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Platelet-activating factor is a general membrane perturbant 
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Platelet-aetivating factor (PAF) is, at physiological (nanomolar) concentrations, a potent mediator of inflamation and 
coagulation. At pharmacological (micromolar) concentrations, PAF induces a variety of effects in diverge tissues. Here 
we show that PAF at micromolar concentrations is a membrane perturbant. Micromolar PAF alters the properties of 
channels formed by gramicidin A, and at concentrations >i 4 /zM disrupts the barrier properties of the host lipid bila~er. 
PAF thus can act as a detergent and non-speclfically alter the behavior of membranes and membrane proteins. This may 
provide an explanation for some of the effects of PAF seen at high concentrations in vitro. 

Platelet-activating factor (PAP") is an alkyi-ether 
phospholipid: 1 - O - a l k y l - t - 2 - a c e t y l - s n - g t y c e r o - 3 - p h , ~ s -  
phocholine [1,2]. It was first described as a 'fluid phase 
mediator' of the interaction between leukocytes and 
platelets [3], and it specifically activates, at nanomolar 
concentrations, pathways involved in coagulation and 
inflamation [4,5]. At higher concentrations, PAF pro- 
duces a variety of other effects: 50 nM to approx. 3 p . i  
PAF induces differentiation of cultured neurons [6]; 1 
to 10 #M PAF activates macrophages [7,8]; and at 
concentrations > 3 /~M, PAF is cytotoxic and causes 
neuronal death [6]. The molecular and cellular mecha- 
nisms underlying these actions are not known. We were 
struck, however, by the structural similarity between 
PAF and lysophosphatidyfcholine (1-acyl-sn-glycero-3- 
phosphocholine), which like many other detergents in- 
duces changes in the molecular behavior of channels 
formed by the linear gramicidins [9]. Indeed, 
lysophosphatidyleholines at micromolar concentrations 
cause lysis of red blood cells and decrease the resistance 
of  planar lipid bilayers [10]. The present study was 
therefore undertaken to test whether PAF could alter 
the behavior of lipid bilayeL" and their resident mcm- 
brane-sparming channels. If so, it might help to explain 
some of  the effects of PAF at pharmacological con- 
centrations. 

Given that we were testing for non-specific (deter- 
gent-like) effects we chose the planar lipid bilayer and 
the channel-forming pentadecapeptide gramicidin A to 
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assay for these PAF effects. Gramicidins form cation- 
selective channels by combining as head-to-head sym- 
metrical •6"3-helical dimers that can span lipid bilayers 
[11]. The sensitivity of these prototypical channels to 
changes in membrane structure makes them an excellent 
tool to study general membrane perturbations by hydro- 
phobic and amphipathic molecules [9]. 

Gramicidin single channel currents (Fig. 1) were 
recorded using the bilayer punch technique [12]. At 0.2 
/ z i ,  PAF produced minimal changes in channel behav- 
ior. At 1.0 and 2.0 v.M, PAF altered all aspects of 
gramicidin channel behavior: appearance rate. channel 
duration, mean single channel conduc!ance, and con- 
ductance heterogeneity (Fig. 1). The most pronounced 
effects were the increases in channel appearance rate 
and duration, which produce an approximately 50-fold 
increase in channel activity at 1 laM PAF. 

The increase in channel duration was quantified in 
survivor plots in the absence and presence of 1.0 and 
2.0/zM PAF (Fig. 2). The survivor plots were fitted by 
single exponential decays. The average channel duration 
was 500 ms in the absence of PAF. At 0.2/.tM PA)=', the 
channel duration increased slightly (to 640 ms, results 
not shown). But, at 1 pM PAP', the duration more than 
doubled (to 1200 msL and doubled again (to 2100 ms) 
at 2 ~M PAF. 

