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ABSTRACT

Chromatographic methods that measure both the mass and the radiolabelling of various inositol lipids and inositol phosphates in
tissues have been developed. The mass of phosphatidylinositol (PtdIns), phosphatidylinositol-4-monophosphate [PtdIns(4)P] and
phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P,] was quantitated by measuring the inorganic phosphate, whereas inositol mono-
phosphate (IP), inositol bisphosphate (IP,), inositol trisphosphate (IP;) and inositol tetrakisphosphate (IP,) were quantitated by using
an enzymic method. The radiolabelling of various inositol lipids and inositol phosphates was determined by incubating the tissue
samples with [*H]myo-inositol, separating individual inositol lipids and inositol phosphates, and measuring the radioactivity in each
compound. Although the mass analysis method was sensitive enough to measure low levels of inositol lipids or inositol phosphates, the
method was laborious and time-consuming. Compared with the enzymic method, the radiolabelling method was simple and fast, but it
gave variable results. This study demonstrated differences in inositol lipid and inositol phosphate levels by radiolabelling and mass
measurements, and agonist-stimulated phosphatidylinositol turnover of synaptosomes versus the blood—brain barrier as represented by
microvessels. Although the mass of PtdIns, PtdIns(4)P and PtdIns(4,5)P, was comparable in synaptomsomes and microvessels, the
incorporation of [*HJmyo-inositol into phosphorylated PtdIns in microvessels was less than that in synaptosomes.

INTRODUCTION adrenergic [5,6], and adenosine/guanine [7] recep-

tors present in various neuronal and non-neuro-

Phosphatidylinositol (PtdIns) serves as an an-
chor for various membrane-bound enzymes and
other proteins, and as the precursor for phospha-
tidylinositol-4,5-bisphosphate  [PtdIns(4,5)P;]
which undergoes a receptor-mediated hydrolysis
to release various myo-inositol (MI) phosphates
[1,2]. Previous studies have shown that the ago-
nists of cholinergic [3], serotoninergic [4], nor-
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nal cells stimulate the hydrolysis of PtdIns(4,5)-
P,. Because inositol trisphosphate (IP3) and in-
ositol tetrakisphosphate (IP4) regulate the level
of intracellular Ca?* in neural cells [8], alter-
ations in the metabolism of PtdIns(4,5)P, may
also modulate the Ca?*-dependent physiological
processes, such as neurotransmission, endocrine
functions and growth [9].

The receptor-mediated mobilization of inositol
phosphates is commonly studied by labelling
PtdIns with [*H]MI and quantitating the forma-
tion of *H-labelled inositol phosphates. Several
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recent studies have indicated that the radiolabel-
ling method has many disadvantages, such as (1)
it does not measure the true intracellular level of
the inositol phosphates, and (2) [PH]MI must be
labelled to an isotopic steady-state that is difficult
to achieve [10-13]. The observations that IP;
may not be the sole source of IP; [14,15] and that
depolarization may influence the receptor-medi-
ated release of inositol phosphates from PtdlIns-
(4,5)P, in neural cells [16] complicate the inter-
pretation of the radiolabelling data. Recently,
Challiss and Nahorski [17] reported that mass
measurement provided a more reliable estimate
of the mobilization of PtdIns(4,5)P, in tissues.
Therefore, it may be important to measure both
the mass and the radiolabelling of inositol lipids
and inositol phosphates to understand the overall
mechanism of cell signaling.

Chromatographic techniques such as thin-lay-
er chromatography (TLC) [18,19], neomycin af-
finity column chromatography [20,21], high-per-
formance liquid chromatography (HPLC) [22—
25] and anion-exchange chromatography [26,27]
are available for the analysis of various inositol
phospholipids and inositol phosphates. How-
ever, the methods are not suitable for the simulta-
neous measurement of the mass and radiolabel-
ling of individual compounds.

The aim of the present investigation was to de-
velop chromatographic methods that determined
both the mass and the radiolabelling of various
inositol lipids and inositol phosphates in tissues.
The performances of mass analysis and radiola-
belling methods in studying the mobilization of
inositol phosphates were also compared.

