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Abstract—The effects of snake venom phospholipase A, (PLA,) toxins ( 8-bungarotoxin, notexin) and
PLA, enzymes (Naja nigricollis, Naja naja atra) on aminophospholipid asymmetry in rat cerebrocortical
synaptic plasma membranes (SPM) were examined. Incubation of intact synaptosomes with 2 mM 2,4 ,6-
trinitrobenzene sulfonic acid (TNBS) for 40 min, under non-penetrating conditions, followed by SPM
isolation, allowed us to calculate the percentage of phosphatidylethanolamine (PE) and phosphatidylserine
(PS) in the outer leaflet of the SPM, while incubation with disrupted synaptosomes provided total
labeling values with the difference representing labeling of the inner leaflet. We found that 30% of the
PE and 2% of the PS were in the outer leaflet, with 54% of the PE and 80% of the PS in the inner
leaflet; 16% of the PE and 18% of the PS was inaccessible to TNBS. PLA, toxins and enzymes increased
in a concentration-dependent manner the percentage of PS and, to a lesser extent, the percentage of
PE in the outer leaflet of the SPM, due to a redistribution from the inner to the outer leafiet. There
was no correlation between the PLA; enzymatic activities and the increased percentage of PS in the
outer leaflet of the SPM induced by the PLA, toxins and enzymes. Alteration of aminophospholipid
asymmetry does not explain the greater presynaptic specificity and potencies of the PLA, toxins as
compared to the PLA; enzymes, but may be associated with the increased acetylcholine release from
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synaptosomes induced by both the toxins and enzymes.

B-Bungarotoxin ( f-BuTXt), isolated from Bungarus
multicinctus snake venom [1], and notexin, isolated
from Notechis scutatus scutatus snake venom
[2], have phospholipase A,(PLA,) activity, act
specifically at the presynaptic motor nerve terminals
to increase and then block acetylcholine (ACh)
release [1,3-7], and are referred to as “PLA,
toxins”. In the CNS, they alter neurotransmitter
release from synaptosomes as well as block choline
and Ca?* uptake into the synaptosomes [8-13].
Despite their high lethal activity and potent
presynaptic actions, S-BuTX and notexin have
relatively weak PLA, enzymatic activities upon
artificial substrates [14,15]. On the other hand,
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other PLA, enzymes, such as these isolated from
the venoms of the snakes Naja naja atra [16] and
Naja nigricollis [17], which have relatively low lethal
potencies and are not specific in their actions for
presynaptic sites [14,15,18], have higher PLA,
enzymatic activities using artificial substrates than
B-BuTX and notexin (15, 19, 20] and are referred to
as “PLA, enzymes”. These PLA, enzymes, however,
do have a wide variety of biological effects including
actions on both pre- and postsynaptic membranes
(heart, neuromuscular junction) as well as on non-
excitable tissues (hemolytic and anticoagulant
activity) [14, 15, 18]. However, despite differences
in potencies and specificities of action, both those
proteins called PLA, toxins and those proteins called
PLA,; enzymes hydrolyze membranal phospholipids,
including those in synaptosomes, and alter neuro-
transmitter release, both in the peripheral and
central nervous system [1-21].

The asymmetric distribution of phospholipids
across the bilayer of various biological membranes
is well established [22-26]. Phosphatidylcholine (PC)
and sphingomyelin are predominantly found in the
outer leaflet while phosphatidylserine (PS) and the
majority of phosphatidylethanolamine (PE) are in
the inner leaflet of the membrane. The asymmetry
of the aminophospholipids (PE, PS) across the lipid
bilayer is thought to be maintained by two
mechanisms. One mechanism involves a strong
interaction between the aminophospholipids and
cytoskeletal proteins such as spectrin and protein
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4.1 in the red blood cells and synapsin in the brain
[27-33]. The other mechanism involves an ATP-
dependent aminophospholipid translocase which
catalyzes the outward-inward transbilayer movement
of PE and PS [33-36].

Alterations in aminophospholipid asymmetry
could result in changes in the functioning of cell
membranes. For example, the increased exposure
of PS at the outer surface of the platelet membrane
upon activation is correlated with the blood
coagulating action of the platelets [26, 28,33]. In
irreversibly sickled red blood cells in which there is
altered PE and PS asymmetry, there is enhanced
blood clotting and a greater ability to adhere to
endothelial cells [33, 37, 38). In addition, alterations
in PE asymmetry in the synaptic plasma membrane
(SPM) have been correlated with changes in
potassium-stimulated dopamine release [39]. The
redistribution of PE or PS to the outer leaflet of the
membrane could be due to disruption of the
interaction between the aminophospholipids of the
plasma membrane and cytoskeletal proteins and/or
inhibition of aminophospholipid translocase activity.
It has been shown in our laboratory [40] that the
PLA; toxins and enzymes inhibit phosphorylation
of cytoskeletal proteins including synapsin.