The changes in mean channel conductance and con- 
ductance heterogeneity were quantified in current tran- 
sition amplitude histograms (Fig. 3). In the absence of 
PAF, 93c£ of the channels fell within the main peak in 
the histogram. In the presence of 1 p.M PAF, only 82% 
of the ¢hnnnels were in the main peak, while the re- 
maining cr,annels had current amplitudes that were 
substantially smaller than those in the main peak. We 
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Fig. 1. Gramicidin A channel cm --" traces before and after addition 
of 1 P.M PAF to the aqueous phase. Upper two traces: control, before 
PAF addition. Lower two traces: after 1.0 pM PAF addition. Current 
traces were filtered at 50 He.. The vertical calibration bar represents 2 
pA; the horizontal calibration bar, 5 s. Upward current transitions 
denote channel appearances. PAF addition increases the channel 
appearance rate and the channel duration. Channel appearance rates 
(determined as averages over several minutes of recording) rose from 
approx. 0.2 s -~ to approx. 4 s - I .  In both upper and lower traces, 
most channels have quite uniform amplitudes. Note, however, that 
PAF addition decreases the amplitude of the ~ingle-ehannel current 
steps, and increases the frequency of 'mini" channels, channels with 
current amplitudes significantly smaller than st~a~dard ohanncls. Ex- 
perimental: The experimental procedures have been described previ- 
ously [12]. In brief, gramicidin channels were observed at 100 mV 
applied potential across bilayers formed from diphytanoylphosphati- 
dyleholine (Avanti Polar Lipids) in n-deeane (Wiley Organics) sep- 
arating two Teflon chambers containing unbuffered 1.0 M NaCI. 
Small aliquots of doubly HPLC-purified gramicidin A (a gift from Dr. 
R.E. Koeppe II), dissolved in ethanol (concentration 10 aM), were 
added to the electrolyte solution during vigorous stirring to achieve 
aqueous concentrations of approx. 10 pM. PAF (L-a-pbosphati- 
dylcholine-.B-acetyl-3,-O-alkyl (Calbiochem) or synthetic 1-O-hexade- 
cyl-2-acetyl-su-glycaro-3-phosphocholina, a gift from D r .  g.  BiUman) 
dissolved in ethanol (0.2 or 2 raM) was then added to the aqueous 

phase to achieve nominal concentrations of 0.2, l.O, 2.0, or 4..0 p.M. 

r e f e r  t o  t h e s e  c h a n n e l s  a s  ' m i n i '  c h a n n e l s  [9]. F o r  the  

c h a n n e l s  in  t h e  m a i n  p e a k ,  a d d i t i o n  o f  I p M  P A F  

r e d u c e d  the  m e a n  c u r r e n t  a m p l i t u d e  b y  107o. I n c r e a s i n g  

the  P A F  c o n c e n t r a t i o n  to  2 p M  c a u s e d  a f u r t h e r  5% 

d e c r e a s e  in  c u r r e n t  a m p l i t u d e  b u t  p r o d u c e d  n o  f u r t h e r  

i n c r e a s e  in  m i n i  c h a n n e l  f r e q u e n c y  ( r e s u l t s  n o t  s h o w n ) .  

W h e n  t h e  c o n c e n t r a t i o n  o f  P A F  wan  i n c r e a s e d  t o  4 .0  

txM, g r a m i c i d i n  c h a n n e l s  c o u l d  n o t  b e  seen ,  b e c a u s e  t h e  

m e m b r a n e  c o n d u c t a n c e  i n c r e a s e d  b y  s e v e r a l  o r d e r s  o f  

m a g n i t u d e .  C o n s e q u e n t l y ,  t he  m e m b r a n e  c u r r e n t  w a s  so  

l a r g e  t h a t  t h e  r e c o r d i n g  s y s t e m  w a s  s a t u r a t e d  a t  t h e  

p o t e n t i a l  u s e d  to  r e c o r d  g r a m i c i d i n  s i n g l e - c h a n n e l  c u r -  

r en t s .  T h e  p o t e n t i a l  w a s  r e d u c e d  to d e t e r m i n e  t h e  m e c h -  

