15

times lower than that of brain and does not change during

developmént. Although very high in -embryonic nerve, the

“ ’

)/
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diesterase activity falls throughout development to very .

Ld

low levels in mature nexve. The transitory rise in synthetio

enzyme activities accompanied by declining hyfrolytic s
q ' T
capacity in nerve implies the syhthgsis of a product required

+ b *

. s

for myelin formation but one which is not subject to continuing
rapid turnover., This is consistent with evidence that the
turnover of PPI is low in nerve (Sheltawy and dawson, 196955 .

S~ .

[y

-
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V. SUMMARY !

¢ n
¢

¥

The present study represents a comprehensive analysis
N .

of lipids with particular, interest on inositbl-bontaining
lipids in developfng CNS and qu of the chicken. This study’
l T

constitutes the first comprehensive lipid analysis of chick

3

Y

sciatic ‘nerve duriﬂb development gnd also the first such °
study of peripheral nerve of any speeies to include the velues“
“for PPI. fhis work also includes an investigation of the '
enzymes responsible for the metabollsm of the PPI, in the ‘
course of w@ish lpprovemente, he assay procedaree were '
developed and‘several characteristief were investigated in

greater detall\than attempted prev&ously. ExcePt for the

PPIK, this work represents the flrst descrlptlon of/these
activities in the matuyre peripheral‘nervqkand.the first and

only repornt of these enzymes in developing PNS. vl

. . X . L. s 1§
5
Lipid analyses of adult chick brain generally con-
firmed earlier reports except for the PPI. The TPI}B%I

. (o
ratio was greater although th& total PPI concentration wds
r ,(

similar. , Since it is well known that the active post-mortem

hydrolysis of TPI 1n1t1ally results in -DPI accumulation, the

)

hlgher TPI/DPI ratlo can be attrlbuted to the greater pre-

.

cautions taken to minimize post-mertem hydrolysis. The

concentrationd of the P?I, and to .a lesser extent other

~

lipifls, were al\so higher than reported in an earlier analysis

. L I M .
of adult sciatic nerves from the chicken and‘other species.

8 ! ’
‘

-
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Sciatic nerve is a less: complex tissue. than brain in germs
of the number and Qariety of cells which ?o not possess
myelin. For this reasén, it was selebt;d as a tissue whosg
lipid analysis would more clogely refleet that of myelin.

The lipid analysis of whole sciatic nerve (omitting PRI) was

¥

'verylsimilar to that reported for isolated’chick sciatic .

nerve myelin thereby confirming the choice of nerve for'a

-

»
3

study of myélin-associated PPI. . :

. In chick brain, TPI deposition continued long ?ﬁter
¢ )
the most active phase of myelination as did‘cerebrosides v

¥

" J

»

¥
deposition. Since myelin contributqi\a major portion of the
iipids in adult brain, this increasing proportion Jf TPI,
could reflect a long-term increase in the concentration gf

this lipid in myelin'after it has been formed. A similar

proposal has been méde for cerebrosides based on analyses of

-'isolated myelin, a type of experiment which has ngt been

possible for TPI due to post-mortem cataboliéﬁ during prep- -

I L4
aration of myelin. Lipid compositioh of sciatic nerve more

closely resembled that of the myelin. A siﬁilar ifdcrease ga‘

r

the concentration of TPI in older chick sciatic nerve,pro-- .

vided better evidence for the long increase in the proportion

[y

of TPI in ﬁ}elin. .

¥
» . & N

to 1“’“«"”;:,’ . s
In order to corrédlate lipid' changes with morphological
changes, the periods of most active ﬁ&qi:ndzion were defined
in both tissues by galacéolipid depositidh. The peiiods

defiined by this critLrion were consistent with earlier .
s s v

A

[

o
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/ anatomical; his;plogical and biocheﬁic&l gtudies.
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The developmental patterns for the lipids in chick

r

’brainawere°similar to that observed earlier for both chick °

-

and rat brains. The developmental changes for PPI were much

I

» greafer than for other lipids with’ the exceptlon of cerebro-

v

sides and plasmalogens, both of which are known to be

associated with myelin. PPI were present in appreciable !

a

. . . . . | . . §
toncentrations in pre-myelination embryonic brain but the
-’ 3

amount of DPI relative to the adult concentration (31%) was
€ ‘ o

greater than that observed for TPI (11%),. - DPI and TPI concen-

o

trations increased rapidly during the period of active mye-

T o

lination and their gepositibn coincided with that of cerebro-
sides, TPI continued to increase after this period while

DPI remained about the same. ‘

-

Additional support for the presence of a separate
’

' bl

myelin and non-myelin pool of PPI in brain was obtained. The

presence of appreciable quantities of.both DPI and TPI in

. ’

unmyeliﬁated embryonfc brain followed by much greater increases
4 ’
in TPI concentrations is copéistent with'the presence of both

DPI and TPI in nondmyelln structures and a myelin compartment

. . Ve
containing mainly TPI.