EXPERIMENTAL
Materials
PtdIns, phosphatidylinositol-4-monophos-

phate [PtdIns(4)P], PtdIns(4,5)P,, inosito! phos-
phate (IP), inositol disphosphate (IP,), IP3, IP4,
myo-inositol dehydrogenase (IDH), scyllo-in-
osose, diphorase, f-NAD, hexokinase, alkaline
phosphatase, resazurin, triethylammonium bi-
carbonate (TEAB), imidazole, bovine serum al-
bumin (BSA), ATP, norepinephrine (NE), and
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carbamylcholine (CA) were obtained from Sigma
(St. Louis, MO, USA). Sep-Pak Accel Plus QMA
columns (3 ml containing 500 mg of packed ma-
terial, Cat. No. 20815) were obtained from the
Millipore (Bedford, MA, USA). The *H-labelled
MI was obtained from Amerisam (Chicago, IL,
USA). Resazurin was purified by TLC as de-
scribed by Maslanski and Busa [28].

Loading of cells with [3H]MI

Male rats (n = 100) weighing ca. 150 g were
sacrificed by decapitation, and each brain was
immediately removed and placed in 0.32 M su-
crose solution at 4°C and processed for the isola-
tion of synaptosomes (n = 50) and microvessels
(n = 50) as described previously [29,30]. Samples
from ten rats were pooled to achieve n = 5. The
pooled samples were resuspended in Ringer buff-
er and stored at 4°C. For loading the samples
with [*H]MI, an aliquot (100 ug of protein) of
each pooled sample was incubated for 60 min at
37°C with 0.5 m! of Ringer buffer [bubbled with
oxygen—carbon dioxide (95:5)] and 0.75 uM
[PHIMI (15 Ci/mmol) and 10 mAM LiCl. After in-
cubation, the reaction medium was centrifuged
(30 000 g for synaptosomal samples and 58 000 g
with sucrose gradient for microvessels as de-
scribed by Shimon et al. [29]) at 4°C for 60 min.
The supernatant was discarded and the pellets
(which contain synaptosomes or microvessels)
were resuspended in Ringer buffer. The radioac-
tivity level in each sample was determined as de-
scribed previously [31].

Analysis of PtdIns, PtdIns(4)P and PtdIns(4,5}-
P,

The [*H]MI-loaded synaptosomes and micro-
vessels were extracted by using the method de-
scribed by Folch er al. [32]. Fraction I was col-
lected and further extracted to separate phospho-
lipids from glycolipids as described by Dugan et
al. [33]. The phospholipid fraction was subjected
to DEAE-cellulose chromatography (separation
sequence 4) as described by Rouser er al. [34] to
purify further the inositol lipids. The purified ex-
tract was transferred to a Sep-Pak cartridge. Var-
ious inositol lipids were eluted from the column
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with a linear gradient of ammonium acetate pre-
pared by using two Beckman solvent pumps and
a solvent programmer (Model 126). The solvent
controller was programmed to produce a linear
gradient of ammonium acetate and water from
0.5% of ammonium acetate (200 mM) and
99.5% of water to 75% of ammonium acetate
and 25% of water in 60 min. The flow-rates from
the pump and the column were adjusted to 0.5
ml/min. The column eluate for 120 min was col-
lected in 1-ml fractions. Each fraction was divid-
ed into two aliquots: one was assayed for organic
phosphorus [35] and the other was used for ra-
dioactivity determination. Different peaks were
identified by using PtdIns, PtdIns(4)P and PtdIns-
(4,5)P, standards. To check the purity of PtdIns,
PtdIns(4)P and PtdIns(4,5)P; peaks, the frac-
tions containing individual inositol lipid were
pooled and analysed by HPLC as described by
Geurts van Kessel ef al. [36]. Individual phospho-
lipids were detected at 206 nm by using a diode-
array detector programmed to scan from 200 to
350 nm. The UV absorption curve for each phos-
pholipid was determined and compared with the
UV absorption curve of the respective standard.