Because changesin aminophospholipid asymmetry
have been associated with alterations in physiological
function, it was of interest to study the effects of the
PLA, toxins and PLA, enzymes on amino-
phospholipid asymmetry in the SPM. In addition,
we attempted to determine whether phospholipid
hydrolysis was essential for the changes in the
asymmetry of PE and PS which we observed
following exposure to the toxins and enzymes. In
these studies, we used 2,4,6-trinitrobenzene sulfonic
acid (TNBS) which has been widely used as an
impermeable probe to study aminophospholipid
asymmetry across the SPM bilayer [24, 39, 41, 42].
TNBS covalently binds, under nonpenetrating
conditions, to the amino groups of PE and PS in the
outer leaflet of the synaptosomes [24, 42, 43]. This
is the first study to examine the effects of
PLA, toxins (S-BuTX, notexin) and enzymes (N.
nigricollis, N. n. atra) on aminophospholipid
asymmetry in the rat brain SPM.

MATERIALS AND METHODS

Materials. Lyophilized B. multicinctus, N. nig-
ricollis and N. s. scutatus snake venoms were
purchased from Miami Serpentarium Laboratories
(Salt Lake City, UT); N. n. atra snake venom was
freshly collected and lyophilized in Kaohsuing,
Taiwan, by Dr. C-C. Yang. The most basic and toxic
PLA, (CMS-9, pl 10.6) from N. nigricollis venom,
the acidic PLA; (major enzyme, pl 5.2) from N. n.
atra venom, $-BuTX and notexin were all isolated
and purified by Dr, C-C. Yang (National Tsing Hua
University, Hsinchu, Taiwan) as previously described
(16, 44]. Homogeneities of the toxins and enzymes
as determined by amino acid analysis and elec-
trophoresis have been described [2, 16, 44, 45]. Silica
gel (Kieselgel 60Hr) was purchased from EM
Science (Cherry Hill, NJ). Ficoll (type 400-DL),
fatty acid free bovine serum albumin (prepared from
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fraction V albumin), sodium bicarbonate, Tris—HCI
and trinitrophenylated phosphatidylethanolamine
(TNP-PE) were purchased from the Sigma Chemical
Co. (St. Louis, MO). TNBS was obtained from
Molecular Probes Inc. (Eugene, OR). All other
reagents were of analytical grade.

Preparation of synaptosomes and synaptic plasma
membranes. Male Sprague-Dawley rats (200-300 g)
were obtained from Charles River Laboratories,
Wilmington, MA. After decapitation, the brains
were quickly removed and the cerebral cortex was
dissected. Each group of synaptosomes was prepared
from cerebral cortices (approximately 3.0g wet
tissue) of five rats. The dissected tissues were
homogenized (20%, w/v), using a Dounce-type glass
homogenizer, in cold isolation medium consisting of
0.32 M sucrose, 10 mM Tris-HCl and 10 mM EDTA
(pH7.4). All subsequent steps were performed
on ice. Synaptosomes were isolated from the
homogenate using a Ficoll-sucrose discontinuous
gradient centrifugation [46]. SPM were isolated
following osmotic lysis of synaptosomes and purified
using discontinuous sucrose gradient centrifugation
[47]. Purification of our synaptosomal and SPM
preparations was confirmed by electron microscopy
and by the following enzyme markers: cytochrome
oxidase for mitochondria [48], lactate dehydrogenase
for cytosolic fractions [49], and Na*/K*-ATPase for
plasma membrane [50].

Aminophospholipid asymmetry studies. In pre-
liminary experiments, we determined the con-
centrations and incubation times for TNBS which
would label all accessible pools of PE and PS on the
outer leaflet without disrupting synaptosomal
membrane integrity. Procedures similar to those
reported in the literature and shown to be optimal
were used [24, 42]. Synaptosomes were exposed to
0.5 to 6 mM TNBS dissolved in a 173 mM NaHCO,
buffer (pH 8.5) containing 11 mM dextrose. The pH -
of the reaction medium must be alkaline since TNBS
only reacts with deprotonated amines [43]. A pH of
8.5 is most commonly used with TNBS and does not
disrupt the membrane or increase permeability of
synaptosomes [24] or erythrocytes [51]. The
incubations were carried out for 5-120 min at 4° in
the dark since at this low temperature TNBS
penetration would be minimal [52], and since during
formation the trinitrophenylated phosphatidylserine
(TNP-PS) product is light-sensitive [23]. After
terminating the reaction by the addition of an
acidified (pH 6.7) NaHCO; buffer and centrifugation
of the suspension, synaptosomes were washed once
to ensure removal of the excess TNBS. Synaptosomes
were then lysed, and SPM were isolated and
processed for phospholipid analysis.

