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Abstract

The metabolism of phospholipids and the mobilization of second messengers such as inositol-1,4,5-trisphosphate,
1,2-diacylglycerol (DAG) and arachidonic acid (AA) from phospholipids is commonly studied by radiolabelling
phospholipids with [*H]myo-inositol or [**’P]JATP and measuring the incorporation of radioactivity in different
phospholipids or their hydrolysis products. However, for the radiolabelling method to accurately reflect changes in
the compound’s mass, it is essential that the tissue is labelled to isotopic equilibrium which is difficult to achieve. To
circumvent the disadvantages of the radiolabelling method, several analytical procedures have been developed for
the mass analysis of phospholipids and inositolphosphates (IPs). Quantitation of the mass or the radiolabelling of
phospholipids is a complex multi-step procedure that involves quantitative isolation of phospholipids, fractionation
of individual phospholipids and either determination of radioactivity in each component or the measurement of
their mass. Phospholipids, DAG and AA are extracted from tissue sample with organic solvents such as
chloroform-methanol (2:1) containing HCI or formic acid. The extract is separated by TLC, cartridge-column
chromatography or HPLC on a reversed-phase column. Phospholipids are quantitated by measuring inorganic
phosphate, absorption at 200 nm or mass spectrometry. Inositol phosphates are extracted with perchloric acid or
trichloroacetic acid and separated by ion-exchange cartridge-column or HPLC with an ion-exchange column. IPs
are quantitated by measuring inorganic phosphate or by using enzymatic reaction, metal-dye coupling, NMR or
mass spectrometry.
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List of abbreviations MI Myo-inositol
NMR Nuclear magnetic resonance
AA Arachidonic acid PA Phosphatidyl acid
Ca’” Calcium ions PAR 4-(2-phridylazo)resorcinol
Cer Cerebrosides PCA Perchloric acid
CI Chemical ionization PEE, Prostaglandin E,
Ch Choline PG Phosphatidylglycerol
DAG 1,2-Diacylglycerol PKC Protein kinase C
El Electron-impact ionization PLA, Phospholipase A,
12-HETE 12-Hydroxyeicosatetraenoic PLC Phospholipase C
acid PLD Phospholipase D
15-HETE 15-Hydroxyeicosatetraenoic PtdAA Phosphatidylarachidonic acid
acid PtdCh Phosphatidylcholine
I{1,4}P, Inositol-1,4-bisphosphate PtdIns Phosphatidylinositol
1{1,2,3,4,5,6}P, Inositol-1,2,3,4,5,6-hexakis- PtdIns{3,5}P, Phosphatidyl-3,5-bisphosphate
phosphate PtdIns{4,5}P, Phosphatidyl-4,5-bisphosphate
I{1}P Inositol-1-monophosphate PtdIns{4}P Phosphatidyl-4-monophosphate
I{4}P Inositol-4-monophosphate PtdIns{3}P Phosphatidyl-3-monophosphate
1{1,3,4,5,6}P; Inositol-1.3,4,5,6-pentakisphos- PtdE Phosphatidylethanolamine
phate PtdSer Phosphatidylserine
I{1,3,4,5}P, Inositol-1,3,4,5-tetrakisphos- PtdIns{3,4,5}P, Phosphatidyl-3,4,5-trisphos-
phate phate
1{1,3,5}P, Inositol-1,3,5-trisphosphate Ser Serine
1{1,4,5}P, Inositol-1,4,5-trisphosphate SM Sphingomyelin
IPs Inositol phosphates SMase Sphingomyelinase

LPC Lysophosphatidylcholine IP, Total inositolbisphosphate
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1P, Total inositolhexakisphosphate
IP Total inositoimonophosphate
IP, Total inositolpentakisphosphate
1P, Total inositoltetrakisphosphate
IP, Total inositoltrisphosphate
TCA Trichloroacetic acid

1. Introduction

1.1. Chemistry and importance of phospholipids
in biological systems

The glycerophospholipids, e.g. PtdIns, PtdCh,
PtdAA and PtdSer, and the sphingophos-
pholipids, e.g. SM, are important components of
biomembranes {1-3] and serve as precursors for
many second messengers such as 1{1,4,5}P;,
DAG and AA [4,5]. The general structure of
these phospholipids is shown in Fig. 1. The 1 and
2 positions of the glycerol moiety of Ptdlns,
PtdCh or PtdSer are coupled with fatty acids
(Fig. 1) of varying chain length, whereas the 3
position of glycerol is attached to M1, Ch or Ser.
PtdAA is different from other glycerophos-
pholipid because AA attaches to the 2 position
and fatty acids attach to the 1 and 3 positions of
the glycerol moiety of PtdAA (Fig. 1). The -OH
group of the MI ring can be phosphorylated in
any combination [4,5]. Phosphorylation of the 4
and 3 positions of MI gives PtdIns{4}P and
PtdIns{3}P, respectively [4-7]. PtdIns{4}P is
further phosphorylated to PtdIns{4,5}P, which,
when acted on by PLC, produces (1) I{1.4,5}P,
which induces the mobilization of Ca’” from
Ca®" stores in the endoplasmic reticulum [8] and
(2) DAG which activates PKC in various tissues
[9]. 1{1,4.5}P, is either phosphorylated to

FA— (|3H2

[Phosphatidylarachidonic acid] AA or FA — (l:H

1{1,3.4,5}P, which regulates Ca’" channels
[10,11] or dephosphorylated to I{1,4}P,, {1 or
4}P and MI [4]. I{1,3,4,5}P, is dephosphorylated
to I{1,3,5}P;, 1{3,4}P,, I{3 or 4}P and MI [4].
1{1,3,5}P, does not mobilize Ca*". Various ani-
mals and plants also contain 1{1,3,4,5,6}P; and
1{1,2,3,4,5,6}P, [12]; however, their physiologi-
cal roles and metabolism are not yet fully under-
stood. Similar to the hydrolysis of PtdIns{4,5}P,
by PLC, PtdAA, PtdCh and SM are also hydro-
lyzed by specific lipases and generate second
messengers. PtdAA is hydrolyzed by PLA, and
releases AA [13]. PtdCh is hydrolyzed by PLC
or PLD that produces DAG and PA [14]. SM is
hydrolyzed by SMase producing ceramide, Ch or
PtdCh [15]. It has been suggested that agonist-
stimulation of phospholipid hydrolysis, along
with releasing 1{1,4,5}P, and DAG, also releases
free fatty acids that may be playing an important
role in signal transduction.

1.2. Experimental approach to the quantitation
of inositol phospholipids and related compounds

The mobilization of individual phospholipids is
commonly studied by labelling the phospholipid
with a radionucleotide such as [ *P]ATP, ["H]MI
or [*H]Ch and quantitating the formation of
radiolabelled phospholipids or their hydrolysis
products. Quantitation of the radiolabelling of
phospholipids is a complex multi-step procedure
that involves quantitative isolation of phos-
pholipids, fractionation of individual phos-
pholipids and determination of radioactivity in
each phospholipid or its hydrolysis product [16].
In brief, total lipids, AA and DAG are extracted
from tissue samples with organic solvents such as
chloroform—-methanol or ethyl acetate [17-19],

H,C —P - Inositol [Phosphatidylinositol]

- Choline [Phosphatidyicholing]

- Glycerol [Phosphatidylglycerol]

- Serine [Phosphatidylserine]

- Ethanolamine [Phosphatidylethanolamine]

Fig. 1. Structure of phospholipids (FA: fatty acids, RCOO").
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whereas IPs are extracted from tissue samples
with TCA or PCA [20,21]. After extraction,
phospholipids, IPs, DAG and AA are fraction-
ated by TLC, cartridge-column chromatography,
HPLC or GC. The fractions containing indi-
vidual molecular species of lipids are subjected
to radioactivity determination by scintillation
counting. The radiolabelling method, however,
has many disadvantages that can be circum-
vented by measuring directly the intracellular
levels of the individual phospholipids or related
compounds. The goal of this article therefore is
to review the different extraction, chromato-
graphic and quantitation methods available for
the analysis of phospholipids and IPs in tissues.