a n i s m ( s )  u n d e r l y i n g  the  i n c r e a s e  in  m e m b r a n e  c o n d u c -  

t a n c e .  T w o  t y p e s  o f  c o n d u c t a n c e  w e r e  o b s e r v e d :  a n o i s y  
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Fig. 2. Normalized survivor plots of gran~eidin A channel duratious 
before and after addition of PAF. The curves denote the fit of a single 
exponential decay to the results: N ( t )  = N(O).exp(-- t / e )  denotes the 
number of channels remaining open at time t and "r the average 
single-channel duration. /V(0) and ¢ were estimated using a maximum 
likelihood estimator [22]. (A) Control, before PAF addition: 667 
channels from the main peak of current transition histograms from 
five measurements on a single day (see Fig. 3); 1" = 500 ms, N(0) = "7,00. 
(B) alter addition of 1 p.M PAF: 527 channels from the main peak of 
current transition histograms from four measurements on the same 
day as (A); ¢ = 1200 ms, /V'(O) = 580. (C) Results after addition of 2 
FM PAF; 350 channels from the main peak of current transition 
histograms from four measurements on the same day as (A) and (B); 
~- ffi 2100 ms, N(0) = 370. Experimental: Channel durations were mea- 
sured in current traces where no more than five channels were 
conducting simultaneously. When two or more channels appeared 
simultaneously (e.g. Fig. lbl,  disappearance events were randomly 

assigned to appearance events [12l. 
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Fig. 3. Current transition histograms (top) and distribution functions 
(bottom) of gramicidin A channels before and after addition of 1 tiM 
PAF. The 'filled' histogram and solid distribution curve are bas~l 
upon 1010 events from four measurements on the same day. The main 
peak contains 934 (93~) events, the average single.~mnnel current 
was 1.385:0.05 pA (mcan+S.D.).  The avvrag¢ current in the individ- 
ual measurements varied from 1.32 to 1.43 pA. The "empty" histogram 
and the stippled distribution function arc based upon 931 events from 
four measurements on the same day after the addition of 1 /xM PAF. 
The main peak contains 762 (82%) events, where the average sinsle- 
channel current was 1.19:t:0.04 pA. The average current in the 

individual measurements varied from 1.18 1o 1.20 pA. 
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Fig, 4. PAF-induced currents. PAF was acdded to a nominal con- 
centration of 4 ~M in 1.0 M NaCI. The r.raees illustrate currents 
recorded at 8 mV applied potential, "Channel" appearances are 
upward. The traces were filtered at 80 Hz and represent 33 s of 
continuous recording from the same membrane. The vertical calibra- 

tion bar represents 20 pA; the horizontal calibration bar, I s. 

b a c k g r o u n d  "leak';  and ,  s u p e r i m p o s e d  on  this  leak, were 
la rge  channel - l ike  even t s  (Fig. 4). Both  c o n d u c t a n c e  
types  were obse rved  in the p resence  a n d  absence  o f  
g ramic id in  a n d  were therefore  i n d u c e d  solely by P A F .  
In  t he  absence  o f  g ramic id in ,  2 .aM P A F  increased  the  
m e m b r a n e  c o n d u c t a n c e  < 2-fold  (no te  a lso  tha t  the  
base l ine  cu r r en t  no i se  in  Fig. 1 was  no t  a f fec ted  b y  the  
add i t ion  o f  PAF) ,  while  increas ing  [PAF] to  4 # M  
increased the  "leak" c o n d u c t a n c e  40-fold.  P A F - i n d u c e d  
c h a n n e l s  were likewise never  seen  a t  2 /~M PAF.  A t  4 
/ tM  P A F  ( a n d  1.0 M NaCI)  the  c o n d u c t a n c e  o f  the  
channe l - l ike  even t s  was  r e m a r k a b l y  reproducible .  In  
th ree  sepa ra te  exper iments ,  the  c o n d u c t a n c e  v a n e d  be-  
tween 4 a n d  6 nS. Simi lar  even t s  were obse rved  in 0.1 M 
lqaCI a n d  KCI,  b u t  thei r  behav io r  was  m u c h  less  r epro-  
ducible .  Add i t i on  o f  10 m M  CaCI2 d id  no t  s igni f icant ly  
al ter  the  P A F , i n d u e e d  cur ren ts .  

