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ABSTRACT

Long~term modulation of neuronal excitability through regulation
of inhibitory potassium channels is presented as a mechanism for
at least one component of LTP in the hippocampus. Currents flowing
through these channels can normally restrict depolarizations. A
release from this restriction, an "intrinsic disinhibition" poten-
tiates excitatory signals. Experimental evidence indicates that
functional potassium currents are necessary for LTP induction. 4
reduction of the transient A-current is unlikely to be the cause
of LTP, Histamine, noradrenaline and cyclic AMP (blockers of a
Ca-activated K~current, IAHP) can mimic the epsp/spike potentia-
tion which represents a postsynaptic component of LTP. An endo-
genous action of these amines is however not necessary for the in-
duction of LTP,
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INTRODUCTION

Long-term potentiation (LTP) in the hippocampus has received con=-
siderable attention because of ite possible involvement in learn-
ing and memory processes (Bliss and Lomo, 19733 Andersen gt al,
1980; McNaughton, 1983; Krug et al, 1984; Reymann gt gl, 1982;
Voronin, 1983). The mechanism of this synaptic plasticity is un-~
known. It is characterized by a long lasting (hours to days) faci=-
litation of excitatory transmission following brief tetanic stimu-
lation of afferent fibers. Good evidence for changes on both, pre-
and postsynaptic sites has been presentsd. Intracellular recording
with K-acetate filled electrodes usually reveals only a small epsp
increase during LTP but a marked increase in the probability of
firing and a decrease in spike latency (Andersen et al, 1980; Haas
and Roge, 1982, 1984), With K-chloride filled electrodes, however,
when the typical epsp -~ ipsp sequence is almost entirely depolari-
zing (through shift of the chloride equilibrium potential) signi=~
ficantly larger epsp increases were observed during LTP. This
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suggests that synaptic inhibition is not reduced, but may in fact
be enhanced during LTP (Haas and Rose, 1984). Apart from the sy=-
naptic recurrent and feed foreward inhibition (Alger and Nicoll,
1982; Andersen et al, 1964), intrinsic inhibitory mechanisms are
also operating in pyramidal cells (see Fig. 1). Alkon (1984) and
his coworkers have indeed provided a good case for a biophysical
memory trace through reduction of ionic currents in the gastropod
Hermissenda. Activation of voltage~ and calcium dependent potas-
slum currents normally restricts depolarizing signals, produces
afterhyperpolarizations (AHPs) and an accommodation of firing in
response to prolonged (0.5-1 g) depolarizations (Alger and Nicoll,
1980; Schwarzkroin and Stafstrom, 1980; Wong and Prince, 1981;
Brown and Griffith, 1983; Madison and Nicoll, 1982; Haas and
Konnerth, 1983; Haas 1984), Among the potassium currents described
in CA 1 pyramidal neurones (Adams and Galvan, 1986) at least three
(IX, IC, IA) could interfere with epsps. Tetraethylammonium (TEA),
4-aminopyridine (4-AP), caesium and lithium ions (Haas, 1982)
which can block these currents enhance epsps. Noradrenaline and
histamine, which block the long lasting calcium activated potas-
sium current (IAHP) in hippocampal pyramidal cells have been shown
to prolong LTP (Hopkins and Johnston, 1983; Bliss et _al, 1983;
histamines own unpublished result). Although these amines are not
directly increasing epsps they enhance the population spike evoked
by a given epsp for prolonged periods of time and could therefore
be involved in the postsynaptic epsp versus spike potentiation. 4
reduction in such intrinsic inhibitions could be important in the
production, modulation and maintenance of LTP and the present ex~
periments are designed to test their involvement in this phenome-
none

Fig. 1.

Schematic diagram depicting
the voltage response (U) of
a hippocampal pyramidal cell
to depolarizing current in-
N jection (I). The passive
reponse is indlicated by a
a Ca brocken line. In reality
the response deviates from
- - - this theoretical curve be-
cause, depending on voltage
level and intracellular cal-
cium concentration, several
inward (Na, Ca) or outward
potass%um currents (X, ﬁﬁ C,
M, AHP) are activated. e
KACM AHP latter are inhibitory and
restrict normally excitatory
i I potentials, Some of these

currents are under the con-
trol of neurotransmitters

or -modulators and linked

to intracellular events, se-
cond mesgengers and energy
gtate.