The effect of PLA, treatment on amino-
phospholipid asymmetry was assessed in isolated
synaptosomes, suspended in a physiological buffer
(pH 7.4) of the following mM concentration: NaCl,
133; KCl, 3.5; NaH,PO,4-2H,0, 0.5; NaHCO;, 26,
MgSO,:7H,0, 0.4; CaCl,, 2.5; urea, 3.3. The
synaptosomal suspensions were incubated with
buffer alone or with 0.5 or 5 nM concentrations of
the PLA,; toxins or PLA; enzymes or with 50 nM -
BuTX for 15 min at 37°. This incubation time with
these concentrations of the PL A, toxins and enzymes
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did not disrupt synaptosomal membrane integrity as
determined by measuring the release of [*H]d-
glucose-6-phosphate from synaptosomes [21; unpub-
lished results). [°H]d-Glucose-6-phosphate has a
molecular weight similar to that of TNBS and has
been widely used as a marker to determine
synoptosomal and cell membrane integrity [53, 54].
In addition, the synaptosomes were exposed for
15 min to 50 nM notexin; however, this treatment
did disrupt membranal permeability as assayed by
the above noted method [21]. The incubation was
terminated in both control and treated preparations
by the addition of 10mM EDTA (in the above
buffer solution but without Ca**) and a 5-
min centrifugation of the synaptosomes. The
synaptosomal pellets were then resuspended and
incubated in 2mM TNBS in NaHCO; buffer
(pH 8.5) as described above, for 40 min, followed
(after washing to ensure removal of excess TNBS)
by isolation of the SPM. To determine whether
phospholipid hydrolysis was essential for the effects
of PLA, toxins and enzymes on aminophospholipid
asymmetry, synaptosomes were incubated for 15 min
with 5 nM PLA,; toxins and enzymes in the absence
of extracellular Ca®* and in the presence of EDTA
(10 mM) to chelate any residual Ca®*. Phospholipid
hydrolysis measurements were made on the same
samples upon which aminophospholipid asymmetries
were measured.

To determine the total accessible pool of
aminophospholipids in the inner plus the outer
leaflets of the SPM, the synaptosomes were lysed
prior to exposure to the TNBS. Synaptosomes were
lysed by osmotic shock with 6 mM Tris—=HCl buffer
{pH 8.2) for 90 min at 4° with occasional sonication
followed by freezing and thawing to ensure complete
membrane disruption.

Phospholipid analysis. Lipids were extracted from
the SPM with chloroform:methanol 1:3 [55],
followed by 2:1 [56]. Phospholipids, lyso-
phospholipids, and trinitrophenylated-amino-
phospholipids were separated by two-dimensional
thin-layer chromatography (Fig. 1) of the lipid
extracts [57]. The silica gel HR plates were developed
in the first dimension with chloroform-methanol-
water (130:50:8) and in the second dimension with
heptanone-acetic acid-water (80:60:10.5) [57]. The
silica gel spots were removed by scraping and
the lipid phosphorus content was determined
spectrophotometrically [58]. The TNP-PE and TNP-
PS products were yellow in color and migrated to
different locations than the unreacted PE and PS
and other phospholipids (Fig. 1). The other
phospholipids and neutral lipids were visualized by
iodine vapor. The migration of TNP-PE and TNP-
PS was verified by comparison with trinitrophenylated
standards purchased from the Sigma Chemical
Co. and with PE (L-a~phosphatidylethanolamine,
dipalmitoyl), and PS (L-a-phosphatidylserine) which
were trinitrophenylated with 2mM TNBS solution
at 4° in the laboratory. The percent phospholipid
hydrolysis was caiculated by dividing the lipid
phosphorus content of the lysophospholipid spot by
the total phosphorus content of the lyso- plus the
parent phospholipid spot and multiplying by 100.
The percent phospholipid labeled with TNBS was
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Fig. 1. Two-dimensional thin-layer chromatographic
separation of phospholipids, lysophospholipids and tri-
nitrophenylated (TNP) phospholipid derivatives. Approx-
imately 30 ug of phosphorus was spotted at the lower left
corner of the TLC plate (origin). The plates were
developed in two dimensions: chloroform : methanol : water
(130:50:8) (I) and heptanone:glacial acetic acid:water
(80:60:10.5) (I1). After development in the first dimension
the plates were heated at 60° for 30 min before being
developed in the second dimension. Abbreviations: O,
origin; LPC, lysophosphatidylcholine; SM, sphingomyelin;
PC, phosphatidylcholine; LPE, lysophosphatidyl-
ethanolamine; LPS, lysophosphatidylserine; PI, phos-
phatidylinositol; PS8, phosphatidylserine; PE, phos-
phatidylethanolamine; ~ TNP-LPS, trinitrophenylated
lysophosphatidylserine;  TNP-PS, trinitrophenylated
phosphatidylserine; TNP-PE, trinitrophylated phos-
phatidylethanolamine; TNP-LPE, trinitrophenylated lyso-
phosphatidylethanolamine; NL, neutral lipids; and FFA,
free fatty acids.

calculated by dividing the lipid phosphorus content
of the TNP-phospholipid (PE or PS) spot by the
total lipid phosphorus content of the TNP-
phospholipid spot plus the unreacted phospholipid
(PE or PS) spot and multiplying by 100. Unlike PE
and PS, lysophosphatidylethanolamine (LPE) and
lysophosphatidylserine (LPS) produced by the PLA;
toxins and enzymes in the SPM were not labeled by
TNBS. Since we used non-penetrating and non-
disrupting concentrations of the PLA, toxins and
PLA; enzymes (except for experiments with 50 nM
notexin) {21}, the lyso products probably originated
from phospholipid hydrolysis in the outer monolayer
of the plasma membrane bilayer, rather than from
the inner monolayer, although this has not been
specifically determined. Therefore, in experiments
in which PLA, toxins and enzymes were used, the
total percentage of PE and PS in the outer leaflet of
the bilayer was calculated by adding the percentage
of LPE or LPS to the percentage of PE or PS labeled
by TNBS.

