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Tetanic stimulation affects the metabolism of phosphoinositides 
in hippocampal slices 
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Tetanic but not low frequency stimulation of the perforant path in rat hippocampal slices results in changes in the metabolism of 
phosphoinositides and phosphatidic acid. The phosphorylation of other, non-inositol lipids was not affected by the high frequency 
stimulation. The observed changes in phosphoinositide metabolism are complex and biphasic, lasting at least 4 h after the termination 
of the tetanus. The present data support the notion that membrane phosphoinositides play a role in synaptic function. 

Long-term potent ia t ion  (LTP),  the enhancement  

of synaptic activity which remains  for a long t ime af- 

ter a brief  per iod  of  electrical  s t imulat ion at high fre- 

quency3,12, may be considered to consti tute a model  

of a learning process at the synaptic level 23. Several  

hypotheses have been advanced to explain LTP, im- 

plying both pre- and postsynapt ic  processes with an 

important  role for calcium ions t°,13. A t  the presynap-  

tic level, LTP may be caused by an increase in the 

amount  of t ransmit ter  released:  at the postsynaptic  

level, LTP may be re la ted to a modif icat ion of recep- 

tor proper t ies ,  to a change in the spike-generat ing ca- 

pacity of postsynapt ic  neurons or to a change in elec- 

trical proper t ies  of dendri t ic  membranesS, 29. The var- 

ious possibilities are,  of course,  not necessari ly mu- 

tually exclusive. For  many years it has been known 

that changes in electrical  activity of neurons are par- 

alleled by changes in membrane  phosphoryla t ion.  

Heald  is was the first to emphasize protein  phospho-  

rylation in this respect.  Recent ly ,  two independent  

sets of exper iments  have revealed that tetanic stimu- 

lation of a monosynapt ic  pathway in rat h ippocampal  

slices results in changes in the phosphoryla t ion  of 

proteins as de te rmined  by a post  hoc in vitro phos- 

phorylat ion assay8,9A4As, 30. Browning and co-work- 

ers 14,15 have shown that the ct-subunit of pyruvate  de- 

hydrogenase - -  a key enzyme in mitochondrial  en- 

ergy metabol ism,  the activity of which is known to be 

regulated by phosphoryla t ion - -  shows decreased 

phosphorylat ion after tetanic st imulat ion of the 

Schaffer collaterals.  We have repor ted  that LTP, 

elicited by st imulat ion of the perforant  pathway,  en- 

hances the phosphoryla t ion of an acidic prote in  (M r 

52,000; IEP 5.3) present  in synaptic plasma membra-  

nes 7-9. In addit ion,  there  is evidence that  the phos- 

phorylat ion of membrane  proteins  is related to the 

metabolism of a special class of membrane  phospho-  
lipids, the (poly)phosphoinosi t ides  ((poly)PI)19, 21. 

Several t reatments ,  among them electrical st imula- 

tion of brain synaptosomes,  give rise to an enhanced 

turnover of members  of the phosphoinosi t ide  lip- 

ids 1,17,28. Al though previously the hydrolysis of PI 

was assumed to represent  the first event  after recep- 

tor activation25,26, present  studies emphasize the hy- 

drolysis of phosphat idyl inosi tol  4 ,5-bisphosphate  

(PIP2) as the key event27. This not ion is based among 
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other evidence on the ca lc ium-dependent  degrada-  

tion of pre labeled  PIP2 after ct-adrenergic and cholin- 

ergic stimulation of the iris smooth muscle 2. The PIP2 

breakdown is thought to be the result of phosphodies- 

terase activity s t imulated by low concentrat ions of 

calciuml.~.16. 

In the present  study we repor t  that tetanic stimula- 

tion of the perforant  pathway in rat h ippocampal  slic- 

es results in changes in the metabol ism of phosphat i-  

dylinositol (PI),  the (poly)phosphoinosi t ides  (PIP 

and PIP2) and phosphat idic  acid (PA).  

Slices of rat h ippocampus (300-400/~m) were pre- 

pared as described before 29 and incubated in a 

K r e b s - R i n g e r  buffer (NaCI 124 mM, KC1 5 mM, 

KH2PO 4 1.24 mM, MgSO 4 1.3 mM, CaC12 2.0 mM, 

N a H C O  3 26 mM, glucose 10 mM, pH 7.4) to which 

was added 20/xCi inorganic [32p]phosphate. In this 

way phospholipids were labeled prior  to electrical 

stimulation. It was establ ished that after relatively 

short incubation times (10 and 30 rain) phospholipid-  

bound radioactivity was recovered almost exclusive- 

ly in PI, PIP, PIP 2 and PA (see Fig, 1). Af te r  a 10 min 

incubation with label,  non-inositol  phosphol ipids  had 

incorporated approximate ly  4% of the total  amount  

of radioactivi ty in lipids. In view of the differences in 

procedures ,  the absolute values of 32p-incorporation 

as repor ted  in the present  paper  cannot be compared  

to those obtained by Jolles et al. 2°. Yet,  the relative 

distribution between label recovered in inositol- and 

non-inositol-containing phosphol ipids  was found to 

be similar. 