METHODS

Transverse'slices were prepared from the hippocampi of rats and
incubated in a perfusion chamber modified from our original design
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(Haas gt _al. 1979) %o reduce the volume to about 50 ul and allow
rapid under- and superfusion with artificial cerebrosgpinal fluide.
Drugs were added to this medium and equilibrated within less than
1.min in the chamber. For some experiments a larger double cham=~
ber which contained upto ten slices per compariment was used. 4
atimulating electrode was placed in-the stratum radiatum of CA 1
region where the Schaffer collaterals and -commigsural fibers ma=-
ke excltabory contacts with the apical dendrites of pyramidal - 7
cellss An extracellular slectrode monitored the field excitatory-
postsynaptic potential (epsp) in stratum radiatum or the popula=-
tion spike in the pyramidal layer..Intracellular recording from
pyramidal cells was performed using electrodes filled with 2M K1
or CgCl. Resting potentials were more negative than 60 mV, spikes
‘larger than- 80 mV and input impedances higher than 40 megaohms, -

RESULTS

In a first serles of experiments KCL filled electrodes wers uged.
for recording. Accommodation of firing during a long depolarizing
pulse. (500 msec); and the afterhyperpolarization afier a short
burst {100 msec) were comparad before and at least 10 min after
afferent tetanization by 4 trains of 500 msec duvation and 100 Hz.
Although a lasting increase of the depolarizing poitential was al-
ways observed (Haas and Rose, 1984) no change was found in input
impedance, accommodation or the AHPs. These phenomena ars measured
at the cell body while the changes. responsible for LTP are locali-
zed to dendritic gites at least 100 micrometers awaye Similar ex-

eriments on déndrites arve imprachticable at present. Caesium ions
from a CsCl filled elecirode however are presumably diffusing out
t0 these sites where they could block inhibitory potassium conduct-
ancess R :

Fige 2

Intracellular record from a
hippocanpal pyramidal cell
with a caesium filled elec~
trodes A: 3 min after impa-~
lement, B: 10 min later,
cell is partially depolari=
zeds A and B are superimpo-
* ged sweeps illustrating re-
gponses to 4 0.5 nd current
injectione. Cs The cell was
repolarized by continuous
current injection, and the
response Vo afferent synap-
wo . Gic stimulation is shown (3
mV superimposed sweeps). 411
20 meec records in this and the fol~-
. lowing figures are from the
CA1 area of thse rat hippo-
campal slice (in viiro).
Negative is always down-
wardse

& few minutes afiter impalement of a pyramidal cell with a CsaCl
£illed electrode acghion pobentials became wider and fhe input im-
pedance increased {(Johnston gt al, 1980) (Fig. 24). Chloride de~
pendent ipsps became reversed and the eells depolarized (Fig. DBJa
The 4HPs were replaced by an afterdepolarization. In this situa-
tion synsptic stimnlation always caused the firing of action po=-
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tentials, obscuring the synaptic potentials. Conbinuous negative
current injection was therefore used to keep the cells in a pola~
vized state (Fige 2C) and occasional depolarizing pulses were gi=
ven to monitor the congtancy of the caesium effects. Synaptic po~
tentials were now evoked svery 10 sec and, after at least 20 min
of gtable recording, 4 shert tetani (500 msec, 100 Hz) were app~
liede In 12 cells it wam possible to record a reasonably sized
synaptic potential without firing for at least 15 min before and
15 min after the induction of LTP. The dendritic field always
showed s lasting increasge but none of the intracellularly recorded
synapitic potentials was enhanced. The field epsps, measursd at a
fixed time after the stimulus, increased on the average (n=7)
from 1.04 + 0,18 (8D) nmV to 1.46 + 0.24 (SD) mV while the conco=
mitant intracellular potentials (resting potential to peak) de=-
creased from 9416 + 345 (SD) mV 0 7457 * 4e1 (SD) mV. Pige 3e
illugtrates one of these experiments. Pogtetanic potentiation
(PTP) and paired pulse facilitation were observed in both the in-
tracellular and the extracellular record, The failure to elicit
LTP in caesium loaded hippocampal pyramidal eells in the present
experiments suggests that functioning potassium currents are nec~
esgary for the induction of LTP, One way to btest this possibility
further is the investigation of the interference with LTP of drugs
which block various potassium currenta.