Statistical analysis. All data are presented as means
+ SEM with an N > 3. Differences between the
mean values were compared by analysis of variance.
If statistically significant differences were found, a
Duncan’s multiple range test was used for comparison
between control and treated samples. A P value of
<0.05 was considered as the level of significance.
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Fig. 2. Time-course of TNBS-labeling of PE in SPM
following incubation of intact cerebrocortical synaptosomes
with TNBS. Synaptosomes were exposed to 0.5, 1, 2, 4
and 6 mM TNBS for 5, 10, 20, 30, 40, 60, 80 or 120 min
in a 173 mM NaHCO, buffer (pH 8.5) containing 10 mM
dextrose at 4°, in the dark with shaking. Following lysis of
the synaptosomes, SPM were isolated. Each point is the
mean of 2-6 determinations. The points with N >3 are
means * SEM. The points with 2 determinations had
ranges of £10% or less.

The statistical analysis was run under the release of
82.2B of SAS (SAS Institute Inc., Cary, NC) at The
University of Connecticut.

RESULTS

An important requirement for the reliability of
aminophospholipid asymmetry studies is that TNBS
should only label PE and PS on the outer leaflet
of the synaptic membrane without disrupting
synaptosomal membrane integrity, which would
expose phospholipid on the inner leaflet. Therefore,
experiments were initially performed to determine
the conditions under which TNBS could be used in
intact synaptosomes as an impenetrable probe. A
plateau in the labeling of PE would be expected
once the entire pool of PE on the outer leaflet is
labeled with TNBS. However, little labeling of PS
by TNBS in intact synaptosomes would be expected
since the great majority of the PS is on the inner
leaflet of the SPM [24]. To determine optimal
conditions, the concentration of TNBS (0.5-6 mM)
and incubation period (5-120 min) were varied and
the percentage of PE labeled in the SPM by TNBS
was calculated (Fig. 2). TNBS appeared to react
with all accessible aminophospholipids in the outer
leafiet of the plasma membrane in the synaptosomes
at a concentration of 2mM and an incubation time
of 40 min since under these conditions a plateau in
the labeling of PE (30 + 2%) was reached with no
change in labeling between 30 and 120 min (Fig. 2),
suggesting labeling of all accessible amino-
phospholipids. Furthermore, 2mM TNBS at all
incubation times tested (30, 40, 80, and 120 min)
showed minimal labeling of PS (2 + 2%; N = 3-6),
suggesting that the entire PS is located in the inner
leaflet of the SPM. Incubation with 2 mM TNBS for
40 min did not cause any marked alteration in the
electron microscopic appearance of the synaptosomes
(results not shown). Higher concentrations of TNBS
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(4 and 6 mM) were not suitable since no plateau in
labeling (4 mM) and very high levels of labeling (4
and 6 mM) were observed. Furthermore, 4 and
6 mM TNBS (40, 60, 80 and 120 min) labeled 30-
40% of PS in the intact synaptosomes (N = 2-6;
results not shown). In addition, incubation with
6 mM TNBS for 40 min caused disruption of the
SPM and mitochondria as judged by electron
microscopy. These results indicated that 4 and 6 mM
concentrations of TNBS penetrated into the
synaptosomes and labeled some of the PE and PS
that were on the inner leaflet of the SPM. In contrast,
the labeling of PE by 0.5 and 1 mM concentrations
of TNBS in the incubation times studied was much
lower than the plateau reached with 2mM TNBS
(Fig. 2),

In the next series of experiments, the asymmetry
of PE and PS across the SPM bilayer was confirmed,
Three pools of aminophospholipids were found in
the SPM: outer leaflet, inner leaflet and inaccessibie
pool. The percentage of aminophospholipids in the
outer leafiet of the plasma membrane was determined
by measuring the percent labeling of these
phospholipids in SPM isolated from intact syn-
aptosomes exposed to TNBS under non-penetrating
conditions. Therefore, 30 + 2% PE and 2 £ 2% PS
labeled by TNBS (2mM, 40 min) represented the
percentages of PE and PS present in the outer leaflet
of the SPM. By exposing lysed synaptosomes to
2 mM TNBS for 40 min at 4° in the dark, we found
that the total labeling of PE and PS (both outer and
inner leaflets) in the SPM was 84 and 82%,
respectively. These results indicated that 54%
(84 — 30%) of the PE and 80% (82 — 2%) of the PS
are located in the inner leaflet of the SPM. Sixteen
percent (100 — 84%) of the PE and 18% (100 — 82%)
of the PS did not react with TNBS under conditions
in which TNBS would be expected to be permeable
to the membrane and is, therefore, considered to be
inaccessible.