Quantitative analysis of inositol phosphates

The [*H]MI-loaded cells were incubated with
Ringer buffer and LiCl (10 mAM) in the presence
or absence of CA (100 uM) or NE (100 uM). The
incubation was stopped at 5 min after the agonist
addition by adding 500 ul of perchloric acid
(10%, v/v). Each sample was incubated for 20
min at 4°C and centrifuged at 30 000 g at 4°C for
10 min. The supernatant was collected and mixed
with 50 ul of 10 mAM EDTA and 10 M KOH to
adjust the pH to greater than 7.0. The mixture
was incubated for 20 min at 4°C and centrifuged
at 30000 g for 30 min. The supernatant was
transferred to a Dowex-50W column, and MI
was separated with other inositol phosphates as
described by Maslanski and Busa [28]. The eluate
containing inositol phosphates was concentrated
and transferred to a Sep-Pak column. Individual
inositol phophates were eluted by using a linear
gradient of the increasing concentration of
TEAB (1.0 M). The initial solvent proportion
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was 10% TEAB and 90% water. The percentage
of TEAB was increased to 100% in 60 min by
using a solvent programmer as described above.

The column eluate was collected for 60 min in
1.0-ml fractions. Each TEAB fraction was dried
and various inositol phosphates were dephospho-
rylated by the addition of 50 ul of alkaline phos-
phatase [10 U in 0.1 M Tris buffer (pH 9.0) and
ZnCl,]. In our experience, IP took 1 h, IP, and
IP; took 2 to 3 h, and IP, took ca. 5 h for com-
plete dephosphorylation. The dephosphorylated
samples were mixed with 5 ul of hexokinase (200
U/ml containing 50 mM Tris, 10 mM MgCl,, 0.1
M ATP and 0.02% BSA, pH 9.0) and the mixture
was incubated for 30 min. After incubation, each
sample was mixed with 10 gl of 100 uM NAD
and 5 ul of IDH (5 U of IDH were mixed with 1
ml of 10 mM phosphate buffer and 0.02% BSA
at pH 6.8). The mixture was incubated at 37°C
for 15 min. The reaction was stopped by adding
10 ul of 1.0 M HCL. The incubation mixture was
mixed with 10 ul of 20 uM resazurin and 5 ul of
diphorase. The mixture was stored in dark for 15
min, and the fluorescence was measured at an ex-
citation wavelength of 565 nm and an emission
wavelength of 585 nm, as described previously
[28].

To determine the incorporation of [P'H]MI into
various inositol phosphates, the final TEAB el-
uates were subjected to radioactivity determina-
tions by using a scintillation counter. Although
the enzymic method was sensitive enough to
measure low levels of M1, IP, IP,, IP; and IP, in
synaptosomes and microvessels, the method was
laborious and time-consuming. Compared with
the enzymic method, the radiolabelling method
was simpler and quicker. However, the radiola-
belling method gave variable results.

Quantitation

Inositol lipids were quantitated by analysing
various concentrations of individual lipid stan-
dards and constructing a standard curve by plot-
ting the concentration of individual compounds
added to a sample (x-axis) against the fluores-
cence value for each concentration (y-axis). The
recovery was determined by extracting known



amounts of the lipids and determining the
amount recovered. Inositol lipids were measured
by extracting simultaneously blank, spiked stan-
dard and samples as described by Maslanski and
Busa [28]. The precision was determined as de-
scribed by Van Loenhout ez al. [37]. Correlation
coefficients were calculated as described by Lin et
al. [38].