Fige 3e

Synchronous extra- and in-~
tracellular recording from
the dendritic area (upper
traces, ec) and the cell
body of a C4 1 pyramidal
cell (lowsr traces, icle |
BEFORE LT . Intracellular recording with
' a caesiumchloride (CsCl)
filled electrode which
blocks several potassium
5 | euvrrents, These traces begin
20 with a hyperpolarizing cur-

4 s rent injection %o prevent
&%Nw/f‘\~u\\\\» L$§J/’\\\“*§L\ the eell from firing an ac-
e = 4ion potential in regponse

ic CsCl to gynaptic stimulation.
Right traces were taken 1%
&G min after LTP induction

(broken liness befors)e
While the dendritic field is
enhgneed the dintracellular-~
ly measured epgp is reduced
(averaged record showed it
not significantly altered).
Thug LTP was evoked in the
neighbouring cells but no¥
in the one with K~channels
blocked by caesium Galibra-
tion: 5 msec, 2 and 20 mV.

The A=currvent

4 povd candidate current possibly involved in long~term modula=
tion of emeitatory signals is the transient A-current (I4)s It
“hag been identified in invertsbrabes as an sarly, transient po-
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© tagsium current disbtinct from both the caleium activated IC and
the delayed rectifier (IK, Thompson, 1977) and is present in hip=
pocampal pyramidal cells (Gustaffsgon et al, 1982). 14 can be ra=
pldly activated from a resting membrane potential of about 70 nV
by less than 20 mV depolarizations. In fact, when it is blocked
by 4-aminopyridine (4~4P) paps are enhanced, probably as a result
of its actions on both, pre- and postsynaptic elemends (Buckle and
Haas, 1982; Haas et al, 1983). 4 long~term reduction of I4 has
been found associated with a learning process in Hermissenda
(Acogta-Urquidi et gl, 1984). We have thus examined the role of
I4 in hippocampal LTP,

Several glices were placed in each of the itwo independent compart=
menis of the chambers The only difference was the presence of 4-4P
{50 ulf) in the perfusion fluid supplying one of the compartmentss
4 test stimulus adjusted to an intensity which evoked a dendritic
field epsp of about 2 mV amplitude was given every 30 sec. It was
measured at a fixed latency from the stimulus with a sample and
hold smplifier and displayed on a chart recorder. When the epsp
had been sitable for at least 10 min, a tetanus of 500 mgec dura-
tion at 100 Hz was given every 3 seconds until a Hotal of 4 tetani
had been delivered. In 3 such experiments 26 slices were tested,
13 in normal and 13 in 4~8P containing perfusion medium, The in~
erease in epsp amplitude 1 min and 10 min after tetanization were
taken ag: the measure of post-tetanic potentiation (PTP) and long-
term potentiation (LTP). The average epsp increase for both PTP
and LTP was larger in the slices exposed to 4~AP, although this
difference was not significant (Haas and Greene, 1985), In a se~
cond seried of experiments, tetani were given every 10 min until

a saturation of LTP had been reached, Now 4-AP {(50-~100 ul) was
added and in each of 4 experiments the eépsp was fqrther enhanceds.
One such experiment is illustrated in Fig. 4. -

tetanus . A—AP 50 uM

2m\f|

10 min

Fige 4« Continuous display of extracellular epsp slope. Eath siroke
in the record represents the size of a sgingle epsp measured bet-
ween zero and the volbage at a Tixed latency from the gtimulus

and registered with & sanmple and hold amplifier. Three tetani were
given until LTP was maximal (saturated). In this gituation, addi~
tion of 4-aminopyridine, an A-current blocker, could gtill fur-
ther enhance the epsps This, together with the observation that
LTP was equally inducible and long Iasting in the presence or ab=
sence of 4=AP makes a direct involvement of A-current modification
in LTP unlikely.