To determine the effects of the PLA, toxins and
PLA, enzymes on aminophospholipid asymmetry,
the intact synaptosomes were exposed to 0.5 and
5nM PLA, toxins and enzymes and 50 nM PLA,
toxins for 15min (37°) prior to the exposure to
TNBS. B-BuTX and notexin at 0.5 and 5nM
concentrations had no significant effects on the
percentage of PE labeled while 50 nM concentrations
significantly (P < 0.05) increased the percentage of
PE exposed on the outer leaflet of the SPM (Fig.
3). At a 0.5nM concentration, the PLA; enzymes
had no significant effects on the percentage of PE
exposed, while at the SnM concentration they
significantly increased the percentage of PE on the
outer leaflet of the SPM (Fig. 3). The effects of the
PLA, toxins and PLLA, enzymes on the percentage
of PS labeled in the outer leaflet of the SPM are
shown in Fig. 4. All concentrations caused significant
increases (P < 0.05) in the percentage of PS labeled
in the SPM. Removal of extracellular Ca®* and
addition of 10 mM EDTA did not alter significantly
the effects of 5 nM -BuTX, notexin or N. nigricollis
PLA; on PS asymmetry; N. n. atra was not tested
(Fig. 5).

The PLA, toxins and PLA, enzymes caused
concentration-dependent increases in the hydrolysis
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Fig. 3. Effects of PLA, toxins and PLA, enzymes on the
percentage of PE in the outer leaflet of rat cerebrocortical
SPM. Isolated intact synaptosomes were exposed to 0.5 or
5nM PLA, toxins and enzymes or 50 nM PLA, toxins for
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15 min at 37° prior to TNBS labeling. Means + SEM (N = .

3-6) are shown. For each concentration of PLA, the means
show the same letters indicating no significant differences
between the treatments (P > 0.05). Letters are also used
to compare all concentrations of PLA; treatments with the
control value; means with the letter B were significantly
(P < 0.05) different from the control value (letter A).
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Fig. 4. Effects of PLA, toxins and PL.A; enzymes on the
percentage of P§ in the outer leaflet of rat cerebrocortical
SPM. Isolated intact synaptosomes were exposed to 0.5 or
5nM PLA,; toxins and enzymes or 50 nM PLA,; toxins for
15 min at 37° prior to TNBS labeling. Means = SEM (N =
3-6) are shown. All of the treated values were significantly
different (P < 0.05) from the control value. At each
concentration of PLA,, means with the letter B were
significantly different from the means with the letter A
(P < 0.05).

of PC, PE and PS (Fig. 6). When synaptosomes
were treated with 0.5 nM concentrations, the greatest
phospholipid hydrolysis was caused by N. n. atra
PLA, (Fig. 6, top panel). In contrast, with 5nM
concentrations (Fig. 6, center panel) all four PLA,
toxins and PLA, enzymes caused similar extents of
phospholipid hydrolysis. Treatments with 50 nM
concentrations of N. n. atra and N, nigricollis PLA,
enzymes caused the greatest phospholipid hydrolysis,
followed by notexin, with the least enzymatic activity
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Fig. 5. Effect of calcium removal and EDTA addition on
the increased PS in the outer leaflet of SPM, upon exposure
to PLA, toxins and PLA, enzyme. Intact cerebrocortical
synaptosomes were incubated with 5 nM PLA, toxins and
N. nigricollis PLA, in the presence of 2.5 mM Ca?* (normal
condition) or 0 Ca® + 10mM EDTA, prior to exposure
to 2mM TNBS. Each column and bar represent mean +
SEM (N = 3-6). In the presence of Ca’*, means with
different letters were significantly different (P < 0.05). The
0 Ca?* plus 10mM EDTA results were not significantly
different (P > 0.05) from their corresponding 2.5 mM Ca**
results.

being shown by $-BuTX (Fig. 6, bottom panel).
There was no phospholipid hydrolysis in cer-
ebrocortical SPM, even at high concentrations of
PLA,; toxins or enzymes {5 or 50nM) when Ca’*
was removed and 10mM EDTA added to the
incubation solution (N = 3; data not shown). This is
consistent with the known Ca?* dependence of
phospholipases A, [59].

