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Abstract The effects of ZD 7288, a “bradycardicrations: I//l,, is activated upon hyperpolarization below
agent, in young rat hippocampal slices in vitro werel0/-50 mV with slow activation kinetics and no inacti-
studied. ZD 7288 (1-1000M) reduced the hyperpolar-vation; it is carried by both Nand K ions and has a re-
ization-activated current{) in CA1 pyramidal neurons versal potential of about —10/-20 mV [9, 13, 23]; it is
by a voltage-independent blocking mechanism. Undaocked by extracellular Gsbut is insensitive to Ba
current-clamp conditions, the bradycardic ageahd C@*[10, 13, 16]. Since it is an inward current acti-
(10 puM) caused membrane hyperpolarization (byated by hyperpolarizatiom, produces a Csdependent
5.9 + 0.5 mV) and a reduction of membrane conduslow depolarizing “sag” during prolonged injection of
tance (by 17.9 + 4.1%). These data are consistent wliyperpolarizing current [21]. In some of the tissues ex-
the block of an inward current which is active at resimined, this current is responsible for the depolarizing
The drug-induced hyperpolarization depressed the cepilsase of rhythmic-oscillatory activity [6, 24] and its
excitability by increasing the threshold current necestodulation by neurotransmitters plays a key role in con-
sary to induce firing. When the drug-induced hyperptrolling heart rate [5, 14] and thalamic firing [24, 27]. In
larization was compensated for by injection of a tontbe normally silent hippocampal pyramidal CA1l neu-
depolarizing current, ZD 7288 caused a reduction of trens, |, is active at rest and contributes a moderate depo-
inhibitory post-synaptic potential (IPSP) in EPSP-IPSBrization to the resting membrane potential [21]. Al-
sequences. Since €sanother known blocker df, is though thel, contribution, as inferred by €block ex-
able to reverse long-term depression (LTD) of the CABeriments, appears to be small (some 4 ny3trongly
CA1 synapse in hippocampal slices, we tested the effaffects the excitability of CA1 neurons. The functional
of ZD 7288 on synaptic transmission. We found that Zfglevance ofl,, in the hippocampus has been confirmed
7288 did not significantly modify LTD, suggesting thaby the finding that the current is modulated by acetyl-
Cs*-induced inhibition of LTD maintenance is not dieholine and noradrenaline [8, 28].

rectly related to block df.. Since the hippocampdl, shares several properties
with the cardiad;, we have characterized the actionlgn
Key words Hyperpolarization-activated current) of ZD 7288 [4-N-ethyl-N-phenylamino)-1,2-dimethyl-6-
Hippocampal slices - CA1 pyramidal neurons - (methylamino) pyrimidinium chloride], a “bradycardic”
Bradycardic agents - ZD 7228 agent reported to exert a specific blocking action on the

cardiacl; and to slow, by this action, the rate of cardiac
pacemaker activity [4]. ZD 7288 has also been shown to
Introduction reducel,, in substantia nigra pars compacta neurons [17].
We found that: (1),, of CA1 pyramidal neurons is
A hyperpolarization-activated Naand K- current blocked by micromolar concentrations of ZD 7288 in a
(termed 1 /1) has been demonstrated in a variety @bltage-independent way; (2) ZD 7288 abolishes the in-
nerve cells ([1, 3, 27, 29]; reviewed in [26]), as well as mbitory phase (IPSP) of the EPSP-IPSP sequence, sug-
cardiac pacemaker myocytes (currghwhere its activi- gesting that, of inhibitory interneurons is involved in
ty was first described (for review see [11]). The badikis process; (3) thk, blocking agent does not affect in-
properties of this current are common to different prepduction and maintenance of long-term depression
(LTD), thus excluding a direct correlation betwekn

. ; block and LTD (this possibility had been previously
S. Gasparini - D. DiFrancesc :
Universpité di Milano, Dipartim@gto di Fisiologia e Biochimica ~ suggested based on the action of,@Gnother blocker of
Generali, Elettrofisiologia, via Celoria 26, 1-20133 Milan, ltaly |, [20]).
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Materials and methods .35 control 4 b 25728810 pM
o

Slice preparation and solutions 0|

A
Hippocampal transverse slices were obtained from young male Wi- _2p50
star rats (16-25 day old, Charles River) as described elsewhere
[21]. Briefly, rats were anaesthetized with ether and killed by de-
capitation. The brain was rapidly dissected out in ice-cold solution
containing (mM): NaCl 120; KCI 3.1; Mggl4; CaCh 1,
KH,PQ, 1.25; NaHCQ 26; glucose 10. Slices of 3@On were cut
by a vibratome (Tpi Vibratome 1000) and stored in the same saline AN
solution as above, and single slices were transferred to the record- 1-120
ing chamber when required. The slice was held by a nylon mash,
fully submerged and superfused continuously with an artificial ce- 05s
rebrospinal fluid composed of (mM): NaCl 120; KCI 3.1; Mg} )
CaCl, 2; KH,PO, 1.25; NaHCQ 26; glucose 10. All solutions
were equilibrated with 95% 5% CO, to a pH of 7.4. Recordings c difference d _/
were performed at room temperature. ZD 7288 was kindly provid- / L pA
ed by Zeneca Pharmaceuticals, Macclesfield, UK (Dr. I. Briggs).
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|
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Electrophysiological recordings