Calciom astivated currents
Two Ca-dependent potassium curvents have been identified in C4 1

pyramidal cells, The first, IC, is rapidly achtivated apnd inactiva-
ted and strongly voltage dependent while the second, IAHP, is ac-
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tive over a wide voligge range and a long time (seconds) after Ca-
inflow. IAHP is not inactivated but does presumably reflect the
time course of intracellular (a sequestration. IC is sengitive to
TBEA while TAHP is rather specifically blocked by histamine, norad-
renaline and cyclic 4MP (see introduction). In %the presence of 5
mM TEA it was possible to evoke LTP, and ‘the increase in epsp am-
plitude was not significantly different from that obbtained in an
untreated slice. I have also investigated the effects of 2-5 nilf
TEA before and after induction (saturation) of LTP in a manner si=
milar to the one described above for 4-4P. In the state of LTP sa=-
turation 2 nM TEA clearly further enhanced the field epspe In the
1light of the only partial and unspecific blockade of several po-
tassi%m.currents definite conelusions cannot be drawn from these
regults :

Noradrenaline (NA) has been shown %o strengthen and prolong LIP
(Hopkine and Johnston, 1984). I have found a similar effect with
histamine (HA). The possibility exists that such amines (inclu-
ding algo acetylcholine) are released together with the excitabo=
ry transmitters by tebtanic but not low freguence stimulation and
would, through blocking a Ca activated potassium-current, poten- -
tiate signal transmission. If this were the case antagonists of
these amines should prevent or at least reduce the induction of
LTP. However, in the presence of propranolol, cimetidine and at-
ropine (1-10 ud) LTP could be induced inm our. experiments without
difficulty. The field epsp and population spike increase 10 min
after fetanization was not different from normsl.

Fige 5.

- Long lasting .epsp / popula=

HISTAMINE - tion spike enhancement af=

- ter a short perfusion with

° ) histamine. Similar effects

g s Coo were seen with H2~recepior

© agoniste, -
noradrenaline, bheta agonists

) and with forskolin. ALl

060%0,°%55500 these druge enhance intra-
l ’ - cellular ¢yclic AMP and

: - block the calcium dependent
] ' . potassium current IAHP. Zach

0o
C oo
H ©960%,0045,000

. point represents the average
o I . ,sz size taken from 9 population
-0 o 60 120 gpikes every 5 minubes. In-
serty show such averages be~
fore and during the enhanced
state (10 msec sweeps).

Ha and N4, at concentrations of 1~10 uM, perfused for 5-10 min _
evoked long lasting increases of %he population spike, while the
field epap remained unchanged., This effect is probably related to
the block of IAHP and mediabed by cyclic AMP (Haas 1984, 1985)a-
The duration of the epsp / spike potentiation was recently vein-
vestigated in a fast perfusion chamber which eliminated a signi-
ficant contribution of drug equilibration in the chamber %o the
time course of the drug sffecis. HA and impromidine (H2~agonist)
as well as NA and isoproterencl (betg-agonist) caused often mar-
ked inereases of the population gpike lagbing for more than 60
winutes (Pig. 5). Occasionally, with either substance, bthe effech
showed no ‘tendency for reecovery within 1-2 hrs. Thus a perfusion
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with the amine for 5 min seemed to have gwitched on an enhanced
state of signal transmission. While perfusion with the H2 and beta-
antagonists, cimetidine and propranolol, prevented the agonist ef-
fects, these antagonists were ineffective once the enhancement had
been evoked (after the agonist perfusion).