Lo

-

. N\,
Both DPI and TPI were absent in unmye;}nated embry-
onic nerve (15 aays). Their cdncentrations increased more

rapidly than any other lipid in nerve and fastef than that

t

observed for PPI in developing bgginrn*:he developmental

v

-
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p?ttern for these lipids was correlated more closely with
«

galactolipid deposition) \Furthermore, the r;tics of TPI/DPI  °

¢
were much ﬂigher in peripheral nerve as compared to ‘brain.

These data sugéestbthat PPI in peripheral nerve are associated

with myelin and that the non-myeélin pool of PPI is probably

“

absent or very small 'in this tissue,

o
L

o

' The PPI are synth_e!ized ‘by the sequential phosphory-

lation of PI. The reaction conditions employéd&to measure

the PIK and DPIK activities were similar to those used in
other laboratories. The pfocedure for iéolating reaction

products was altered to improve the recovéry. This permitted

' . s i . . )
a better estimate of 1n;€1azfjfactlon rates, an important

1]

consideration sin¢e the readfions proceed for oxly a very

short time. The characteristics of PIK and DPIK yexe the

same Jin chick brain and sciatic nerve and did not{change with

" age. High concentrations °fé?4;,(>,6 mM) strongly inhibited

the DPIK activities but the effect on PIK st much smalleqk

Repéfts of ATP inhibition were not reported previously for

g

brain. DPIK was greatly inhibited by very 1léw conrcentrations

of TPI. This finding emphasized the“necessity of using pure

L]

DPI as the substrate (TPI is the most. common contaminant of.
DPI preparations), a condition npt always met in other studles.
The effect of Cutscumgpa frequently used detergent, prdved Eo

be more complex than preVLously appreciated. The'detergent/

s ®

protein ratio was ecritical. vThe optimunm ra?ios were differ-
<4

A% ¥
ent for wo enzymes and were different in brain and nerve
C

’

for DPIK. scum also altered the "apparent" affinity of

R — e s et
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the sciatic nerve DPIK for its substrate.

¢+ / \
" ' PPI a(‘: degraded by a phosphatase and a diesterase.

The characterf@stics of both enzymes were the same in homog-
, »

@

enates of-chick brain and sciatic nerve of ali ages. TPI °
phosphodiestérase was inhibited ?y EGTA, ,a compound which
selectively binds Ca2+. This provides the first evidence
that the TPI phosphodiesterase of chick neural tissues has
an absolute reqtirement for Ca2+- It also permitted,the
measurement of TPI phosphatase, a Mgziﬁrequiring enzyme,

without competition for the same substrate by the diesterase.

Contrary to some earlier reports, supplementation of the
" e homogenatsg with the appropriate divalent cation was necessary

. ! N <
for full activity. Furthermore, the phosphatase was inhibited
. ‘2-}- ¢ ,‘ “ 7 K -
by Ca thereby permitting the measurement of the diesterase
N o e -
. w1thout any competltlon from the phosphatase.

» L‘

*

] ) s - PR

-

¢

: As reported earlier thé c'étionic detergen,t CETAB

e ietimulated both acdtivities by reducing the negative charge

; on the substrate: Hewever, the effect of CETAB was found to

‘ be complex. At the optlmum CETAB/TPI ratio (2.0 for both I
. activ1t1es 1n the two tlesueszlwthe concentration o§ sub-
strate requireé to saturate the TPI phosphatase was increased
froﬁ about 0.5 mM to over 2 mM, The effect wae greater for
TPI phosphodiesterase making it difficult to fully saturate
this enzyme at .any practical substrate~detergent ?oncentrétions
ahd a short incubation time was reeuired. Un e;;gse standard
" ‘aseay conditions, the effects of non-speq@fic phosphatases

v

) ' (ﬂ? '