DISCUSSION

Both the PLA, toxins (S-BuTX, notexin) and
PLA, enzymes (N. nigricollis, N. n. atra) cause
phospholipid hydrolysis and alterations in syn-
aptosomal ACh release although the PLA, toxins
have lower hydrolytic activity, greater lethality and
act, unlike the PLA, enzymes, specifically at
presynaptic sites [14, 15]. It was of interest to study
the effects of these proteins on aminophospholipid
asymmetry of SPM because: (1) a strong interaction
exists between the aminophospholipids, synaptic
vesicles and the cytoskeletal proteins (including
synapsin) found in the brain {28, 29, 31, 32, 60, 61];
phosphorylation of synapsin is involved in the process
of transmitter release from the presynaptic nerve
terminals in the brain [62]; (2) PLA; toxins and
PLA; enzymes alter neurotransmitter release from
brain synaptosomes [for a review see Ref. 15];
(3) PLA, toxins and PLA,; enzymes inhibit
phosphorylation of cytoskeletal proteins in the
isolated synaptosomes [40]; and (4) alteration of
aminophospholipid asymmetry in the SPM has been
correlated with changes in dopamine release from
synaptosomes [39]. In our aminophospholipid
asymmetry studies, we used TNBS to covalently
label the exposed amino groups of PE and PS. TNBS
has been chosen as the aminophospholipid labeling
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Fig. 6. Effects of PLA, toxins and PLA, enzymes on
phospholipid hydrolysis in rat cerebrocortical SPM. Top
panel: 0.5nM; center panel, 5nM; and bottom panel,
50nM. Note that the ordinate in the center and bottom
portions of the figure is different from that in the top
portion. All results are presented as means = SEM (N > 3).
In the top (0.5nM), means with the letter B, BC or C
were significantly different from the controls (letter A). In
the center and bottom (5 and 50nM), all treated
values were significantly different (P <0.05) from the
corresponding control values. For each phospholipid,
letters are used to compare the different treatments to each
other. For each phospholipid, means with different letters
were significantly different (P <0.05). The percent
distribution of phospholipids in the control SPM were as
follows (N=7): PC= 45+1; PE=36x2;, PS=9x2;
sphingomyelin =5+ 0.7; and phosphatidylinositol =
2 +0.4. This distribution was not affected significantly by
any of the concentrations of the PLA, toxins and PLA,
enzymes shown in this figure. The control total lipid
phosphorus value in SPM was 66 + 3 ug phosphorus/mg
protein and also was not affected by the PLA, toxins or
PLA, enzymes.
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probe using a number of different membrane systems
including red blood cell membrane [63,64],
sarcoplasmic reticulum [65], synaptosomes {24, 42],
brain microsomes [66], Golgi membranes of
hepatocytes [67] and synaptic vesicles [68]. The only
major perturbation of the membrane that TNBS
causes under impermeable conditionsis the formation
of a covalent bond between itself and the reactive
amino groups of aminophospholipids (51].

In order for our aminophospholipid asymmetry
studies to be reliable, the following conditions must
be met: (1) the SPM preparations should be relatively
pure and free of mitochondrial contamination; (2)
TNBS must label only the accessible pools of PE
and PS in the outer leaflet of the SPM without
disrupting synaptosomal membrane integrity; (3)
there must be sufficient TNBS to label all of the
aminophospholipids on the outer leaflet of the
plasma membrane; (4) the rate of flip-flop of
phospholipids across the lipid bilayer must be slow
compared to the duration of the labeling experiment;
and (5) the PLA, toxins and PLA; enzymes must
not cause disruption of synaptosomal integrity.
Enrichment and relative purity of our synaptosomal
and SPM preparations were determined by electron
microscopy and enzyme marker assays (see Materials
and Methods; results not shown). Although it is well
known that these preparations are not 100% pure,
they are the best available synaptic membrane
models for asymmetry studies. The purity and
enrichment of our synaptosomal and SPM prep-
arations were similar to those previously used for
asymmetry studies [24]. We found the appropriate
concentration and incubation time for TNBS to be
2 mM and 40 min, respectively. At 2mM TNBS, a
plateau in labeling of PE (30 * 2%) was observed
without labeling of any PS. Since, in permeabilized
synaptosomes, under similar conditions of TNBS
concentration and time of incubation, nearly all of
the PE and PS reacts with TNBS, we conclude that
TNBS labeled all of the accessible pool of PE in
the outer leaflet of intact synaptosomes without
disrupting synaptosomal membrane integrity. We
found that all of the PS and the majority of the PE
were located in the inner leaflet of the SPM. This
asymmetrical arrangement of aminophospholipids is
similar to that found in red blood cells, platelets and
fibroblasts [51, 63, 69-71]. The inaccessible pools of
PE and PS were 16 and 18%, respectively, which
are in agreement with the results of Fontaine et al.
[24]) where equal percentages (20%) of PE and PS
were inaccessible to TNBS. In agreement with the
requirements of condition (4), we found that the
“flip-flop” or transbilayer movement of PE or PS
was insignificant during the TNBS labeling period.
If there was significant transbilayer movement of PE
and PS, a continuous increase in labeling with time
of these two phospholipids rather than a plateau in
labeling would have been observed. However, we
found that no PS was labeled with 2mM TNBS
while a plateau in labeling of PE (~30%) was
reached at 30 min and extended over the next 90 min
(Fig. 2). The increased percentage of PS and PE in
the outer leaflet of the SPM following exposure to
the PLA, toxins and enzymes appears to be due to
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redistribution from the inner to the outer leaflet of
the SPM.