2. Extraction of lipids from tissue samples

Total lipids are extracted from tissue samples
with chloroform-methanol-0.4% HCI (2:1:0.05,
v/v) as discussed previously [17]. In brief, the
tissue sample is mixed with the ice-cold extrac-
tion reagent and homogenized vigorously. The
homogenate is centrifuged and the organic and
aqueous layers are separated. The organic layer
containing the phospholipids is dried under ni-
trogen and used for further analysis. The aque-
ous layer containing the IPs is immediately
neutralized to prevent acid hydrolysis of the IPs
[17,22]. The extraction protocol can be simplified
when extraction of only the IPs is needed.
Samples are homogenized in TCA or PCA to
precipitate the protein, to terminate metabolic
reactions and to dissolve the IPs [22,23]. The
homogenate is incubated at 4°C for 15 min and
then centrifuged. The supernatant is collected
and the acid is removed with either water-satu-
rated diethyl ether for TCA or Freon and tri-N-
octylamine (1:1, v/v) for PCA before analysis or
storage. Previous studies have recommended the
use of a neutral extraction mixture such as
methanol or a mixture of phenol-chloroform
and methanol for the extraction of cyclic IPs
[24,25]. However, neutral extraction has several
disadvantages as described previously [26].
Quantitative extraction of DAG is achieved by
homogenizing the samples with methanol-chlo-

roform-0.9% NaCl (1:3:1, v/v). The homoge-
nate is centrifuged at 1500 g and the two phases
are collected separately. The lower phase con-
taining DAG is further washed with chloroform—
methanol-water (1:15:16.5, v/v). AA is ex-
tracted from tissue samples by chloroform-
methanol-formic  acid  (1:0.25:0.015, v/v)
[18,19]. The organic layer is dried in a water
bath at 45°C under nitrogen. The dried residue is
redissolved in chloroform—methanol (2:1, v/v)
and used for further analysis.

Because glycerophospholipids and its hydrol-
ysis products are degraded very rapidly, it is
essential to either extract the samples immedi-
ately after collection or freeze the samples in situ
immediately after collection. In situ fixation of
the samples with focused microwaves may be the
method of choice for PtdIns and IPs. The frozen
samples must be stored at —70°C to prevent
chemical changes in the lipids. The extraction
recovery can be determined by using *H-labelled
standards of phospholipid, IP, DAG or AA as
the external standard. Use of these compounds
as an internal standard may interfere with the
quantitative mass analysis. of phospholipids. A
recent study has demonstrated 50-90% recovery
of PtdIns and IPs from brain samples [22]. IP;
and IP, exhibited the lowest recovery not
because of poor extraction but because of the
poor quantitation method for these compounds
[22].

3. Chromatographic separation of different
phospholipids

The next step in the quantitative analysis of
phospholipids is the separation of lipid com-
pounds from non-lipid contaminations and then
the separation of the individual phospholipids by
using different chromatographic procedures. The
most commonly used method is TLC in which
the extract is applied on a TLC plate, the plate is
developed in an appropriate solvent and the
developed plate is sprayed with a color reagent
such as 2'7’-dichlorofluorescein or a mixture
containing 37% formaldehyde and concentrated
sulfuric acid (3:97, v/v) [27,28]. Phospholipids
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can be recovered from silica by elution with
appropriate solvents such as chloroform-metha-
nol (2:1, v/v) for phospholipids or 0.1% HCI for
IPs. The TLC method is simple and rapid,
although it exhibits poor recovery of minor
components. Alternative techniques for the
separation of lipids are cartridge-column chro-
matography using Sephadex, silicic acid, ion-
exchange cellulose or immobilized neomycin
columns, HPLC and GC. As discussed earlier,
glycerophospholipids contain fatty acids attached
to its glycerol moiety. It may be necessary to
remove fatty acids (Fig. 2) from phospholipids
when (1) the chromatographic separation of
phospholipids is based on the structural differ-
ences in their inositol head group [29] and (2)
fatty acids interfere with the chromatographic
separation [30]. It should be noted that the
deacylation process may hydrolyze the
glycerophosphoester backbone, thus resulting
into an artificial increase in inositol phosphates.

Phosphatidylinositol

Deacylatedphosphatidylinositol

Therefore, care should be taken to minimize this
process. A deacylation procedure using mono-
methylamine has been reported to minimize
hydrolysis of the glycerophosphoester bond [31].
It is also essential to remove water-soluble nu-
cleotides by using charcoal extraction because
nucleotides such as ATP coelute with 1{1,4,5}P,
in ion-exchange cartridge-column or HPLC.
Despite the development of numerous chro-
matographic procedures for the separation of
lipids in tissues, complete separation of all mo-
lecular lipid species in a crude extract can not be
achieved by any one of these methods. Common
practice therefore is that the lipid extract is first
separated into different groups of phospholipids
by using column chromatography and then each
group is further separated into its individual
lipids by TLC, column chromatography or
HPLC. In this section, the procedures, advan-
tages and disadvantages of the different chro-
matographic procedures will be discussed.

Phosphatidylinositol [4,5] Bisphosphate

R~C—o0-CH,
» |
R-C—0—CH
i
H,c——o—_}l’- o
0

PO,

Deacylatedphosphatidylinositol [4,5] Bisphosphate

Fig. 2. Structures of acylated and deacylated PtdIns and PtdIns{4.5}P,. As shown in the figure, phosphorylation of PtdIns alters
its fatty acid composition (RCOO. R'COO and R"COO are different fatty acids).



260 A.K. Singh, Y. Jiang / J. Chromatogr. B 671 (1995) 255-280

3.1. Thin-layer chromatography

Crude lipid extracts or mixtures containing
different groups of phospholipids are further
separated into their individual lipids mostly by
TLC. The commonly used TLC plates are glass
plates coated with silica gel H or alumina.
Coating of the silica plate with magnesium silica
or oxalate has been reported to improve the
separation of phospholipids [32,33]. Plastic-
based silica plates are not suitable for solvents
containing chloroform. Previously investigators
have used double-bed TLC plates with the bot-
tom half of the plate embedded with alumina or
the weak anion exchanger Cellex PAB and the
top half embedded with silica for the separation
of drugs and other compounds [34,35]. The dual
coated plates provide excellent resolution al-
though these plates can not be used for two-
dimensional TLC.

For TLC analysis, the lipid extract is evapo-
rated to dryness under nitrogen and the dried
residue is redissolved in 50 wl of chloroform-
methanol (1:1, v/v). The concentrated extract is
then spotted at one end of the activated plate
under 25-30% humidity which is necessary for
complete separation of many phospholipids such
as PtdIns and PtdSer. The spot is dried and the
plate is developed in appropriate solvent mix-
tures. The solvent mixture diffuses through the
solid adsorbent phase such that the different
compounds present in the lipid extract migrate at
different rates, thus allowing separation of the
individual phospholipids [36-38]. The migration
of phospholipids on TLC plates depends upon
the properties of the solid phase and the solvent
used [39,40] as shown in Table 1. The separation
of phospholipids is improved by two-dimensional
chromatography in which a TLC plate is first
developed in one direction for up to a preset
level and then the plate is dried and developed
again in another solvent mixture at an angle
perpendicular to the first development. After the
solvent has migrated to a preset level, the plate
is removed from the tank, dried and sprayed
with a color reagent. As shown in Fig. 3, two-
dimensional chromatography separated several
phospholipids with good resolution. In two-di-

mensional TLC, however, care should be taken
not to expose the plate to air and to avoid mixing
of the two solvents during changing of the plate
from one solvent to another. The dried plates
are sprayed with the color reagents. The com-
monly used reagents are (1) 2'-7'-dichloro-
fluorescein (0.1%) in methanol-water (97:3, v/
v) which reacts with certain phospholipids and
exhibits fluorescence, (2) a mixture containing
37% formaldehyde and conc. sulfuric acid (3:97,
v/v) which is sprayed on the plate and then
heated at 180° for 30 min and causes the lipid
compounds to appear as black charred spots, or
(3) a mixture containing 3% copper acetate in
8% phosphoric acid which makes phospholipids
to appear dark brown.