"ﬂﬂlﬂﬂ"""“’"‘”’“’“ !
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were not significant. -
/J

' In chick brain, both kinase aEPiVities'increased
rapidly during the period of active myelination and correlated
well with the,doncentration of TPI in this tissue.. This
report contradicts earlier studies in rat, brain where PIK
activity wag shown to increase prior, to the onse@f&f nye-
linatioﬁ and thgn decrease with age. Both‘ﬁPI phogphataée

and phosphodiester%§e activities in chick brain also)increased

at the time of rapid myelin deposition as has been reported

-

v
—

for postnatal rat brain. This corrg}ation with myelination

N

™~ is mych better for the phosépgzz;e. The increase in the

. .

- phosphodiesterase activity occurred over a much longer time
peé;od with no,rbrupt rise during myelination. All four
activities remained high in adult brain. These da/ta wer'e. i
interpreted as reflecting both the synthesis of\yPI for ? '}
Adeposition and the,presehce in adult brain of PPI havinyg a . )

,high rate of turnover (presumably the non-myelin pool). .

w .

The developmental .patterns for synthetic and cataholic
r -’ ’ ’
enzymeg are quite different in sciatic merve. Both kinases

showed a peak of activity during active myelination. The

[y

activities then are correlated with the rate of PPI depo-

sition rather than with the concentration of PPI as was

¥

observed in brain. The TPI phosphodiesterase a'ctivitgj>I
ined to

increased just prior to myelination and thereafter de

¢

very low values wfich are characteristics of addlt nerves.

The TPI phosphafase .activity exhibited little change with %

' ]
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bogm o

i

age.
tbe synthesms of PPI as relatlvéiy 1pert myelln components ',

adult nerye. Thlg*zé)con51stent with the* ﬁreq&irs

metabolic studies of %his tissue.

(1),

°

ggpmuﬂ.-ﬂuuhunmuu—ru

‘different. Data from sciatic nerve suggested that

=270~

Y

14 A
o M ‘
Both activitiés were similar to thosé found in

-

&

. ) . /
embryonic brain. All the four activities were low ih » -

4

‘addlt nerve. These data were 1nterpreted as reflectlng

L]

mch are not subject. to rap:.d metabol:.c tux:nover 1n

]

- t

-

y
* ORIGINAL" CONTRIBUTIONS

o ]

This thesis represents the first comprehensxve
analysis of phosphollplds 1q,develop1ﬁg chlcken
Yrain and sciatic nerve ‘to ¥nclude the values

-«

for phosphoinositides. Evidence from brain supporté@ .

L]
-~y

v

the congept that pélyphosphoincsitides exist in ‘
CR) . L w
both myelin and non-myelin poBls which are metabolically

only the myelin podl of these lipids is present in

this tissue., The first evidence was pbtained

# ¢

that subsequent maturation of the deposited myelin +
involves changes in the polthosphoiﬁositidesaconceq1'

trations in both tissués,similar to that noted éarlier
s " > »

for certain other lipids (. e.g. cerebrpsides, phospha~ -

*

tidylcholines, ethanolamine plasmalogens e

o
“ "
v
»

| L.
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- ", (2) This thesis represents}the~££§3t description of .

PI kinase, TPI phosphatase and TPI phds odiesterase

. [ . + .

-activities in peripheral nerve and the first

- » ]

] e & ‘
' , developmental study of the en2ymes'of évlyphdggho- ) ’
. inositides”abolis (mcludlng DPI kinage) in c{uck ¢

. brain and in the peripheral nerve ‘of any 5pec1es, —

. . - ' d

@ EY »

©
- - ¥
- ¥
.

(3) Using improved procedures for measuremeﬁts of i "

these enzymatlc act1v1t1es, "the developmental e T e

pattern of PI and DPI kinases in chick braln showed. -~
a correlation to the deposition of myelin gnd . e

t
s clarified the previous conflicting rsports in the ‘ "
w . * v -
literature based on studies in postnatal rat brain. In
P -
! . 01at1c nerve, the“synthetlc enzymes were correlatéd

L

LR P

. w1th th\\rate of myelin dep051tlon. Low activities * g

o

. of all four enzymes in adult nerve were consistent.