The PLA, enzymes caused significant increases in
the percentage of PE on the outer leaflet of the SPM
at a 5 nM concentration while a 50 nM concentration
of the PLA, toxins was required for a similar effect
(Fig. 3). The effects of the PLA; toxins and PLA,
enzymes were more marked on PS asymmetry than
on PE asymmetry with all concentrations tested
causing large increases in the percentage of PS
labeled in the SPM (Fig. 4). These increases of PE
and PS in the outer leaflets of the SPM could either
be due to an increased permeability to TNBS
following the exposure of the synaptosomes to the
PLA, toxins and PLA, enzymes or due to a
redistribution of PE and PS from the inner to the
outer leaflets of the SPM. An increased permeability
of the synaptosomes to TNBS is contradicted by the
lack of synaptosomal membrane disruption, following
a 15-min exposure to 0.5 or 5nM PLA, toxins and
PLA, enzymes or 50 nM $-BuTX, as determined by
measurement of [°H]d-glucose-6-phosphate release
[21; unpublished results]. Glucose-6-phosphate is an
appropriate marker to measure synaptosomal
membrane disruption since it has a similar molecular
weight as TNBS and, thus, a lack of effect on its
release suggests that TNBS permeability is also not
affected. Leakage of lactate dehydrogenase from
synaptosomes was also not affected by these
treatments (unpublished results). However, these
non-disruptive concentrations caused significant
increases in the percentage of PE and PS in the
outer leaflet of the SPM (Figs. 3 and 4).

We did not measure the effects of the PLA, toxins
and PLA, enzymes on the total accessible PE and
PS (inner plus outer pools) in the lysed synaptosomes.
Therefore, it is not known whether they unmasked
the PE or PS that was in the inaccessible pools.
Even so, this cannot be the only explanation for the
effects of the PLA, toxins and PLLA; enzymes on PS
asymmetry, since the inaccessible pool of PS was
18% while at a 5nM concentration they caused at
least a 30% increase in PS labeling by TNBS (Fig.
4). Thus, the most likely explanation for our results
is that a redistribution of PE and PS occurred from
the inner to the outer leaflet of the SPM. The rapid
redistribution of aminophospholipids caused by
agents that perturb membrane structure has also
been observed in red blood cells exposed to
chlorpromazine, perazine and primaquine [72].

Due to the large substrate-dependent variation in
reported enzymatic activity when using PL A, assays
{19-21, 73], we measured phospholipid hydrolysis
directly in the SPM after exposure of the
synaptosomes to 0.5, 5 and 50 nM concentrations of
the PLA, toxins and PLA; enzymes. We had found
previously, using in vitro PLA,; assays and artificial
substrates (PC micelles and egg yolk), the following
enzymatic potencies: N. n. atraPLA, > N. nigricollis
PLA; > f-BuTX = notexin [21]. In contrast, when
we measured phospholipid hydrolysis in the
synaptosomes (Fig. 6), we found markedly different
results. At 0.5 and 5 nM concentrations, there was
no marked distinction between the potencies of the
PLA,; toxins and PLA, enzymes in inducing
phospholipid hydrolysis. Even at a 50 nM concen-

1079

tration, the difference in potencies of the PLA,
toxins and PLA, enzymes in inducing PC or PE
hydrolysis in synaptosomes (2-fold) was not as great
as that reported using artificial substrates [19-21].
Therefore, our findings confirm that in order to
determine whether a correlation exists between
enzymatic activity and membranal or functional
effects, of PLA, toxins and PLA, enzymes,in
synaptosomes, it is essential to measure phospholipid
hydrotlysis in the SPM rather than by relying on the
results of PLA, assays using artificial substrates.

The phospholipid hydrolysis induced by the PLA,
toxins and PLA, enzymes in the cerebrocortical
SPM was prevented by the removal of Ca?* and the
addition of EDTA, confirming that Ca* is essential
for PLA, enzymatic activity [57]. Even in the absence
of phospholipid hydrolysis in the SPM ( produced by
removal of extracellular Ca>* and addition of
EDTA), 5nM concentrations of the PLA, toxins
and N. nigricollis PLA, caused similar increases in
PS labeling as was observed in the presence of
phospholipid hydrolysis (Fig. 5). These observations,
together with the fact that the asymmetry of PS, a
relatively poor substrate for PLA,, was altered to a
greater extent than that of PE, a better substrate for
PLA,, suggest that there is no correlation between
phospholipid hydrolysis and alterations in amino-
phospholipid asymmetry. This conclusion is also
supported by noting the concentrations of the
PLA,; toxins and PLA, enzymes which induced
phospholipid hydrolysis and the concentrations
which altered aminophospholipid asymmetry. At 0.5
and 5.0 nM concentrations, all of the PLA, toxins
and PLA; enzymes caused significant increases of
PS in the outer leaflet, while only N. n. atra PLA,
caused significant PS hydrolysis at both of these
concentrations. At 0.5 nM concentrations, the PLA,
toxins and PLA; enzymes had no effects on PE
asymmetry; at this concentration 8-BuTX and the
PLA,; enzymes caused significant hydrolysis of PC
while N. nigricollis PLA, caused significant hydrolysis
of PE, and N. n. atra PLA; and 8-BuTX caused
significant hydrolysis of PS. Furthermore, at a 5 nM
concentration, all of the PLA, toxins and PLA,
enzymes showed similar potencies in hydrolyzing PC
and PE while only the PLA, enzymes increased the
percentage of PE exposed in the SPM. These
observations also suggest that the increased PS and
PE in the outer leaflet of SPM is not dependent
upon phospholipid hydrolysis induced by the PLA,
toxins and PLA, enzymes.