RESULTS AND DISCUSSION

PtdIns, Ptdins(4)P and Pidlns(4,5)P, levels in
synaptosomes and microvessels

Typical elution profiles for the mass and the
radiolabelling of these phospholipids in synapto-
somes and microvessels are shown in Figs. 1 and
2, respectively. The chromatographic conditions
used in this study provided clear separation of
PtdIns, PtdIns(4)P and PtdIns(4,5)P,. Phospha-
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Fig. 1. Chromatographic separation and relative proportions of
phosphatidylinositol (PtdIns) (peak 2), phosphatidylinositol-4-
monophosphate [PtdIns(4)P] (peak 3) and phosphatidylinosi-
tol-4,5-bisphosphate [PtdIns(4,5)P,] (peak 4) in synaptosomes.
(A) Quantitation of various phospholipids by mass analysis
method; (B) incorporation of [*Hlcholine ([*H]Ch) into PtdCh
and incorporation of [PH]MI into PtdIns, PtdIns(4)P and PtdIns
(4,5)P,, peaks 1 to 4, respectively.
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Fig. 2. Chromatographic separation, mass analysis and radiola-
belling of PtdIns, PtdIns(4)P and PtdIns(4,5)P, (peaks 2 to 4,
respectively) in microvessels. (A) Quantitation by mass analysis;
(B) radiolabelling in PtdCh, PtdIns, PtdIns(4)P and PtdIns(4,5)-
P,.

tidylglycerol was not retained by the column and
was eluted before phosphatidylcholine (peak 1 in
Figs. 1 and 2), The PtdIns, PtdIns(4)P and PtdIns-
(4,5)P, fractions were homogeneous because the
UV absorption spectra for each PtdIns peak ob-
tained from the sample was identical with the UV
absorption spectra for the respective standards
(Fig. 3-5). Alternative techniques for the quanti-
tation of inositol lipids are TLC [18,19], HPLC
[22-25] and neomycin affinity column chroma-
tography [20,21]. The method described in this
study was simpler and quicker than the TLC
methods described by Sun [18] and Sun and Lin
[19]. Although the neomycin column provided
excellent separation of phospholipids, some stud-
ies have indicated that the method may not effec-
tively separate the three inositol phospholipids
[39.,40].

Although the HPLC methods may be simpler
than the chromatographic method described in
this study, most HPLC methods do not effective-
ly separate PtdIns, PtdIns(4)P and PtdIns(4,5)P-.



A. K. Singh | J. Chromatogr. 581 (1992) 1-10

90%

-10.0 \‘ T T T T T T T T T T

1
180.0 290.0

Wavelength

T T ™ T T T

Cml

Fig. 3. Comparison of the UV absorption curves for a PtdIns standard and PtdIns extracted from a synaptosomal sample. PtdIns-
containing samples were analysed by HPLC. The UV absorption curve was determined at the apex of the PtdIns peak.

Table I lists the linear regression parameters
for the standard curves constructed for various
inositol lipids. The recovery of PtdIns, PtdIns-
(4)P and PtdIns(4,5)P, ranged from 70 to 80%
when the phospholipid concentration was 100 or
500 pmol. However, the recovery was somewhat

lower when the phospholipid concentration was
1.0 nmol (Table I). In synaptosomes, the mass
profile of individual phospholipids was PtdIns <
PtdIns(4,5)P, < PtdIns(4)P (Fig. 1A), whereas
the radiolabelling profile was PtdIns(4,5)P, <
PtdIns < PtdIns(4)P (Fig. 1B). However, in mi-
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Fig. 4. Comparison of the UV absorption curves for a PtdIns(4)P standard and PtdIns(4)P extracted from a synaptosomal sample.
PtdIns(4)P-containing samples were analysed by HPLC. The UV absorption curve was determined at the apex of the PtdIns(4)P peak.
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Fig. 5. Comparison of the UV absorption curves for a PtdIns(4,5)P, standards and PtdIns(4,5)P, extracted from a synaptosomal
sample. PtdIns(4,5)P,-containing samples were analysed by HPLC. The UV absorption curve was determined at the apex of the

PtdIns(4,5)P, peak.