N x

with reported low metabolic activities in this_tissue.
L] v N * -
. , Data’ was interpreted to suggest that polyphosphoin-_ ‘ +

" ositides in nerve are synthesized as relatively inert ,

. b g
4 ; o,

&
.

- .

' . myelin components; whereas in brain, the enzymatic, ~f
: - ) . . eos s . . \ . o s s «
) S .« ' activities remained ‘high-in adult tissue to participate -
» o y R " ’ e
. +in the rgpid turnover of the non-myelin pool of " .
4 * e r -
4 " R )
) . i Qplyphosphginositides. i .
:L Y fe . ﬁ‘ ¢ 4 . - l
s . " . . 0 . m/)’-/ ) P 4\-/

oy 5 v
.
.
.
.

B
Y"_“y
-
»
.
F 2
T e
[N

TRy Tm oy e BN
s
»
a
P

wr 4




L]

.43

-

s

. - I 5

3

APPENDICES

\

~
. MF AN
' R i - -
k]
N .
%
7
b
- 1]
* 4
- 4 N I ~
. .
o
- z
~_ ’
ES
, . . s . .
¢
. - - .
- U —_ \
[ a
. a
-
« .
] a ‘W T PR

3



N R N e
RS e -

3

~273= n

¥

~ ¢ . b & i"

APPENDIX I. PREPARATION OF PURE DI- AND TBIPHOSPHOIN@SITIQES

\ v

v

’ - ~ "

s
.

" SOLVENT p . "
“FRONT - - ’ N
DADPG| 4 A N
etc... |- : ’
n e | V/ % 2 g 7 A
\ 7 78 77 .
. = 77 .
x| e ) N
tescedd 2 VO VD e O V2222 WA VO | . -
pLssdl VA VA VI~ o wa e 22
P! mm. '
oo ‘ '
ORIGIN | -
* a b ¢ . d e + f g h -

>

. (a) Qualltatlve Thin~Layer Chromatograms of Various
Solvent Washes and Fractlons Obtalned During Pxeparations
of Crude "Inositol Phosphatide“ Fraction. .Silica Gel HR
plate was developed in C-A-M-AA-W {(40:15:13:12:8, by vol.).
Figure shows relative proportion qf lipid component in °
.each fraction. — ,
Column f -

# ¥ Reference phospholipids (diacyl form but the bands
corresponding PS, PC and PE-may represent SPG, CPG
4nd EPG fqrms respectively).

a. Combined diethyl ether extract. .

b. Diethyl ether insoluble material.

c. Diethyl ether - ethanol supernatant.

d. Acetone washes of diethyl ether-ethanol prec1p1tate
(cephalin). .

e. Cephalin fraction.

£, Chloroform-ethanol, supernatant.

g. Ethanol wash of viscous underlayer.

Jhlggude "inositol phosphatide" fraction.w

K]

¢

-
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(b) Qualitative Thin-Layer Chromatograms of Various

, . Practions Isolated: from "Washed Crude PPI" Fraction in
* +the Chloroform-Methanolic NaOH-~Acetome Procedure:

Chromatograms drawn as they appeared on t.l.g., developed
in C-A-M-AA-W (40:15:13:10:7, by vol.). Various volumes
of acetone (ml of acetone/total volume of C-M) were added
+ to successive supernatants and the precipitate collected,
Figure shows relative proportions of lipid components in
individual fraction.* * . .
A, The final adopted method profile; B, successive pre-
cipitation profile. "

’
.

" Column ,
Reference phospholipids (for detail see Appendix I.a).

.

$b.

Ca

d.
“w e.
" £.
J . g-
%*: h.
e, 1.

"Washed PPI" fraction.

Methanol insoluble sodium’'PPI,
Methanol-acetone insoluble sodium PPI.
0.25 volume acetone insoluble sodium PPI. «
0.50 volume acetone insoluble sodium PPI.
0.75 volume acetone insoluble sodium PPI. i
1.0 volume acetone.insoluble sodium PPI.

1.5 volume acetone insoluble sodium PPI,

2.0 volume acetone insolublessodium PP{.

[}

-

L
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APPENDIX II.