3.2. Cartridge-column chromatography

Sephadex, ion-exchange cellulose, silicic acid,
immobilized neomycin and C,; Sep-Pak columns
have been successfully used for the separation of
phospholipids from tissue extracts. Sephadex
columns can be used to remove water-soluble
non-lipid contaminations from lipids and for the
separation of gangliosides from the other phos-
pholipids [41]. Silicic acid columns are excellent
for separating neutral lipids from polar lipids or
glycolipids with other lipid groups [42]. Ion-ex-
change cellulose columns such as DEAE- and
TEAE-cellulose columns provide excellent sepa-
ration of lipid classes without cross-contamina-
tion [43]. DEAE-cellulose columns are more
effective in separating polar lipids than TEAE-
cellulose columns which are more effective in
separation weakly acidic lipids. Rouser et al. [28]
have developed extensive protocols for the step-
wise elution of different lipids from DEAE or
TEAE columns. Acidic lipids such as fatty acids
are eluted from DEAE columns with weekly-
acidic solvent but strongly acidic lipids are eluted
from the columns by chloroform—acetic acid—
ammonia (3:1:0.1, v/v) containing salt such as
ammonium or potassium acetate. PtdCh exhibits
reversible binding with DEAE and is eluted
easily with chloroform-methanol (9:1, v/v).
Nonionic lipids are separated from DEAE col-
umns with chloroform, hexane or hexane—di-
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Table 1

Separation of phospholipids by TLC [27,28,36-39].

Solvent system

Solvent composition

Comments

A
Chloroform—methanol-4 M
ammonia

B

Chloroform-methanol-
acetone-16 M NH,OH, then
developed in:
Chloroform-methanol-16 M
ammonia-water

HCl fumes

Developed at 90° to the first front
in chloroform-methanol-acetone—
acetic acid—0.1 M ammonia

C

Methyl acetate—2-propanol-
chloroform-methanol-25% KCl in
one direction

Chloroform-acetone—-methanol-
acetic acid—water in the other
direction

D
Chioroform-methanol-28%
ammonia in one direction

Chloroform-acetone-methanol-
acetic acid—water in the other
direction

E

Hexane—diethyl ether or
hexane—diethyl ether—-acetic acid
in one direction

Chloroform-methanol-28%
ammonia in the other direction

F
Chloroform—methanol-ammonia in
one direction

Chloroform—acetone—methanol—
acetic acid—water in the second
direction

60:40:10

70:45:10:10

36:28:2:6

140:60:55:4.510

25:25:25:10:9

10:4:2:2:1

65:25:5 or 65:85:5

3:4:1:1:0.5

90:10
80:20:2

95:5:.8

65:85:

wn

4:3:1:1:0:5

Oxalate coated plate separates
PtdIns, PtdOH and PtdInsP

Redeveloping
separates PtdInsP from
Ptdins[4,5]P,

HCl fumes essential for the
separation of Ptdins but
overexposure may hydrolyze fatty
acids

Good separation of polar lipids

Excellent separation of polar
lipids. Humidity of the spotting
sample is critical for the
separation of PtdIns from PtdSer

Neutral and least polar lipids

Separation of polar lipids.
Provided better separation of Cer
and Su but poor separation of
PtdCh and PtdSer
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Fig. 3. Separation of lipids by two-dimensional TLC. White
matter samples were dissected out and extracted with chloro-
form-methanol (2:1, v/v) as described previously [17]. The
lipid extract was dried under nitrogen. The dried residue was
redissolved in hexane~propanol and spotted on a HPTLC
plate. The plate was developed in one direction using methyl
acetate—propanol—-chloroform-methanol-0.25% aqueous
KCl (25:25:25:10:9, v/v) and in the other direction using
hexane-diethyl ether-acetic acid (80:20:2. v/v). The plate
was removed and dried. The dried plate was sprayed to
saturation with 3% copper acetate in 8% phosphoric acid.
Phospholipids were visualized after charring the plate for 20
min at 160°C. Reprinted from Ref. [27] with permission.
PE = phosphatidylethanolamine, PI = phosphatidylinositiol:
PS = phosphatidylserine, PC = phosphatidyicholine. Sulf =
sulfatide, NL = neutral lipids.

ethyl ether. Although a recent study has de-
scribed the use of a C,, Sep-Pak column for the
separation of lipids, the column is suitable most-
ly for the separation of neutral lipids [44]. The
immobilized neomycin columns are excellent for
separating the different inositol phospholipids
[45-51] as shown in Fig. 4 [46]. The different
inositol phospholipids are eluted from the
neomycin columns by increasing the concentra-
tion of ammonium formate: PtdIns, PtdInsP and
PtdInsP, eluting at 20, 400 and 1000 mM am-
monium formate, respectively [46].

As discussed earlier, none of the above col-
umns is effective in separating from crude tissue
extracts the individual phospholipids in pure
form. Therefore, lipid extracts are processed by
several chromatographic steps. For this purpose.
the extract is first subjected to Sephadex chroma-

tography for separation of the lipids from the
nonlipids in the extract. The lipid fraction is then
poured onto a DEAE column that is eluted with
different solvents in the following order: (1)
chloroform to elute neutral lipids, (2) a mixture
of chloroform-methanol (9:1) and acetic acid
(0.02%) to elute fatty acids, Cer, PtdCh, LPC
and SM; (3) chloroform-methanol (7:3, v/v) to
elute PtdE, (4) methanol to remove salt and (5)
chloroform-methanol-ammonium salt to elute
PA, Ptdlns and PG [22,28]. The individual
fractions are concentrated to 100 ul at 45°C
under nitrogen and then the concentrated res-
idue is further separated by cartridge-column
chromatography, TLC, HPLC or other chro-
matographic procedures. A recent study has
shown that Sep-Pak cartridges (Accel Plus
OMA, Cat. No. 20815, Millipore, Bedford, MA,
USA) provide excellent separation of PtdCh,
PtdIns, PtdInsP and PtdInsP, from DEAE eluate
as shown in Fig. 5 [22].

3.3. High-performance liquid chromatography

As discussed earlier, the separation of lipids
from crude extracts by TLC and ion-exchange
columns involves multiple steps of sample prepa-
ration that may be time-consuming. HPLC has
been reported to be a simple and sensitive
method for the separation of lipids in crude
extracts [52,53]. The HPLC system commonly
used for the separation of phospholipids consist
of two pumps, a solvent delivery system, a
reversed-phase column and a detection system
such as UV detector, mass spectrometer or
radiometric detector. UV detection of underiva-
tized phospholipids eluted from HPLC columns
is achieved by measuring the absorption in the
200-nm region [52]. Since many solvent mixtures
are not transparent in the 200-nm UV range, the
use of this method limits the choice of solvent
systems. Recent studies have shown that acetoni-
trile-methanol-water [53] and hexane-2-pro-
panol-water [54,55] solvent systems are trans-
parent in the 200-nm region and provide excel-
lent separation of phospholipids. Fig. 6 dem-
onstrates the elution order of plasma membrane
lipids as determined by HPLC and UV detec-
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Fig. 4. Fractionation of acidic phospholipids on immobilized neomycin column. Brain and liver samples from rats were extracted
with chloroform-methanol (1:1. v/v). The samples were centrifuged and the extract was collected. The tissue sample was
re-extracted with chloroform-methanol (2:1, v/v). The sample was again centrifuged and the extract was separated and pooled
with the previous extract. The combined extracts were diluted with 4 volumes of chloroform containing 0.2 ml of 1 M HCI. The
organic phase was collected and dried under nitrogen. The dried residue was redissolved in chloroform-methanol (2:1, v/v) and
the entire extract was poured onto a neomycin sulfate column. The column was sequentially washed with 4 to 6 volumes of
chloroform-methanol (1:1, v/v), chloroform~methanol (2:1, v/v), chloroform—methanol-88% formic acid (300:600:1, 10:20:1,
10:20:1 and 5:10:1, v/v), chloroform—methanol-water (5:10:2. v/v) and ammonium formate 20—-40 mM, 100-200 mM, 400-600
mM and 1 M. The amount of radioactivity was determined in each fraction. PtdIns, PtdIns[P] and PtdIns[P,] eluted in steps 8 to