crovessels, the mass profile of various phospho-
lipids was PtdIns(4,5)P, < PtdIns(4)P < PtdIns
(Fig. 2A), whereas the radiolabelling profile was
PtdIns(4)P < PtdIns (Fig. 2B). The PtdIns(4,5)-
P, fraction did not incorporate [*H]MI in micro-
vessels. The relative levels of PtdIns, PtdIns(4)P
and PtdIns(4,5)P; in synaptosomes were different
from those in microvessels. The PtdIns/PtdIns-
(4)P ratio was 0.5 and 2.5 in synaptosomes and

TABLE I

microvessels, respectively; the  PtdIns/
PtdIns(4,5)P; ratio in the two tissues was 1.0 and
7.5, respectively (Figs. 1 and 2). Although
[*HIPtdIns(4)P and [*H]PtdIns(4,5)P; in synap-
tosomes accounted for more than 70% of the to-
tal radioactivity incorporated into phospho-
lipids, [*H]PtdIns(4)P and [*H]PtdIns(4,5)P; in
microvessels accounted for less than 5% of the
total radioactivity incorporated into phospho-
lipids (Figs. 1 and 2).

LINEAR REGRESSION PARAMETERS FOR THE STANDARD CURVES AND RECOVERY DATA FOR VARIOUS IN-

OSITOL PHOSPHOLIPIDS AND INOSITOL PHOSPHATES

Values are mean + S.D., n = 5.

Compound Standard curve Recovery
Slope r 100 pmol 500 pmol 1 nmol

PtdIns 20 + 0.1 0.9990 95 430 + S0 0.65 = 0.1
PtdIns(4)P 1.3 +£0.2 0.9998 69 + 3 390 + 40 0.60 £ 0.2
PtdIns(4,5)P, 14 £ 0.1 0.9990 80 + 4 410 + 20 0.60 + 0.3
IP 23 + 0.1 9.9995 76 + 8 436 £ 40 0.61 = 0.1
1P, 1.7 £ 0.05 0.9954 71 £ 3 390 + 30 0.59 £ 0.2
1P, 2.0 £ 0.1 0.9895 69 £ 2 360 + 35 0.60 = 0.1
P, 0.9 + 0.05 0.9800 60 + 3 310 + 40 0.51 + 0.2
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Quantitation and mobilization of various inositol
phosphates in synaptosomes and microvessels
The chromatographic method described in this
study provided excellent separation of IP, IP,,
IP3, and IP, in synaptosomes (Fig. 6) and micro-
vessels (Fig. 7), and both the mass and radiola-
belling of each inositol phosphate were deter-
mined. In previous studies, the separation of in-
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ositol phosphates was achieved by HPLC [41-43]
or anion-exchange chromatography [26,27] and
the mobilization or inositol phosphates was stud-
ied by measuring the radioactivity incorporation
into each compound. Because the radiolabelling
method may not accurately represent the total
amount of inositol phosphates present in the
sample, it is essential to measure the mass of the
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Fig. 6. Chromatographic separation and relative proportions of IP, IP,, IP, and IP, in synaptosomes. (A) Quantitation of inositol
phosphates by the mass analysis method; (B) mobilization of radiolabelled inositol phosphate in synaptosomes. (O) Unstimulated

tissue; (@) stimulated with CA; (A) stimulated with NE.



inositol phosphates. The methods that have been
commonly used for the mass analysis of inositol
phosphates are gas chromatography-mass spec-
trometry (GC-MS) [44], HPLC with post-col-
umn derivatization [45,46], HPLC with ion mea-

A=

surements [45] or enzyme fluorometry [46] and

Brain Microvessels

A
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radioreceptor assay [47,48]. Although the GC-
MS method is sensitive, the method is time-con-
suming, requires derivatization of the samples,
and cannot be used for the analysis of heigher
inositol phosphates. The HPLC method with
post-column derivatization by yttrium and 4-(2-
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Fig. 7. Chromatographic separation and relative proportions of IP, IP,, IP, and IP, in microvessels. (A) Quantitation of inositol
phosphates by the mass analysis method; (B) mobilization of radiolabelled inositol phosphate in microvessels. (O) Unstimulated tissue,

(@) stimulated with CA; (A) stimulated with NE.
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pyridylazo)resorcinol permits the quantitation
of inositol phosphates in picomole range [49,50].
However, the HPLC method requires expensive
equipment and may not be suitable for radioac-
tivity determinations. The radioreceptor method
specifically quantitates IP3 or IP, and, therefore,
the levels of other inositol phosphates cannot be
determined. The chromatographic method devel-
oped in this study has the advantage of simulta-
neous determination of the mass and radiolabel-
ling of various inositol phosphates. However, the
method may be more laborious and time con-
suming than the HPLC methods.