_ GALACTOLIPID DETERMINAE;QN

CHARACTERIZATION O; PARAMETERS FOR *

b1

o SRR S
~ ' A o’u 4 < »
* b2 X" ‘¢ ! 4 *
Y ) : N
C o) @ wh : .
, ' 1 ‘U L
: -~ .
I A S B ' '
- b ;
L7 . (73] M
gr;" y “w ’ § : a
» g 50- “ Sor- - ¢ A
r by
»® . v
£ -] o L
. * 17‘3 *- "
A - l“ Kl ke F 1
B L T S T
. TIME OF HYDROLYSIS (h) *
iy
v oL

S .

o

,
= o B

TR

A

-

.

-

(a) Hydrolysis

Temperature and Acid Concentration. 1 umol of eerebr051de |

e

4

erebroside - standard as a Functlon Oof ,

' standard was hydrolyzed with 2 ml each of 3N-HSO
80°C, ®;83N-H,S0, at 100°C,0;2N-H504 at-100°C,s, After’~

neutralization, galactose release was measured in. the

a

L}
l‘,“

-

hydrolysate #0.5/2.65 ml) using standard assachondltions.

(b)

Effect of Heat on Galactose in 'Acid Solution.

Py

Galactose (0.2 umol). was frixed with 2 ml "3N-H250, and wag '
After neutralizihg the hydrolysate, . *

heated at 100°C.

galactose in 0.5/2.65 ml was ass

conditiogs.

|2

iyed us1ng standard

1 8

+

.
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« 0 1 L ’/,1_ i L0 1 1 yyi ik
"o ] g -0 M 0 5~ 0
TIME OF HYDROLYSIS () ™ ~»" TIME OF HYDROLYSIS (h)

“(c) Hydrolysis of Galactolipids in H2504. Lipid extracts
- from 17 day embryonic nerve and 21 day embryonic brain

(contaln;'g about 0.17 and 0.85 pmol galactolipid respec~
tively) were hydrolyzed in 2 ml 3N-H3SO Hydrolysates™ -
were heutrallzed by conc. NH40H and 8 }2 65 ml samp1% was
taken for galactose assay (stapdard Method: e, Sample; o
protein blank; o, Sample when respectlve proteln blank is
subtracteds: | " (\

.
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APPENDIX III. THIN-~LAYER CHROMATOGRAPHY OF LIPIDS

At 4 A} .
(a) Thin-Layer Chromatography of Lipids Extracted with .

Acidfied Chloroform-Methanol: Rf values for

/ ‘ Phospholipids- in.Various Solvents ' .
Solvent R . II III
System . ) .
—_ . .

Phospho-{ 500 um

250 ym layer -
lipids layer " g

TPI . 0.27 0.29 0.29 .16 <7(;.22 L,
DP'I 0.37 0.43 | . 0.42 . 0.24 .34

PI o 0.51 0.55 0.53 0.35 0.48 .
PS 0.62 . - 0.64 0.42 " 0.53

12

* Literature values (GohzaleZaSaéireaand Folch PI, 19638).
Indivxduai phospholipids (3 - 4 ug P) were spotted on
Silica Gel H pl;£eé (250 and 500 um tHick layers) containing -
.oxalate. The plafﬁs were developed in solvents of diféerent
ncompoisiﬂ:ion._’I, n—propanol-4N-NH4OH (2:1, Y/v); 11,
C-A-<M-AA-W (40:15:13:10;7, by vol.); III, C-A-M-AA-W (40:

|

15:13:12:8, by vol.).

f
’
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Q Thin-Layer Chr'omatograp_hy .
. ' ' R@dévefy~9rocedure**‘ ,k
47' Referenc -~ : 'h
Compound SoluFion “:A , , B o] '
umol P % . .,
Lyso-BC | = 0.190 99.8 98.'5 98.4
.Sph 0152 99,5 | 97.3. 98.0 °
pPC 0.161 100.3 99.2 95,.,4(
PI 0.155 '100.0 99,0 98.4 .
pgT 0.168 ' - |  99.5, 97.6 97.2
PE 0.181 9976 98.1 © 982
DPI 0.161 98.9 99.2 - f
TPI 0.178, 99,1 98,4 - A
% ¢ 4

w!

APPENDIX III. Cont, -

. " {b) Recovery of Reference ﬁhospholipids After
- ¢ - .

* umol of lipid-P in 25 ul aliquot of reference solution.