11. Reprinted from Ref. [46] with permission.

tion. HPLC using an acetonitrile- or hexane-
based mobile phase allows the direct detection of
phospholipids without prior cleanup of the crude
extract, thus making these methods simple and
rapid. However, these methods do not effective-
ly separate the different inositol phospholipids.
Recently, Nakamura et al. [56] have developed
an HPLC procedure that specifically analyzes
PtdInsP and PtdInsP, in the brain. In this meth-
od, the lipid extract is first derivatized with 9-
anthryldiazomethane to produce (9-anth-
ryl)PtdInsP and di(9-anthryl)PtdInsP, and then
the derivatized sample is separated by HPLC

with UV detection at 245 nm. PtdCh, PtdIns,
PtdSer, PtdE and SM are not derivatized with
this reagent and, therefore, do not interfere with
the assay [57]. This method is more sensitive
than that using the underivatized UV detection
method for the analysis of inositol phospholipids.
Previous studies have described a novel HPLC
method that uses thermospray mass spec-
trometry for the detection of phospholipids in
crude extracts [58,59]. In this method, phos-
pholipids are separated on a reversed-phase
column with methanol-hexane-0.1 M ammo-
nium acetate as the mobile phase. The column
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Fig. 5. Fractionation of PtdCh. PtdIns, PtdIns{4}P and
PtdIns{4,5}P, by Sep-Pak column. Synaptosomes were la-
belled with [’H]MI and the loaded samples were extracted
for total lipid. The lipid extract was concentrated under
nitrogen and then applied onto a DEAE-cellulose column
and different phospholipids were eluted from the column.
The fractions containing PtdCh and inositol phospholipids
were pooled and concentrated under nitrogen. The concen-
trate was applied onto the Sep-Pak column and eluted with a
gradient of 0.5-99.5% of ammonium acetate. A clear sepa-
ration of PtdCh, PtdIns, PtdIns{4}P and PtdIns{4,5}P, was
obtained. Reprinted from Ref. [22] with permission.

effluent is introduced into a mass spectrometer
via a Vestec thermospray interface. The mass
spectrum of each phospholipid is determined. A
typical mass spectrum of PtdIns obtained by
HPLC-MS analysis is shown in Fig. 7. Fig. 7b
demonstrates that the ion at m/z 198 corre-
sponds to inositol-NH, that may be characteristic
of all inositol phospholipids. As shown in Fig.
7a, PtdIns may exhibit multiple peaks depending
on the composition of the fatty acids interacting
with the phospholipid. Deacylation of the phos-
pholipids before analysis may improve the analy-
sis of phospholipids. The HPLC-MS method has
potential for quantitating the concentration of
individual lipids by measuring selected ions.

Neutral Lipids

Etn Gpt

Q S llO l‘.': 20 ‘Z‘g 30 3 40
TIME GMIND

Fig. 6. Elution of bovine brain plasma membrane lipids with
HPLC. The membrane samples were extracted 3 times with
1:18 (w/v) ratio of hexane-2-propanol (3:2, v/v). The
extracts were pooled and concentrated to dryness under
nitrogen. The dried residue was redissolved in hexane-2-
propanol (3:2, v/v) and injected onto the HPLC system
consisting of 2 pumps, a solvent controller and a UV
detector. Phospholipids were separated on a Dupont Zorbax
SIL (25 cmx 4.6 mm [.D., 5 um) column. Two solvents
(solvents A and B) were used as the mobile phase. Solvent A
was hexane-2-propanol (3:2, v/v) and solvent B consisted of
27.5% water and 72.5% solvent A. The two solvents were
programmed as follows: initial 50% each of A and B,
increasing B to 78% in 9 min, increasing B to 100% in 23 min
and resetting of the initial values in 2 min. The flow-rate was
1.5 ml/min and the UV detector was set at 205 nm. This
program separated neutral lipids from acidic lipids but did
not resolve the individual inositol phospholipids. Reprinted
from Ref. [52] with permission.

The HPLC methods described above are de-
signed to separate the inositol phospholipids that
exhibit phosphorylation at 4-OH position of the
inositol  ring (such as PtdIns[4}P and
PtdIns{4,5}P,). Recent studies have shown that
certain cells also contain a novel phos-
phoinositide kinase that phosphorylates the 3-
OH position of the inositol ring, thus producing
PtdIns{3}P, PtdIns{3,4}P, and PtdIns{3,4,5}P,
[60]. These 3-P phospholipids are different from
4-P phospholipids since the former phospholipids
do not act as substrate for PLC [61]. These
phospholipids were not detected previously
because they are present only in very low
amounts and co-migrate with the 4-P inositol
phospholipids in the conventional chromato-
graphic methods. Recently Auger et al. [61]
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Fig. 7. Analysis of PtdIns by HPLC-MS. (a) Separation and
selected-ion monitoring of plant PtdIns and (b) thermospray
mass spectrum obtained from the 16:0,18:2 peak. The tissue
samples were extracted for total lipids and the extract was
concentrated under nitrogen. The concentrated extract was
separated by HPLC on an Altex Ultrasphere-ODS (7.5 cm X
4.6 mm [.D., 3 um particle size) column. The mobile phase
was methanol-hexane—0.1 M ammonium acetate in water
(500:25:25, v/v) and the flow-rate was 1 ml/min. The HPLC
cluate was introduced into a mass spectrometer equipped
with a Vestec thermospray interface. At least 6 molecular
species of PtdIns were detected based on the differences in
the chain length and the saturation level of the fatty acid
attached to it. Reprinted from Ref. [S8] with permission.

developed an ion-exchange HPLC method for
the identification of PtdIns, PtdIns{3}P,
PtdIns{3,4}P, and PtdIns{3,4,5}P;. The method
requires prior deacylation of the phospholipids
because the HPLC method separated the phos-
pholipids based on the structural differences in
the inositol head group [61].

4. Chromatographic separation of inositol
phosphates

4.1. Thin-layer chromatography, paper
chromatography and electrophoresis

Previous studies have used silica-gel or PEI-
cellulose TLC plates for the separation of IPs
[62-64], although the methods are not very
sensitive and exhibit poor resolution. Paper
chromatography provides better separation of
IPs but exhibits poor sensitivity [64-67]. Electro-
phoresis on Whatman No. 1 paper or cellulose
TLC plates provides relatively rapid separation
of IP polyphosphates in brain extracts [68].
Electrophoresis effectively separates IP isomers
that ion-exchange columns can not [68]. How-
ever, the loading capacity of electrophoresis
paper is very small. These observations suggest
that TL.C, paper chromatography or electropho-
resis may not be suitable for the routine analysis
of 1Ps in small quantity of tissue samples.

4.2. Cartridge-column chromatography

Anion-exchange cartridge columns such as
Dowex formate, AG 1 X-8 formate or DEAE-
cellulose columns provide excellent separation of
IPs in biological samples. The commonly used
method involves deproteinization of the samples
with TCA or PCA, neutralization of the acid and
stepwise elution of IP, IP,, IP, and IP, with
increasing concentration of ammonium formate
in dilute formic acid [69,70]. Ammonium for-
mate elutes IPs because formate has greater
affinity than phosphate for the resin. However, a
very high concentration of formate may be
needed for the elution of IP, and IP, which
may exhibit some cross-contamination [70]. In
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another study, polyinositol phosphates were
cluted from an anion-exchange resin by a step-
wise gradient of ammonium sulfate [71] that
provided excellent separation of IP, IP,, IP, and
IP, as shown in Fig. 8. Since sulfate has a greater
affinity for the resin than either formate or
phosphate, the elution of IPs is achieved at a
relatively low ionic strength [71]. A recent study
has described the use of Sep-Pak columns for the
separation of IPs [22]. In this method, PCA
extracts from tissue samples are poured onto a
Sep-Pak column and the IPs are eluted by using
a linear gradient of TEAB from 10 to 100% [22].
As shown in Fig. 9, this method separated PtdCh
and different inositol phospholipids in small
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Fig. 8. Elution pattern of IPs applied to an anion-exchange
resin (AG1-X8) and eluted with ammonium sulfate. The
myocyte samples were loaded with ['TH]MI and the loaded
samples were extracted twice with TCA. The TCA extracts
were pooled and washed with water saturated diethyl ether.
The extract was then lyophilized to dryness. The dried
sample was resuspended in 2 ml of Tris buffer (0.01 M. pH
8.5), neutralized with NaHCO, and applied to the resin
(Bio-Rad AG1 X8). IP. IP,. IP, and IP, were eluted with 12
ml of 0.05, 0.075, 0.15 and 0.16 M ammonium sulfate.
respectively. This method provides excellent separation of
IPs. Reprinted from Ref. [71] with permission.

sample size. The ion-exchange methods de-
scribed above, although providing excellent
separation of IPs, have several disadvantages,
e.g. (1) the methods do not resolve different IP
isomers or IP; and IP,, and (2) the interfering
compounds are not identified by these methods.
Bartlett [72] has developed an improved ion-
exchange method that permits the separation of
poly-IPs from IP to IP in blood samples. In this
method, the red blood cells are extracted with
PCA and the'PCA extract is neutralized with
KOH. The neutralized extract is poured onto a
Dowex formate column and the IPs are eluted
with a linear gradient of 0 to 5 M ammonium
formate followed by a linear gradient of 0 to 1 M
HCI. Fractions of 5 to 10 ml are collected and
assayed for IPs by measuring the phosphate
concentration [73]. This method provided excel-
lent separation of IP, IP,, IP,, IP,, IP; and IP,.
However, the method is not suitable for routine
analysis of IPs since it requires large sample
volumes and large amounts of elution reagents.
Recently, Christensen and Harbak [74] described
an ion-exchange method that is suitable for the
separation of poly-IPs in small tissue samples
(Fig. 10).