T h e  large increase  in m e m b r a n e  c o n d u c t a n c e  was  
m o s t  likely a resul t  o f  the  fo rma t ion  o f  large m e m b r a n e  
defects .  T o  test w h e t h e r  this  could  be  t he  case, we  
d e t e r m i n e d  the  selectivity o f  the  P A F - i n d u c e d  m e m -  
b r a n e  c o n d u c t a n c e  by  m e a s u r i n g  its reversal  po tent ia l  
in a s y m m e t r i c  sal t  so lu t ions .  W i t h  0.5 M KCI  in  the  cis 
so lu t ion  a n d  0.1 M K C t  in the  trans solut ion ,  t he  
reversal  po tent ia l  was  approx .  - 2 5  m V  (cis-o'ans) in  
two separa te  de t e rmina t ions ,  a n d  the  K + / C I  - mobi l i ty  
ra t io  was  ca lcu la ted  to be  approx .  4 u s ing  the  H e n d e r -  
son  equa t ion  [13]. In  s imi la r  e x p e r i m e n t s  with  NaCI ,  the  
reversal  po tent ia l  w as  approx .  - -11  mY,  a n d  the  
N a + / C !  - mobi l i ty  rat io was  approx .  2. 

T h e  abil i ty o f  PA.F to  al ter  the  behav io r  o f  granfici-  
d in  channe l s  is m o s t  likely a genera l  de te rgen t  proper ty .  
A t  s imilar  concen t ra t ions ,  l y sophospha t idy lcho l ine  a n d  
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a variety of  syn the t ic  de tergents  wi th  marked ly  different  
s t ruc tu res  have  very s imi lar  effects  on  gramicid,_'~ chan -  
nel a p p e a r a n c e  rates and  du ra t ion  [9]. T h e  abili ty of  
de te rgen ts  to al ter  the  conduc t ance  o f  the  s t anda rd  
channe l s  varies with  the s t ruc ture  o f  the  de te rgen t  polar  
g roup  [9], bu t  the  c o n d u c t a n c e  decrease  induced  by 
P A F  is s imilar  to that  seen with lysophospha t idy lcho-  
line. 

The  induc t ion  of  mini  channe l s  by  P A F  is also 
s imi lar  to tha t  seen with o ther  detergents .  The  gramici-  
d in  min i  c h a n n e l s  represen t  sub t le  con fo rma t iona l  sub-  
s ta tes  o f  the  g ramic id in  d imer  tha t  p robab ly  occur  
du r ing  pep t ide  f o l d i n g / i n s e r t i o n  [9,14]. T h e  exact  con-  
fo rma t iona i  changes  that  alter the gramic id in  channe l  
c o n d u c t a n c e  a re  u n k n o w n .  But  the  abil i ty o f  mos t  de-  
te rgents  ( inc lud ing  PAF)  to induce  gramic id in  mini  
c h a n n e l s  sugges ts  tha t  the  change  occurs  at  the  channe l  
en t rance .  It m a y  be useful  therefore  to th ink o f  the  mini  
channe l  as  a par t ia l ly  dena tu r ed  gramic id in  channe l  [9]. 
W e  also no t e  tha t  o ther  channe ls ,  e.g. the  nicot inic  
ace~ylchol ine-gated channe l  [15], can  be desensi t ized by 
de te rgen t s  at concen t r a t i ons  s imilar  to those  tha t  induce  
g ramic id in  A min i  channe l s  [9]. 