Subsequently,  it was studied whether  tetanic stim- 

ulation affects the metabol ism of the (poly)PIs  and 

PA. Hippocampal  slices, pre labeled  for 10 rain as de- 

scribed above,  were subjected to high frequency 

stimulation, appl ied to the perforant  path (15 pulses/s 

for 15 s) 9. Immedia te ly  after st imulation the slices 

were taken out of the st imulation chamber  and ho- 

TABLE I 

A B 

~non PFPL 

. . . .  ~ . . . . . .  PI 

,, , origin 

Fig. 1. Incorporation of radioactive phosphate into phospholi- 
pids after incubation of intact slices with [32p]PO 4. A: 10 rain in- 
cubation time: B: 30 rain incubation time. Phospholipids were 
extracted, separated and visualized by autoradiography as de- 
scribed in ref. 21. PA, phosphatidic acid; non PI-PL, non-phos- 
phoinositol phospholipids (phosphatidylserine, phosphatidyle- 
thanolamine, phosphatidylcholine); PI, phosphatidylinositol; 
PIP, phosphatidylinositol 4-phosphate; PIP2, phosphatidylino- 
sitol 4,5-bisphosphatc. 

mogenized in an ice-cold Tris buffer (Tris 10 raM, 

E D T A  1 raM; pH 7.4). Tripl icate samples of this ho- 

mogenate  were extracted as described before 20 and 

phospholipids were separa ted  using thin-layer chro- 

matography.  The amount  of label,  incorpora ted  into 

each of them was de te rmined  by scraping the silica 

layer and subsequent  liquid scintillation counting. 

The results are shown in Table I. The loss of label 

from PI was found to be 23%, whereas PIP 2 and PIP 

showed a loss of 16% and 20%, respectively.  The dis- 

appearance  of label from P A  was not statistically sig- 

nificant. 

Ano the r  approach was used in o rder  to follow 

changes in the (poly)PI  metabol ism induced by tetan- 

ic st imulation, over  a longer per iod after the tetanus. 

Slices were pre incubated  in the st imulat ion chamber  

for 60 rain without label,  after which a tetanus was 

applied to the perforant  path fibers 9,27. The t ime be- 

tween end-of-st imulus and start-of-labeling was var- 

ied from 2 min to 4 h; during these intervals,  the slices 

stayed in the st imulat ion chamber .  Previous experi-  

Hydrolysis" of radiolabeled phosphoinositides after tetanic stimulation of prelabeled rat hippocampal slices 

n, number of slices; *, cpm (mean _+ S.E.M.); A%, percentual difference from control slices: P, Student's t-test (two-tailed); o. not 
significant. 

Phospholipid Controls (n = 5) Stimulated (n = 5) A % P 

PI 891 _+ 82* 688 -+ 66 -23 P < 0.{)5 
PIP 3949 +_ 144 3153 --- 69 -20 P < 0.01 
PIP e 4740 _+ 209 4003 +-- 113 -16 P < 0.05 
PA 2023 _+ 174 1695 _+ 131 -16 o 
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ments had shown that the viability of the slices kept 

under these conditions extended up to 6 hV, 29. For ev- 

ery interval thus studied, unstimulated slices were 

kept in another stimulation chamber and labeled at 

the end of the interval. In this way every time point 

had its own unstimulated control and differences in 

labeling pattern are a function only of the time 

elapsed between t reatment  of the slice and labeling. 

After the incubation with labeled inorganic phos- 

phate for 10 min, the slices were homogenized and 

the lipids extracted. The labeling of phospholipids in 

non-stimulated controls did not vary with the time 

between the end of pre-incubation and the start of la- 

beling; in other words, the basic labeling pattern was 

constant irrespective of the time spent in the stimula- 

tion chamber (up to 4 h). In contrast, slices that did 

receive tetanic stimulation showed changes in the la- 

beling of (poly)PI and PA in a t ime-dependent  man- 

ner (Fig. 2). When the incubation with labeled phos- 

phate was started 2 rain after application of the tet- 

anus, PIP, PIP 2 and PA showed a significant de- 

crease in labeling, whereas PI did not. After 15 min 

there was a marked increase in PI labeling, con- 

trasted by the virtual absence of an effect on the la- 

beling of the other phospholipids. Starting 1 h after 

the tetanus, an enhanced incorporation of radioac- 

tive phosphate into PIP, PIP2 and PA was observed 

which was maximal at 4 h after the tetanus. The label- 

ing of PI appeared to decline over this period. 

If the changes in labeling had been caused by an al- 

tered availability of y-labeled ATP  one would expect 

a general and uniform effect of the tetanus on phos- 

phoinositides, other phospholipids and phosphopro- 

teins. Instead, specific rather than general effects on 

% PI .  * * * *  % PIP 

~ 2 0 M I N  240 Mlfl 

°°t "A . . .  ":-" °°i P,p2 . . . .  "i" 

2o i.,!, v , . . . . . . . . . . .  ." " . . . . . . . . . . .  