4.3. High-performance liquid chromatography

One of the major disadvantages of ion-ex-
change chromatography is its inability to sepa-
rate IP isomers. Previous studies have shown
that poly-IPs exist in several isomeric forms that
differ in their metabolism and biological activity
[4.5]. Therefore, ion-exchange chromatography
may not be suitable for studying IP metabolism
or the possible relationship between IPs and
their biological activity. HPLC may be more
suitable for this purpose because it provides
excellent separation of the IP isomers. The early
HPLC methods were developed especially for
the separation of 1{1,4,5}P, from I{1,3,5}P,
[75.76] or the isolation of different IPs [77,78].
However, numerous HPLC methods using dif-
ferent columns, solvent mixtures and modes of
detection are presently available for the analysis
of IPs (Table 2, Figs. 11-16). The choice of
HPLC method will depend upon the objectives
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Fig. 9. Application of the Sep-Pak column in the separation of IPs in synaptosomes. Synaptosomes were loaded with [*’H]MI and
then incubated with Ringer's buffer alone or the buffer containing carbamylcholine or NE. The stimulated and unstimulated
samples were precipitated with TCA and centrifugation. The clear supernatant was collected and neutralized with 10 M KOH,
Then the sample was applied to a Dowex-50W column and the eluate was collected. The column was washed with 5 column
volumes of water and the eluates were pooled. The combined eluate is lyophilized overnight. The dried residue is redissolved in
deionized water and poured onto a Sep-Pak column. Individual IP was eluted by using a linear gradient of TEAB (1 M) from

10% (90% water) to 90% (10% water) in 60 min. The eluate was

collected and subjected to the analysis of IPs or scintillation

counting. This method provides good separation of IPs, although the isomers are not separated. Reprinted from Ref. [22] with

permission.

of the experiment and the questions asked. If
one wishes to study changes in total IPs, then
ion-exchange chromatography or simple HPLC
methods as described by Reed and Bellerache
[79], or Mathews et al. [80] should be used.

However, if one wants to study IP metabolism,
regulation of Ca®" mobilization by 1{1,4,5}P; or
the redistribution of Ca’* by 1{1,3,4,5}P,, then
methods that provide effective separation of the
IP isomers will be more suitable. HPLC methods
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Fig. 10. Separation of IPs including IP, and IP, on anion-
exchange column. Ehrlich ascites tumor cells were labelled
with [*’H]MI and extracted with TCA. The TCA extract was
washed with water-saturated diethyl ether and then mixed
with borate buffer (7.8 mM, pH 8.0) containing EDTA (12.5
mM). The samples were applied on a Dowex 1-X8 (200-400
mesh) column and eluted stepwise with ammonium formate
(0.06 M, 9 ml; 0.15 M, 9 ml; 0.3 M, 15 ml, 0.65 M, 15 ml;
0.80 M, 15ml; 0.85 M, 44 ml; 1.2 M, 24 ml and 2 M, 12 ml).
The flow-rate was set at 1 ml/min and 1-ml fractions were
collected. Each fraction was subjected to scintillation count-
ing. The thick line represents commercial *H-labelled 1{1}P,
1{1,4}P,, 1{1,4,5}P, and I{1,3,4,5}P, standards. Reprinted
from Ref. [74] with permission.

that do not effectively separate ATP from
1{1,4,5}P,, such as the one described by Bram-
mer and Weaver [81], are not suitable for experi-
ments that use radiolabelling with [*’P]ATP.
The commonly used HPLC methods separate
IPs on ion-exchange columns by using gradients
of aqueous mobile phases. The separation of IPs
depends upon the type and size of the column,
the composition of the solvent mixture and the
gradient of the solvents. In general (1) short
columns provide more rapid and sharper sepa-
ration of IPs than large columns, (2) shallower
gradients provide better separation but longer
chromatographic run-times than steep gradients,
(3) stepwise gradient increments provide better
resolution of IP isomers than linear increments
and (4) solvents with pH <4 provide sharp
separation of IPs. Exposure to low pH may
hydrolyze IPs and produce false values if inor-

ganic phosphate is being detected for the identifi-
cation of the IPs. Most HPL.C procedures use
linear or stepwise gradients of ammonium for-
mate, ammonium acetate and/or ammonium
phosphate as the mobile phase. Irvine et al. [76]
identified IPs by adding a mixture of AMP, ADP
and ATP to the extracts that served as markers
for IP, IP, and IP,, respectively. This was done
because (1) IPs do not absorb UV or visible light
but nucleotides do and (2) these nucleotides
elute close to the respective IPs. Several studies
have demonstrated direct detection of IPs by
using metal-dye [82], amperometric {83] and
conductivity detection [84].

4.4. Gas chromatography

Although gas chromatography has been used
for the direct analysis of I{1}P [92], GC columns
do not effectively separate the different molecu-
lar species of IP. Therefore GC is not suitable for
the direct analysis of poly-IPs. In previous
studies a GC method for the analysis of MI has
been developed that can also be used for the
indirect analysis of IPs [93,94]. The method
involves separation of IPs in crude extract,
dephosphorylation of individual IP into MI by
using alkaline phosphatase and subsequent anal-
ysis of MI by gas chromatography. MI is de-
tected either by a flame-ionization detector [93]
or by mass spectrometry [94]. Fig. 17 shows the
chromatographic separation of natural and d4-
labelled MI by using selective-ion monitoring
GC-MS. A major disadvantage of the GC
procedures is that IPs must be extracted in a
form that can be dephosphorylated by alkaline
phosphatase. Rittenhouse and Sesson [94]
achieved this by eluting IPs with ammonium
formate and then subjecting the IPs to a second
ion-exchange chromatography using LiCl. This
method provided poor and variable recovery
because the use of ethanol to remove the excess
LiCl caused large losses of IPs. Heathers et al.
[71] and DaTorre et al. [93] circumvented this
problem by using ammonium sulfate for the
elution of IPs from the resin.
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Fig. 11. HPLC analysis of the different 1P isomers including IP, and IP, using metal-dye detection. Blood or platelet samples
were extracted by homogenizing the samples with ice-cold PCA ((1.5 M). The samples were centrifuged and the clear supernatant
was collected. The pH of the extract was adjusted to pH 5 with KOH. Nucleotides were removed from the sample by using
acid-treated Norit A charcoal (20% suspension w/v prepared in 0.1 M NaCl in 50 mM sodium acetate, pH 4). The
charcoal-treated extract was injected onto the HPLC system equipped with gradient pumps, UV detector and a Mono Q column
(15 cm % 0.5 em 1.D.). The two mobile-phase sotvents were 9 u M YCI, (A) and 14 pM YCI,. The initial gradient was A:B (1:2)
and the percentage of solvent B was increased gradually to 95%. The HPLC eluates were subjected to post-column treatment
with PAR. IPs were detected at 520 nm. Chromatogram (a) shows the composition of IPs in avian normoxaemic (i) and
anoxaemic (ii) blood. Chromatogram (b) shows the composition of IPs in platelets before (i) and after (ii and iii) secretion. This
method provides rapid separation of {P jsomers with excellent resolution. This method is suitable for mass analysis of IPs.
Reprinted from Ref. [82] with permission.