DISCUSSION

Several conclusions may be derived from these experiments: Further
support is provided for our earlier conclusion that reduced synap-
tic inhibition is not responsible for LTP in CA 1 pyramidal cells.
Since the enhancement of depolarizing potentials recorded intra-
cellularly with KCl-filled electrodes was always greater than

that recorded with K-acetate filled electrodes, it seems that the
recurrent and feed foreward ipsps are also enhanced rather than
reduced after an LTP-inducing stimulus (sece also Buzsaki and
EBidelberg, 1982).

The presence of caesium in a pyramidal cell prevents the induction
of LTP in this cell, suggesting that normally functioning potas-
gium channels in the postsynaptic membrane are a precondition for
LTP, We were unable to demonstrate changes in potassium dependent
potentials with intracellular recordings in the soma during LTP
but a modification of K-currents might well be occurring locally
at the dendritic sites contacted by the afferent fibers. It is
unlikely that such events could be recorded at the cell soma. How-
ever their occurrence would be prevented by diffusion of caesium
into the cell. Presynaptic forms of synaptic plasticity, paired
pulse facilitation and PTP but not LTP were recorded in the cae-
sium loaded cells. The actual reduction of postsynaptic potentials
in caesium loaded cells during LTP could be explained by the in-
creased extracellular field and perhaps by a shunting effect of
increased feed foreward inhibition. These may also be reasons for
the surprisingly small increases in epsps recorded with K-acetate
filled electrodes (Andersen et al, 1980; Haas and Rose, 1984).

If LTP depends on a down regulation of the transient A-current
then one would expect a block of this current to create a situa-~
tion where LTP cannot be evoked. Furthermore, when LIP is maximal
(saturated) after several tetani, one might expect the A-current
antagonist 4-AP to be less effective., Both these expectations are
not fulfilled. Rather, LTP seems more readily elicitable and the
magnitude of the potentiation is perhaps even larger in the pre-
sence of 4=-AP. Wherever the locus of 4-AP action is, it should
have interfered with LTP in our experiments if IA were specifical-
ly involved., From these results we conclude that a modulation of
the A-current is not involved in the production of LTIP.

In partial contrast to the results obtained in the CA3 area
(Hopkins and Johnston, 1984) we have not been able to prevent or
block LTP with propranolol in CAl. Similarly, cimetidine, a hista=-
mine H2 antagonist and atropine as well as all three antagonists
together could not prevent LTP inductione. Therefore, there is lit-
tle evidence that would directly link the LTP promoting effect of
HA and NA to the mechanism of LTP in CA1. Nevertheless, these two
amines can produce a postsynaptic epsp / spike potentiation which
is presumably mediated through cyclic AMP, similar in appearance
and time course to the postsynaptic component of LTP. Cyclic AMP
accumulation could, like in other systems, lead through protein
phosphorylation to regulation of ion channels or Ca=sequestration.
It seems worthwile to consider this possibility for LTP as well.

1M-C
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HA and WA have been shown to block the long lastin afterhyper=-
polarizations due to the potassium current (IAHP) (Madison and
Nicoll, 1982; Haas and Konnerth, 1983; Pellmar, 19843 Haas and
Greene, 1986). This resulte in a preferential and profound poten=
tiation of longer lasting excitatory signals like the one evoked
by the tebanic stimulation employed for inducing LTP. Therefore,

an enhanced response and Ca influx oceurs if bhose amines are pre-
gent during the tetanization. This and the lasting effect on epsp /
spike potentiation of the amines can explain an inecrease in am=
plitude gnd duration of LTP,

The data presented here indicate a postsynaptic locus for LTP but
do not exclude préesynapbic components. The bagic: phenomana, per-~
haps initiated by & large Ca inflow, might in faet be similar on
both pre- and postsynapiic sites. Modulation of excitability
through the more economic regulation of inhibifory potassium chan-
nels %rather than the excitatory sodium and calcium channels) is
an attractive hypothesis for at least one component of LTP in the
hippocampuse. Potassium currents can normally restrict excitatory
gignals and the release from this restriction, an "intrinsic disg-
inhibition" may well be responsible for a lasting enhancement of
these signals,. o S
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