Fig. 2. Changes (percentage with respect to controls) in label- 
ing of 4 phospholipids present in rat hippocampal slices after 
tetanic stimulation of the perforant path fibers. X-axis gives 
time interval between the end of the stimulation and the start of 
a 10 rain incubation with labeled inorganic phosphate. Y-axis 
gives the change in incorporation of labeled phosphate in per- 
centages; bars indicate mean + S.E.M. Statistical evaluation 
consisted of one-way analysis of variance followed by the Stu- 
dent's t-test (two-tailed). Asterisks indicate the P value: one, P 
< 0.05, two, P < 0.01; and three, P < 0.001. Abbreviations: 
see legend to Fig. 1. 

protein phosphorylation have been reported, arguing 

against an effect on supply of A TP  to the relevant ki- 

nases s,9,14,15,3°. Likewise it was found that the tetanus 

does not affect the incorporation of phosphate into 

the non-inositide phospholipids under  our experi- 

mental conditions. 

The exact relation between the development  of 

LTP and the changes in (poly)PI metabolism is not 

clear. However,  we were able to demonstrate  that 

the changes are dependent  on the frequency of the 

stimulation used: when a stimulation with low fre- 

quency was used, which was previously shown not to 

produce LTps, no changes in labeling of the inositol 

phospholipids were observed. In this experiment hip- 

pocampal slices received 225 pulses in the perforant 

TABLE If 

Incorporation of radioactive phosphate into phosphoinositides and phosphatidic acid at various time periods after a low or high frequen- 
cy electrical stimulation of rat hippocampal slices 

LO-STIM, low stimulation; HI-STIM, high stimulation (n = 5); A%, percentual difference from control slices; P, Student's t-test 
(two-tailed); o, not significant; *P < 0.01; **P < 0.001. 

2 rain a 60 min 240 min 

LO-ST1M HI-ST1M LO-STIM HI-STIM LO-STIM HI-ST1M 

G% P A% P G% P A% P A% P A% P 

PI +5 o -5 o + 15 o +28 * -12 o +18 o 
PIP 0 o -14 ** + 1 o +25 * -10 o +37 ** 
PIP 2 -8 o -20 ** -0 o + 12 * -5 o +35 ** 
PA -3 o -9 o -9 o + 11 * -7 o +29 ** 

a Time after electrical stimulation. 
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path fibers. Two frequencies were applied,  one pulse 

per 4 s, during 900 s (LO-STIM) ,  or 15 pulses per  s 

during 15 s (H1-STIM, same frequency as used 

above).  Af te r  st imulation the slices were kept  in the 

incubation chamber  for 2, 60 or 240 min. Subse- 

quently,  they were incubated with 30 gCi  [3zp]phos- 

phate  and t reated as described above. Again ,  incor- 

porat ion of label into the difference inositol lipids 

and PA was de te rmined  quanti tat ively.  The HI-  

STIM results (shown in Table II)  replicate largely 

what was found earl ier  (see Fig. 2). However ,  low 

frequency st imulation (Table I i ,  LO-STIM)  pro- 

duced no significant effects on labeling of any of the 

lipids studied. 

The presently repor ted  exper iments  strongly sug- 

gest that  the metabol ism of phosphoinosi t ides  in hip- 

pocampal  slices is influenced by tetanic st imulation.  

The data obta ined with the st imulat ion after prela-  

beling of the phosphol ipids  were taken to indicate 

that the electrical s t imulat ion enhances the hydroly- 

sis of PIP2, PIP and PI. Also the series of exper iments  

using labeling of slices after tetanic st imulat ion imply 

that shortly after the tetanus there is a high turnover  

of PI, PIP and PIP 2. In fact, the enhanced PI labeling 

at 15, 30 and 60 min after the tetanus may reflect a 

compensatory  resynthesis after a preceding massive 

PI hydrolysis. 

The biphasic changes in labeling of the (poly)PI 

closely parallel  the time course seen in the devel- 

opment  of the LTP as described earlier;  immedia te ly  

after the tetanic st imulation there is a depression in 

responsiveness to the test stimulus, followed by a 

slowly developing potent ia t ion which reaches a maxi- 

mum after 1 -2  h 29. 

It may be that the changes in (poly)PI  metabol ism 

as repor ted  here are re la ted to intracellular  calcium 

mobil izat ion ~. Other  studies have shown that 

changes in intracellular  calcium concentra t ion ei ther  

pre- or postsynaptic  are related to or causative in the 

occurrence of LTp6, I°,15,22,24. Therefore ,  it may be 

that the present  exper iments  have revealed mem- 

brane events which are part  of the biochemical  

changes observed after tetanic st imulation.  

The authors are great ly indebted  to their colleague 

and friend, A d  Tielen,  who was involved in the neu- 

rophysiological  aspects of this study but passed away 

in December  1983. 
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