5. Chromatography of diacylglycerol and detection [99] have also been used for the
arachidonic acid quantitation of DAG. The t-BDMS derivatives
of different DAG molecular species exhibited

DAG is commonly measured by extracting major ions at m/z 313, 341, 653 and 654 which
samples with chloroform-methanol, drying the can be monitored for the quantitation of DAG.
chioroform la;/er and incubating the dried res- Previous studies have shown that AA is effec-

idue with [y-""PJATP and DAG kinase, separat- tively converted into a number of metabolites
ing the product (l-stearoyl-2-arachidonoyl-sn- such as 12-HETE, 15-HETE and PGE, that can
glycerophosphate) by TLC and determining be separated by TLC or HPLC [100,101]. For
radioactivity in the product [95,96]. DAG is TLC analysis of AA and its metabolites, the

separated from other lipids either by TLC (Fig. samples are extracted with chloroform~metha-
18) or by HPLC (Fig. 19) [97]. Gas chromatog- nol-formic acid (20:80:1.25, v/v). The chloro-
raphy with flame-ionization detection {98] and form layer is separated and evaporated to dry-

gas chromatography with mass spectrometric ness. The samples are spotted on a TLC plate



A.K. Singh. Y. Jiang ! J. Chromatogr. B 671 (1995) 255-280 271

<
<
2500, ¥ 20
2000
15
1500

-Ins1P,

o
{Ammonium formate] (M)

[’H]InsP (d.p.m./mg of protein)

Y <
1000 E a <
1 < < o
- -
500 i o7 “ 08
% iy g
0 . o { N 0
© 10 20 30 40 50 60 70 80 90 100 110

Fraction Number from HPLC

Fig. 12. HPLC of IPs from control (solid line) and carbachol
stimulated (dotted line) smooth muscle samples using a non-
linear gradient of ammonium formate. Muscle samples were
incubated with [*’H]MI for 3 h and the not-incorporated
[*H]MI was removed by washing. The loaded samples were
exposed to Ringer’s buffer alone (for control) or the buffer
containing carbachol (100 uM). The reaction was stopped
with TCA and the TCA extract was washed with water-
saturated diethyl ether. The washed extract was neutralized
and injected onto the HPLC system equipped with a Partisil
SAX anion-exchange column. IPs were separated by using
gradients of ammonium formate buffer containing phosphoric
acid (pH 3.7). Reprinted from Ref. [85] with permission.

and developed in acetate—hexane-acetic acid
(30:50:1, v/v) and chloroform-methanol-acetic
acid—water (80:8:1:0.8, v/v). As shown in Fig.
20, these solvent systems provide excellent sepa-
ration of AA, 15-HETE. 12-HETE, 12-i-hy-
droxyheptadecatrienic acid and PGE, [102]. The
HPLC analysis is performed by using a reversed-
phase C,; column and a continuous gradient of
water—acetic acid (100:0.05, v/v) and methanol-
acetic acid (100:0.05, v/v) [18] or water-acetic
acid (100:0.05, v/v) and acetonitrile [102]. The
acetonitrile-based mobile phase provided good
separation of AA and its metabolites (Fig. 21).

6. Quantitation of inositol phospholipids and
inositol phosphates

The receptor-mediated changes in inositol
phospholipids and IPs are commonly studied by
radiolabelling PtdIns{4,5}P, with either ['H]MI
or [y-"*P]JATP and measuring the radiolabelling
of the individual IPs. For the radiolabelling
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Fig. 13. HPLC separation of ["H]MI-labelled IP isomers in
cerebellar slices. Cerebellar slices were loaded with ["H]MI
and then homogenized in 10% TCA. The homogenate was
centrifuged and the clear supernatant was neutralized with
0.1 M NaOH. The neutralized extract was injected onto a
HPLC system equipped with a Partisil SAX column. IPs were
eluted with stepwise gradients of ammonium phosphate from
0 to 1.75 M. IPs were detected with a radiometric detector.
This method provided good separation of IP isomers, al-
though the analysis time was almost 3 h. Reprinted from Ref.
[88] with permission. 1=1{1}P and I{3}P, 2=1{4}P, 3=
1{1.3}P,, 4=1{14}P,, 5=1{3,4}P,, 6= glycerophosphoryl
inositol kisphosphate, 7=1{1,3,4}P,, 8=I{1,4,5}P;, 9=
1{1.3.4.5}P,.
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Fig. 14. Separation of IPs including IP, and IP, by a
Partisphere SAX column with a 0-100% ammonium phos-
phate gradient. HL60 cells were loaded with ["H]MI and
then homogenized in 4 volumes of TCA. The TCA extract
was neutralized and injected onto a gradient HPLC with a
Partisphere SAX column and a radiometric detector. IPs
were eluted with gradients of sodium phosphate and am-
monium phosphate. Reprinted from Ref. [89] with permis-
sion.
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Fig. 15. Resolution of IP, isomers on a Partisphere WAX
column using a 0-95% gradient of ammonium phosphate.
NC4 cells were incubated with {P]P, and then TCA extracts
were prepared. The extracts were neutralized and chromato-
graphed on a Partisphere WAX column. This method pro-
vided excellent separation of 1{1,2,3,4,6}P, from
1{1,2,3,4,5}P; but provided poor separation of 1{1,2,4,5.6}P;
and 1{1,3,4,5,6}P; in tissue samples (upper chromatogram).
The HPLC eluates containing 1{1,2,4,5.6}P, and
I{1,3,4,5,6)P; were collected and rechromatographed on a
Partisphere SAX column that separated the two IP, isomers
(lower chromatogram). Reprinted from Ref. [89] with per-
mission.

method to accurately reflect changes in the
compound’s mass, it is essential that the tissue is
labelled with a radioisotope to isotopic equilib-

rium [103,104]. This may be difficult because
several studies have demonstrated that (1) the
incorporation of [**P]JATP or [*H]MI into
PtdIns{4,5}P, takes a couple of hours to a
couple of days depending upon the type of the
radioisotope and tissue samples [105-107], (2)
the incorporation of **P into PtdIns{4,5}P,
reached a maximum level within 2 h and then the
labelling decreases [108]; however, the incorpo-
ration of *’P into other phospholipids continued
to increase after 2 h [108], (3) labelling tissues
with [*H]MI, requiring long incubation periods,
may effect agonist response [109] and (4) the
concentration of [’H]MI at isotopic equilibrium
differs in different tissues [109-113]. This also
suggests that different phospholipids may require
different incubation periods to reach isotopic
equilibrium. The radiolabelling of phospholipids
is also affected by the presence of endogenous
unlabelled precursors such as MI or Ch in tissues
[16]. It is therefore important to measure the
time-course of radioisotope incorporation in in-
dividual phospholipid to ensure that all pools of
the phospholipid have been labelled to isotopic
equilibrium. This is particularly important when
the radiolabelling method is being used for
studying the metabolism of IPs. It is commonly
believed that IP; and IP, are the sole metabolic
precursors of IP, and IP and, thus, change in the
levels of IP, and/or IP, causes proportional
changes in the levels of IP, and IP [5]. However,
recent studies have shown that IP, and IP, are
exclusively released from PtdIns{4,5}P, while IP,
and IP are released both from PtdIns{4}P and
PtdIns{4,5]P, [22,23], thus suggesting that IP,
may not be the sole source of IP, in tissues.
Therefore, if both PtdIns{4}P and PtdIns{4,5}P,
are not labelled to isotopic equilibrium, the
radiolabelling method will provide inaccurate
information regarding the metabolism of IPs in
tissues.

To circumvent the disadvantages of the radio-
labelling method, a previous study has used a
radioreceptor assay for the mass analysis of
1{1,4,5}P, and 1{1,3,4,5}P, which may provide
more accurate information than the radiolabel-
ling method with regard to the mobilization of
IPs [114]. The radioreceptor method, however,
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Fig. 16. HPLC separation of *H-labelled inositol phosphates in chromaffin cells. The cells were loaded with ["HJMI and then
homogenized with 20% TCA. The homogenate was neutralized and injected onto an HPLC system consisting of a Model 600E
gradient controller (Waters), Partisil 10 SAX column and an on-line radioactivity detector. The IPs were eluted with a gradient of
ammonium phosphate at pH 3.8. This method provided excelient separation of different IP isomers, although the analysis took

more than 2 h. Reprinted from Ref. [91] with permission.

specifically measures 1{1,4,5}P, or 1{1,3,4,5}P,;
therefore, the metabolism of other phospholipids
is not studied. Recently, several analytical pro-
cedures have been developed for the mass analy-
sis of phospholipids and IPs. Most methods
involve the extraction of lipids from tissue sam-
ples, chromatographic separation of individual
lipids uwsing TLC, cartridge-column or HPLC,
and the detection of individual lipids by a suit-
able detector or chemical reaction. The aim of
this section, therefore, is to discuss the method-
ologies for radiolabelling and mass analysis of
IPs.