Table I lists the linear regression parameters
for the standard curves for various inositol phos-
phates. The recovery of IP, IP,, and IP; ranged
from 69 to 76%:; IP, exhibited a lower recovery,
possibly because it is difficult to dephosphorylate
[39]. Maslanski and Busa [28] reported a dephos-
phorylation of less than 30% by using alkaline
phosphatase. This difficulty was overcome in this
study by comparing the radioactivity before and
after dephosphorylation and by using spiked
standards. The mass of inositol phosphates in un-
stimulated synaptosomes exhibited the following
concentration profile: 1P, <IP<IP,<IP; (Fig.
6A), whereas the radiolabelling in unstimulated
synaptosomes exhibited the following profile:
IP, <IP, <IP <1IP; (Fig. 6B). Although CA and
NE increased the mass of all four inositol phos-
phates (Fig. 6), these two compounds increased
the radiolabelling of only IP; and IP in synapto-
somes (Fig.6). The mass of inositol phosphates in
unstimulated microvessels exhibited the follow-
ing concentration profile: IP4<IP;<IP,<IP
(Fig. 7A), whereas the radioactivity labelling ex-
hibited the following concentration profile: IP,
< JP; < IP < IP; (Fig. 7B). Although CA stim-
ulated the mobilization of IP4 and IP5; in micro-
vessels, NE did not (Fig. 7). Both CA and NE
failed to increase the levels of IP, and IP in mi-
crovessels.

Comparison of the mass analysis and the radiola-
belling methods

The mobilization of inositol phosphates is
commonly studied by using the radiolabelling
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method but this has several disadvantages [10-
13] and may not give an accurate account of
PtdIns metabolism [14,15]. To circumvent these
disadvantages, Challiss and Nahorski [17] used a
radioreceptor method for the mass analysis of
IP; and IP, which, they suggested, provided
more accurate information than the radiolabel-
ling method regarding the mobilization of inositol
phosphates. However, the radioreceptor method
has limited scope because it specifically quanti-
tates IP3 or IP4 and, therefore, the mobilization
of other inositol phosphates cannot be studied.
The method described in this study simultane-
ously measures both the mass and the radiola-
belling of various inositol phosphates in tissue
samples. The results indicate that the mass of in-
ositol phosphate in cells is not always represented
accurately when cells are labelled with [*H]MI
and the radioactivity of each compound is used
as the method of quantitation. Therefore, various
inositol phosphates and phospholipids may not
be in a steady state or in equilibrium with respect
to each other. The observations that the mass of
IP was higher than that of [P; and that the specif-
ic activity of *H in IP was less than the specific
activity in IP3 suggest that IP; may not be the
only source of IP in the blood-brain barrier cells.
The mass and radioactivity measurements gave
variable results when synaptosomes (Fig. 6) and
microvessels (Fig. 7) were stimulated by CA or
NE. This indicates that the two methods may be
measuring different pools of inositol phosphates.

CONCLUSION

The chromatographic method used in this
study measured the mass and radiolabelling of
inositol lipids and inositol phosphates. Differenc-
es in the metabolism of inositol lipids and the
receptor-mediated mobilization of inositol phos-
phates were observed in synaptosomes and mi-
crovessels. The results also demonstrate differ-
ences in the mass and radiolabelling profiles of
inositol lipids and inositol phosphates in synap-
tosomes and the blood-brain barrier as repre-
sented by microvessels.
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