Aminophospholipid asymmetry is thought to arise
from: (1) protein-lipid interactions, such as the
interaction between cytoskeletal proteins and
aminophospholipids [29, 31, 32, 37, 74-78]. 1t is
especially interesting that the interaction of synapsin
I (the cytoskeletal protein most directly associated
with neurotransmitter release [62]) with mixed
phospholipid bilayers is dependent upon the presence
of acidic phospholipids such as PS [27]; and (2) an
ATP-dependent translocation of aminophospho-
lipids to the inner leaflet of the membrane [25, 33,
35, 77]. The mechanism by which the PLA, toxins
and PLA, enzymes caused the alterations in
aminophospholipid asymmetry which we have
observed is not known but may involve (1) the
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disruption of the interaction between cytoskeletal
proteins and aminophospholipids, and/or (2) inhi-
bition of the ATP-dependent aminophospholipid
translocase activity, The former (1) mechanism is
supported by the observations that: (i} a 30-min
incubation with 15nM PLA, toxins and enzymes
inhibits phosphorylation of synapsin I, a major
cytoskeletal protein in the synaptosomes [40], hence
indicating that they might have disruptive effects on
the function of the cytoskeletal proteins; (ii) a 15-
min exposure to a 0.5 nM concentration of the PLA,
toxins and PLA, enzymes altered PS but not PE
asymmetry, in agreement with the greater binding
of strongly acidic phospholipids, such as PS, to
synapsin [27]. The latter (2) mechanism is supported
by the observations that 8-BuTX uncouples oxidative
phosphorylation in synaptosomal mitochondria and
inhibits ATP synthesis in the brain [79]. By reduction
of the energy stores in the synaptosomes, 5-BuTX
might inhibit the activity of the ATP-dependent
aminophospholipid translocase, leading to the in-
ability of the aminophospholipids to be translocated
into the inner leaflet of the SPM. However, we have
found recently that concentrations of 5 and 15 nM
B-BuTx and 5nM N. n. atra PLA; had no effect on
ATP levels in synaptosomes from rat cerebral
cortex (Ueno E and Rosenberg P, unpublished
observations). A third possible mechanism whereby
PS asymmetry could be altered by the toxins and
enzymes would be a stimulation of the enzyme
phosphatidylethanolamine : serine transferase which
converts PE to PS. If this were to occur in the outer
leaflet of the plasma membrane, it could explain our
results. However, if this occurred, we would expect
to see a relative increase in the percentage of PS
and a decrease in the percentage of PE relative to
the other phospholipids. In fact, neither the percent
distribution nor the total lipid phosphorus value of
SPM was affected by 0.5, 5 or 50 nM concentrations
of the toxins and enzymes used in this study (see
legend to Fig. 6).

This alteration in PE and PS orientation induced
by the PLA, toxins and enzymes which we found
could be of a great enough magnitude to alter
membrane-mediated biological processes. Mem-
brane-mediated processes are indeed altered in red
blood cells [38] and dopamine release is altered in
synaptosomes [39] after equivalent or less changes
in aminophospholipid orientation in the plasma
membrane. It has also been suggested that
transbilayer movement of PS could be a general
controlling factor in the cell biology of membrane
fusion [80]. Changes in PS asymmetry in the plasma
membrane, such as we have observed, or in the
membrane of the synaptic vesicle might modify the
ability of the acetylcholine-containing synaptic
vesicles to fuse with the plasma membrane and
release their neurotransmitter. While the PLA;
toxins act specifically on cholinergic terminals in the
periphery [1,3-7], they affect the release of
many different neurotransmitters (e.g. glutamine,
aspartate, y-aminobutyric acid, norepinephrine) in
the central nervous system [79, 81-83], even though
the specificity of some of these effects has been
questioned [84]. It is therefore, not necessarily
surprising that there is a large change in PS
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asymmetry even though synaptosomes from rat
cerebral cortex are not purely or even primarily
cholinergic.

Both PLA, toxins and PLA; enzymes increase
acetylcholine release from resting synaptosomes {11~
13, 78, 84-86] and decrease release from 4-
aminopyridine-stimulated synaptosomes [84]. While
the specific PL.A, toxins and PLA, enzymes used in
this study all alter ACh release, the toxins act in a
lower concentration than the enzymes [84; Ghassemi
A and Rosenberg P, unpublished observations]. In
contrast, the PLA, enzymes were as potent or
more potent than the PLA, toxins in altering
aminophospholipid asymmetry. Thus, the changes
in aminophospholipid asymmetry may not be
responsible for the presynaptic specificity and
potency of the PLA, toxins, although these changes
in asymmetry may be associated with alterations in
neurotransmitter release. Alternatively, a possible
explanation for the differences in potencies and
specificities of the PLA; toxins and enzymes may be
that the PLA, enzymes non-specifically alter
membranal aminophospholipid asymmetry while the
PLA; toxins alter asymmetry much more selectively,
since they have specific presynaptic binding sites [ for
review see Ref. 15].
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