6.1. Radiolabelling

6.1.1. Radiolabelling with [’ H]myo-inositol

Cell culture, tissue homogenates or subcellular
fractions (such as synaptosomes or microvessels)
are incubated for 2 to 4 h at 37°C with [°’H]MI in
Ringer’s buffer (0.75 uM, 15 Ci/m mol). After
incubation, the samples are centrifuged and the
supernatant is discarded. The samples are then
washed 4 times with Ringer’s buffer. To study
the receptor stimulation of PtdIns{4,5}P, hy-
drolysis, the loaded samples are incubated with
the agonist and the radioactivity in different 1Ps

is measured at different time intervals. Previous
observation that carbachol increased the con-
centration but did not increase the radiolabelling
of IP, and IP [22] and that IP, may not be the
only source of IP, [23,115] complicates the
interpretation of the radiolabelling data. Despite
these disadvantages, radiolabelling with [PH]MI
has been extensively used for studying receptor-
stimulated IP mobilization.

6.1.2. Radiolabelling with [y->>P]JATP

Several studies have shown that incubation of
tissues with [y->’P]ATP leads to the incorpora-
tion of *’P into phospholipids because of the
presence of the enzyme lipid kinase [116,117].
Tissues can be labelled with **P either by in vitro
incubation of tissues with [y-’PJATP or by
intracerebral injection of [y-’P]JATP [108,118].
Previous observations that (1) the labelling of
PtdIns[4}P or PtdIns[4,5}P, reached a maximum
level within 2 h after injection and, with pro-
longed time, the labelling declined and (2) the
labelling of other phospholipids continued to rise
after 2 h [108] suggest differences in the time
taken by different phospholipids to reach iso-
topic equilibrium.
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Fig. 17. Gas chromatographic—mass spectrometric analysis of
natural and d,-MI obtained from the dephosphorylation of
IP, in canine myocytes. The extraction and chromatographic
separation of IPs are described in Fig. 11. The fractions
containing individual IPs were pooled and lyophilized. Each
IP was dephosphorylated by alkaline phosphatase and then
desalted by adding a stoichiometric amount of solid
Ba(OH),. The desalted samples were again lyophilized and
the dried residue was derivatized with a mixture of BSTFA
and TMCS. The derivatized samples were analyzed by a gas
chromatograph—electron-impact (EI) mass spectrometer
(GC-MS). The GC-MS was programmed in the SIM mode
to monitor ions at m/z 305, 318, 307 and 321. Ions at m/z
305 and 318 are the major ions produced by the natural Ml
and ions at m/z 307 and 321 are the major ions produced by
the internal standard (d.-MI). Reprinted from Ref. [93] with
permission.

6.2. Mass analysis of inositol phospholipids

6.2.1. Analysis of inorganic phosphate

The measurement of inorganic phosphate (P,)
provides a simple and sensitive measurement of
IP mass in tissues. The chromatographic ef-
fluents containing the individual phospholipids
are freed of phosphate by using Dowex 1 X-8.
The samples are then treated with alkaline
phosphatase and the concentration of P, is mea-
sured by using the molybdate reagent containing
citrate [119]. It has been suggested that citrate
prevents the hydrolysis of ATP. a natural pre-
cursor of P, that gives false P, values [119]. The
color reaction is monitored at 660 nm. An
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Fig. 18. TLC separation of lipids from neuronal culture.
Neuronal cells, loaded with ["H]JAA, ['H]stearic acid and
['H]palmitic acid, were extracted with 3.6 ml of cold chloro-
form—methanol (2:1, v/v) and then with 2.4 ml of
chloroform-2 M KCI (1:1, v/v). The organic layer was
collected and spotted on the TLC plate. The plate was
developed in ethyl acetate-iso-octane—acetic acid—water
(93:47:21:100, v/v). The lipid moieties were detected by
autoradiography. C: control and BK: bradykinin treated.
Reprinted from Ref. [97] with permission.

important disadvantage of the method is the
interference by IP, with the analysis of P, [120].
The interference can be eliminated by extracting
the sample after molybdenum reaction with
isobutanol-n-heptane (3:2, v/v) and measuring
the optical density of the organic layer at 725 nm
[120]. A previous study has described an on-line
post-column detection of P; that provides direct
quantitation of phospholipids in tissue extracts
[90]. Hanaoka et al. [121] have described an
HPLC method using conductivity detection for
the quantitation of phosphate and other anions;
however, the possible application of this method
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Fig. 19. HPLC separation of DAG standards. DAG stan-
dards (1 =18:2-18:2. 3 = 16:0-20:4, 4 = 15:0-15:0, 5= 16:0-
18:2, 6 = 14:0-16:0, 8 = 18:0-20:4, 9 = 18:1-18:1, 10 = 16:0-
18:1, 11 =16:0-16:0, 13 =18:0-18:1. 14 =16:0-18:0) or ex-
tracted samples were incubated with 0.5 ml of dry pyridine
containing 25 mg of 3,5-dinitrobenzoyl chloride for 20 min at
60°C. After that, the samples were mixed with 2 ml of 0.1 M
HCl and extracted 3 times with n-hexane. The extracts were
combined and evaporated to dryness under nitrogen. The
dried extract was redissolved in 150 ul of acetonitrile and
injected onto an HPLC containing a C,, reversed-phase
column. The column eluates were dried and the radioactivity
was determined by scintillation counting. Reprinted from
Ref. [97] with permission.

to the quantitation of phospholipids has not yet
been described.

6.2.2. UV absorbance

As discussed earlier, phospholipids exhibit UV
absorbance in the 200-nm range [22] that has
been used in several HPLC methods for the
quantitative analysis of phospholipids [62,63] and
phospholipid fatty acids [122]. However, the UV
absorbance method lacks sensitivity and can not
be used for the trace analysis of phospholipids.
The sensitivity of the UV absorption method is
increased for inositol phospholipids by derivatiz-
ing PtdIns{4}P and PtdIns{4.5}P, with 9-anth-
ryldiazomethane and measuring the absorbance
of the derivative at 254 nm [56].

6.2.3. Mass spectrometrv

HPLC coupled to a mass spectrometer
(HPLC-MS) through a thermospray interface
provides an important tool for the monitoring of

Ps

Fig. 20. Chromatographic separation of AA and its metabo-
lites by TLC. Samples from fetal rabbit brain (B) or placenta
(P) was homogenized in 10 volumes of phosphate buffer (pH
7.0, 50 mM) containing 1 mM EDTA and 0.1% gelatin. The
homogenate was centrifuged at 100 000 g for 1 h. The pellets
and supernatant were separated. The pellet was reconstituted
to the original volume with homogenization buffer. Aliquots
of whole homogenate, supernatant or the pellet were incu-
bated with ["“C]JAA and 2 mM CaCl, for 15-30 min. The
reaction was stopped by adding 1 ml of methanol-chloro-
form—formic acid (80:20:1.25, v/v). The mixture was cen-
trifuged and the sample was reextracted with a similar
mixture. The two extracts were pooled and mixed with
chloroform and water to achieve a mixture of chloroform—
methanol-water (8:4:3, v/v). The chloroform layer was
collected and evaporated to dryness. The dried residue was
redissolved in chloroform and applied on a TLC plate. The
plate was developed in ethyl acetate—hexane—acetic acid
(30:50:1, v/v) and the different spots were visualized by
autoradiography. 1 =PGE,, 3=12-HETE and 6 = AA. Re-
printed from Ref. {102] with permission.

HPLC effluents [123]. Kim and Salem [58] have
developed simple HPLC-MS methods for the
detection of phospholipids separated by HPLC.
The detection of phospholipids by MS is highly
specific, thus circumventing the disadvantages of
the detection of underivatized lipids by UV
detection. Quantitation of phospholipids can be
achieved by programming the MS in the selec-
tive-ion monitoring (SIM) mode. However,
more research is needed to use HPLC-MS for
the quantitation of lipids in tissue extracts.
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Fig. 21. HPLC profile of ['"*C]AA and its metabolites in
placenta and brain. The final chloroform extract, obtained as
described in Fig. 20, was analyzed on a C,, column (ODS,
Spm). The mobile phase was acetonitrile in 0.1% acetic acid.
Radioactivity was determined by the radioactive flow detec-
tor. Peak identification: 4 = PGE., 7= HHT, 8 = 15-HETE.
9=12-HETE and 10 = AA. Reprinted from Ref. [102] with
permission.