P A F  b inds  wi th  h igh aff in i ty  to specific receptors  in 
p l a s m a  m e m b r a n e s  [16,17] *. As  would  be  expected for 
an  a m p h i p a t h i c  molecule ,  there  is also a l ow-a f f i n i t y /  
h igh-capac i ty  b i n d i n g  c o m p o n e n t ,  which  p r e s u m a b l y  
reflects  the  adso rp t ion  o f  P A F  at  the  m e m b r a n e /  
so lu t ion  interface.  T h e  P A F  effects  on  gramic id in  chan-  
nel behav io r  are  p r e s u m a b l y  consequences  of  this  non-  
specif ic  b ind ing  (a l though  the  induc t ion  of  mini  chan-  
nels  m o s t  likely resul ts  f rom assoc ia t ion  of  de tergent  
wi th  pep t ide  [9]). 'Specif ic '  P A F  effects  tha t  are seen  in 
vi tro a t  P A F  concen t r a t i ons  > 0.1 .aM m a y  a lso  result  
f rom s imi lar  m e c h a n i s m s ,  involving changes  in m e m -  
b r a n e  behav ior  a n d  subt le  d i s rup t ion  o f  p ro te in - l ip id  
in terac t ions .  Impor tan t ly ,  while  the  a q u e o u s  P A F  con-  
cen t r a t ion  is low (micromolar ) ,  t he  m e m b r a n e  con-  
cen t r a t i on  o f  P A F  is high.  The  d e t e r g e n t / l i p i d  rat io  in 
the m e m b r a n e  can  be  es t ima ted  f rom the  a q u e o u s  deter-  
gen t  c o n c e n t r a t i o n  a n d  the  de te rgen t ' s  critical micel lar  
concen t r a t i on  ( C M C )  [18,9]. The  C M C  for P A F  is 3 laM 
[19]; the  P A F / l i p i d  rat ios a re  therefore  approx .  0.3 at  1 
p.M, a n d  approx .  1 at  4 .aM[ At  such  m e m b r a n e  con-  
cen t ra t ions  P A F  increases  the  ' f lu id i ty '  o f  lipid bi layers  
I20], which  m i g h t  accoun t  for  s o m e  of  the c h a n g e s  in 
g ramic id in  channe l  behavior .  Similar  m e m b r a n e - m o d -  
i fying effects  o f  P A F  m a y  be  involved in PAF-  

* The reported estimates for K d for specific PAF binding to ptatelets 
differ by three orders of magnitude. The larger of the.so values [lbl 
appears to be the result of a eurv~-fit error, because recalculation of 
K d from the binding curve in their Fig. I (accounting for bound 
PAF) gives an estimate of approx. 50 pM, in good agreement with 
the findings of Kloproggc and Akkerman 1171. 
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\vnth:swnp a*;trophtl~ were PAf‘ concentrations ap- 

pnrach 1 mole percent m phagolyso4omcs [g]. In ad- 

dition. the effects of PAF on Irptd-protein mteractions 

as drmonstrated with the graictdin channel may also 

be important for understanding the ceil physiological 

actions of PAF. 

When the PAF concentration reaches some critical 

level (which is close to the critical micellar concen ra- 

tion). PAF induces the formatton of large holes in the 

membrane. These channel-like events have conduc- 

tanccs and cation/anion seiectitities that are similar to 

other detergent-induced channels [21] *. Lysolipids 

likewise induce large increases in membrane conduc- 

tance and are lytic at similar concentrations to those 

tr\ed here IlO]. The modest cation selectivity of the 

P.riF-induced conductance, in fact, provides a likely 

mechanism by which PAF (and other detergents) can 

exert their cytotoxic effects. because disruptions of the 

cell membrane’s barrier properties would disrupt cell 

volume regulation and lead to cell lysis and death. 

Before such extremes arc [cached. however, the in- 

tracellular Na +, and Ca” concentrations would in- 

crease. and perturb cell metabolism, which. perhaps. 

accounts for some of PAF’s cell activating effects in 

addition to the cytotoxic effect. These results thus higb- 

light the importance of considering (non-specific) 

physico-chemical ligand effects when attempting to un- 

derstand a Irgand’s mechanism of action. 
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