¥

** A: 25 ul of each reference solution (duplicqpe) applied

to t.l.c. plates, then the:spots were scraped oif and

analyzed. B: similar to A except plate was developed. ;h s "

~

Six phospholipid reference solutions (no DPI & TPI) were*

&

pooled and applied as 2.5 éﬁuhé;d; plate developed'and

analyzed. Ail‘yalues were corrected for Silica Gei blank ¢+ *

P content. Oxalate impregnated Silica Gel HR (for pure

DPI & TPI) and Silica Gel HR plates (for other ﬁﬁo§pholipids)

werg, used and developed in C-A-M-AA-W (40:15:13:12:8, bifvol.)

14

at room temperature and in C-M-AA~W (100:45:20:7,

at 21 - 22°C, respectively.

}&/i‘ol.)
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METHODS POR DETERMINATION OF INORGANIC AND
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(b) Actual Tracings of Pi Determination Showing Standards, Reéroducib;lity, Peak
Separation and Continuous Uptake.
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1
(d) Effect| of TRPI, CETAB and TPI-CETAB Mixture

on Inorganic Phosphorus DetermiJ;tionx

o
- ae

o

) v T mg P/ml

. <
* v ~
Additidns Pi - Pi . %% Final "P"
Added Estimated Inc., Bl Estimated-
\
None ! 0;8 0.85 0.05 0.80
4.8 mM-TPI 0.8 0.85 0,05 0.80
5.6 mM~CETAR.- ° 0.8 0.85 0.05 0.80
2:8 mM-TPI
L4 + - o
5.6 mM-CETAB 0.8 0.85 0.08 0.80

Bach value is a mean of duplicate analyses.

R
“ r
’

* Incubation mixture contained: Tris-HCI, 45 mM; KC1,
*

0.02 mM; EGTA, 2 mM; MgCL.} 1.0 mM in a tota%ﬂgolume of

0.25 ml.” Tubes were kept on ice all the time. 0,05 ml

L4

of 10% (w/v) BSA containing/l10 mM~EDTA was added, followed by

0.2 ml of 10% (v/v) Hélo‘”/fadditiéns of TPI, CETAB and TPI-

4.

' CETAB mixtures were done after BSA addition. 0.2 ml

‘aliquots. of each supernatant was diluted to 1 ml with water

containing 0.8 ug inorganic phosphate, and inorganic phos~

phate measured with autoanalyzer.
v A

I3

** Incubation blank représents phosphate content of BSA.

-
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(h) |[Effect|of TPI,. CETAB and TPI-CETAB oqﬂp

®

Total osphate Determination

/ ¥k
Systen . '
s . (mg P/assay)
*
Addition 1 I1 IIT v '
v it -
None 0.07 *  0.12 -0.15. 0.17 0.10
2.8 mM-TPI , 0.26 0.21 0.07 0.08 0.19"
5.6 mM~-CETAB - - - - -
2.8 mM~-TPI .
+
5.6 mM~CETAB 0.86 0.53 0.30 0.35 0.70

Each value is

the mean of duplicate analyses.

V Represents P content in BSA solutions; these values and

the P content of the homogenates were subtracted from

|
other values.

[ .

0 Il

4

*

* . Incubation ‘mixture contained: 45 mM - Tris-HC] (pH 7.2),

0.2 M~KC1l, 0.2

mM-CaCl2 in a total volume of 0.25 ml, Tubes

were kept on ice all the time. 0.05 nl of 2% (w/v)’chick

brain homogenate was added followed by. varioug amounts of BSA

and HC1O

4° Additions of TPI (2.8 mM), CETAB (5.6 mM) and

TPI-CETAB (2.8/5.6 mM) mixture were done after BSA addition.
»

13

* ok é}stem I designates addition of 0.05 ml 10% (w/v) BSA

containing 10 WM-EDTA; IT, 0.15 ml of 10% (w/v) BSA with

10 mM-EDTA; III, 0.15 ml of 15% (w/v) BSA; IV, 0.15 ml of

L]

.

f'
vontinued on next page

.
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Appendix IV.h cont, J.‘ . b LT

-

-

) 25% (w/v) BSA with 25 mM-MgCl,; Vv, 0.15 ml af 10% (w/v) '

BSA with 25 mM-MgCl,. Following, BSA and substratLtgddiﬁiohgp‘

0.2 ml 10% (w/v) HClO, in case of system I and-0.1 ml of
20% (w/v) HC10, for the other systems was added. Aliquots

(0.2 ml) of each supernatant Yere analyzed for total'phosphate B
as described in the text.

-~
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