6.3. Mass analysis of inositol phosphates

6.3.1. Enzymatic analysis

This assay is based on the oxidation of MI to
scyllo-inosose and the reduction of NAD™ to
NADH by MI dehydrogenase (MIDH). Since
the accumulation of NADH inhibits MIDH
activity, the reaction is coupled with a scavenge
reaction, e.g. the malate dehydrogenase (MDH)
reaction which reduces oxaloacetate to malate

[124], the alcohol dehydrogenase reaction [125],
the diphorase reaction with resazurin as the
substrate [22,126] or a bioluminescence reaction
[85]. The quantitation of IPs by the enzymatic
method is a multi-step process involving the
extraction of tissues with TCA or PCA, removal
of endogenous MI by passing the extract through
a Dowex-50W column, separation of IP, IP,, IP,
and IP, by anion-exchange chromatography or
HPLC, dephosphorylation of each IP to MI by
alkaline phosphatase and then measuring the
concentration of MI in each fraction. The en-
zymatic assay has been recently adapted for Sep-
Pak eluates where MI is measured by using
diphorase and resazurin [22] and for HPLC
eluates where MI is measured with a
bioluminescence assay [85]. These methods are
sensitive and require only a small sample size.
However, there are some limitations of the
enzymatic methods, e.g. (1) the rate of dephos-
phorylation of IP, is slower than that of IP, IP,
and IP,, (2) IP; and IP, are very poorly de-
phosphorylated and (3) the presence of salt
interferes with dephosphorylation of IPs.

6.3.2. Metal-dye detection

A previous study has shown that yttrium,
which is a tervalent transition-metal ion, binds
with high affinity both to cation-specific dyes
such as PAR and to polyanions such as IPs
[82,89]. The formation of a metal-dye complex
causes a decrease and the formation of an anion—
metal complex causes an increase in the ab-
sorbance [82]. This metal-dye reaction has been
successfully used for the quantitation of pmol
amounts of inositol phosphates by HPLC cou-
pled with a post-column reaction chamber and a
UV detection [82,89]. The absorbance of the
metal-dye complex is measured at 546 nm or 520
nm. The HPLC technique described previously
separates IP, and higher poly-IP isomers from
each other and from interfering phosphorylated
substances and the IPs are quantitated by the
metal—dye reaction. IP and IP, are not detected
by this method because GTP, glucose 1,6-bis-
phosphate or sedoheptulose 1,7-bisphosphate
interfere with the chromatographic separation of
IP, and phosphoenolpyruvate; phosphoglycerate
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and 6-phosphogluconate may interfere with the
chromatography of IP [82]. This method, how-
ever, requires a complex and expensive HPLC
system and extensive knowledge of HPLC sepa-
ration techniques.

6.3.3. Nuclear magnetic resonance

High-resolution NMR has been recently de-
scribed to be an important tool for the identifica-
tion of IP isomers. Although 'H-NMR and "’C-
NMR both have been used for this purpose, the
'"H-NMR spectrum is more sensitive and rapid
than "C-NMR spectra [128]. For NMR analysis
it is important to isolate the compound of inter-
est from the sample matrix and to determine its
concentration because approximately 0.1-0.15
pmol of the compound may be needed to ac-
cumulate satisfactory data [128]. Therefore, the
samples are separated by HPLC and the frac-
tions containing the individual IPs are pooled
and further purified by ion-exchange column
chromatography. The compounds are freeze-
dried and the dried residue is dissolved in 1 mi of
D,O (isotopic purity >99%). The sample is
treated with Chelex 100 resin and the purified
sample (pH 6 or 9) is further freeze-dried
[89,128,129]. The dried samples are again dis-
solved in D,0O and transferred into NMR tubes
and dried. The sample is then subjected to NMR
analysis for either one-dimensional 'H-NMR or
C-NMR spectra [89,127]. Fig. 22 shows the
'H-NMR spectra of two different pools of sam-
ples containing IP; isomers [129]. Fig. 22a,b
represents 1{1,3,4}P, and I{1,5.6}P;, respective-
ly. The NMR method, however, may not be
suitable for the routine analysis of IPs because it
requires expensive equipment and extensive
knowledge of NMR technology.

6.3.4. Gas chromatography with flame
ionization detection or mass spectrometry
Several investigators have used an FID detec-
tor for the quantitation of I{1}P in tissue sam-
ples [92]. Although the method is simple and
sensitive, it does not detect other IPs and, thus,
its application is limited. DaTorre et al. [93] and
Turk et al. [130] have developed a GC-MS
method that measures TMD derivatized MI by

4.6 44 42 4.0 38 36 34
& (p.p.m.)

Fig. 22. Proton-NMR profile of 1{1,3,4}P, (a) and 1{1,5,6}P,
(b) isolated from turkey erythrocytes. Turkey blood (3 1) was
mixed with 1 M PCA (1:1, v/v) and the mixture was
centrifuged. The pH of the PCA extract was adjusted to 5
with KOH. The clear supernatant was lyophilized. The dried
extract was dissolved in 700 ml of water and then subjected
to charcoal treatment for the removal of nucleotides. The
resulting extract was again lyophilized, the dried residue was
redissolved in 200 ml of water and the pH was adjusted to 8.
The solution was applied to a Q-Sepharose formate column
and the IPs were eluted with a 0-1.2 M gradient of am-
monium formate. The fractions containing individual IPs
were pooled and lyophilized. The fractions were then ana-
lyzed by a HPLC equipped with Mono Q column. IP isomers
were cluted with stepwise gradient of YCI,. The fractions
containing the different isomers of IP, were subjected to
NMR analysis. Resonances are marked according to the MI
ring. Reprinted from Ref. [129] with permission.

electron-impact and chemical-ionization MS, re-
spectively. For the analysis of IPs, it is important
to separate the different IPs and dephos-
phorylate each IP into MI and measure the
concentration of MI [93]. For GC-MS analysis
tissue samples are mixed with d -MI as an
internal standard and extracted with TCA. The
acid is removed by washing the sample with
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water-saturated diethyl ether and the aqueous
phase is lyophilized. The dried sample is re-
dissolved in Tris buffer (pH 8.8, 0.01 M) and
poured onto an anion-exchange resin. IP, IP,, 1P,
and IP, are separated by using gradients of
ammonium sulfate. Each IP is dephosphorylated
with alkaline phosphatase and MI is derivatized
with a reagent containing 25 u! each of pyridine
and BSTFA +0.1% TMCS. The derivatized
sample is analyzed by a GC-EI-MS [99] or GC-
CI-MS [129]. A previous study has shown that
the major EI ions produced by the natural MI
are at m/z 305 and 318 and the major ions
produced by d,-MI are at m/z 307 and 321 [93].
Quantitation is performed by determining the
peak-area ratio for Ml and d.-MI as described
previously. For more sensitivity the GC-MS is
programmed to monitor only selected ions
(selected-ion monitoring mode), e.g. at m/z 305,
307, 318 and 321, and determining the area
under the curve for each peak.

7. Conclusions

The mobilization of inositol phospholipids, IPs
and related compounds is usually studied with
the radiolabelling method in which the different
phospholipid pools are labelled with P or
[’H]MI before stimulation. The loaded samples
are extracted and the individual compounds are
separated by TLLC, HPLC or cartridge-column
chromatography. The choice of chromatographic
method will depend upon the objectives of the
experiments. TLC and cartridge-column chroma-
tography may not provide effective separation of
the individual TP isomers but provide rapid
separation of phospholipid or inositol phosphate
classes. However, the HPLC methods may pro-
vide good separation of the IP isomers. After
chromatographic separation, the incorporation
of radioactivity in each molecule is measured by
scintillation counting. However, for the radio-
labelling method to accurately reflect changes in
the compound’s mass, it is essential that the
different phospholipid pools are labelled to iso-
topic equilibrium, which is difficult to achieve.
Recently, several mass-analysis methods have

been developed that circumvent the disadvan-
tages of the radiolabelling method. However,
most mass-analysis methods are complex and
time-consuming,.
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