\\
~
-\-

Whole-cell recordings from single CA1 pyramidal neurones were /' | .a00
performed at room temperature with the patch-clamp technique in .
the whole-cell configuration. Seals were obtained using the blind ,/

technique [2]. The pipette was filled with (mM): K-gluconate 130;
NaCl 10; MgC}, 1, adenosine-triphosphate (ATP) 2; guanosine trFig. 1 a—d Block of the hyperpolarization-activated curreiy) (
phosphate (GTP) 0.5N-2-hydroxyethylpiperaziné¥-2-ethane- by ZD 7288.a Current traces recorded during voltage steps from a
sulphonic acid (HEPES) 0.5; ethylenebis(oxonitrilo)tetra-aceti@lding potential of —35 mV to the range —40/-120 mV, in 10 mV
acid (EGTA) 10; to a final pH of 7.2 (resistance 3-8MCells steps;b current traces recorded with the same voltage protocol as
were identified as pyramidal neurons [22] by visual localization pf a in the presence of 10M ZD 7288;c ZD 7288-sensitive cur-
the stratum pyramidale and routine observation of their firing pagnt traces and corresponding current/voltag&'\() relation, ob-
tern in response to a depolarizing pulse (100 pA for 400 ms). tained by plotting steady-state curre:nts

In some experiments, bipolar concentric electrodes were posi-
tioned in the stratum radiatum to stimulate afferent fibres (Schaf-
fer collaterals) and evoke post-synaptic potentials (15+40or
action potentials (35-8@A) in CA1 pyramidal cells.

Thel, current was measured by applying hyperpolarizing steps

of variable duration from a holding potential of —40 mV to the ac- b . ™ . % ., . ., %
tivation range (=100 to —120 mV). Pilot experiments indicated that ZD 7288 20 uM
the whole-cell recording yielded stablg traces for sufficiently .
long times with minimal run-down (6.0 + 3.3%, = 5, after normalized 1 L _c
14 min recording), suggesting that dilution of intracellular sub-  current ——
stances necessary figrdevelopment was negligible under our ex- 0.5 e f © ~f
perimental conditions. \
Extracellular field EPSPs (fEPSPS) in the stratum radiatum were ) &b
recorded using electrodes filled with the extracellular solution d ~ +  protocol A
(3-8 MQ). The initial slope of the fEPSP (fEPSP slope) was used as /, / R
a measure of synaptic activity. Data are presented as mean + SEM. 1.0 protocol B
The data presented in this work were obtained from 44 slices. a
0 0
pA | _~c pA /f
Results 20 P 200 —e
~
~a d
Effect of ZD 7288 orl,, 05s 05s

The resting membrane potential of neurons was ab@j > Time course ofl, amplitude during ZD 7288 application
-59 mV (-58.83 = 0.45 mVn = 37). As shown in (bar) and lack of use dependence of bioGkp plot of steady-
Fig. 1a, hyperpolarizing steps from a holding potential stite current during steps to —100 mV, from the holding potential
—35 mV to variable potentials (40 to —120 mV) eIicite@f —40 mV after leakage subtraction. The step was applied every

: . s for the whole duration of the experimefiltgd circles proto-
a time- and voItage—depen_dent relaxation (curkgrtL6, col A), whereas in another slice it was interrupted for various peri-
21]. We tested the possible effect of the bradycar@es during the exposure to the drumpén circles protocol B.

agent ZD 7288 om, by superfusing slices with differentBoth curves are normalized to the maximal current amplitude re-
concentrations of the drug. In the presence of ZD 72%?;& Pg:jourcz% r?;‘igth%e{%zorga(rﬁieagzpm% (881 n_li‘:}gft%ro\)beThe
(10pM) 1, was partly blocked, as shown in Flg. 1b. inning of drug perfusion, mean of 3 traces) was 63.6% (A) and

The component b|09ked by ZD 7288 at dlffergnt P@8.3% (B).Bottom original traces recorded at times label&gd,
tentials and the resulting current/voltagéVv) relation c (protocol A, left) ord, e, f (protocol B,right)
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Fig. 3 Hyperpolarization-induced unblock §f Time course of,, Fig. 4 Dose/response relation for the block by ZD 7288, dfom
activated by 2-s hyperpolarizing steps from —40 to —100 mV ap-= 18 cells. Data points were fitted to the Hill equation:
plied every 6 s during ZD 7288 perfusion (@B, bar). Records |, /I, = [1 + (K/C)", wherel,, and|, , are fully activated current
were corrected for linear capacitative and leak components. Hmfore and after block, respectively, C is the concentration of ZD
lowing full block development, long (1-2 min) hyperpolarization288, anch is the Hill coefficient. Plotted are mean + SEM values.
to =100 mV were applied as indicated bgrs (a andb), during Maximal fractional block was set to 1. Best fitting values of appar-
which times the current increased slowly. Theetshows current ent dissociation constank’( pM) and Hill factor were 10.5 and
traces recorded during protocol b. Data points during prolonge® respectively
hyperpolarizations represent theamplitude at 6-s intervals. The
fractional block by ZD 7288 was 75.9% after an 8.6-min perfusion
of the drug. Prolonged hyperpolarizations reduced block by 5.9%
(a) and 10.2%Hf), as referred to the contrilamplitude: protocol (filled circles, protocol A) showed that the
block proceeded at a similar rate in the two cases: the
current reduction around the 8th minute of drug perfu-
sion with protocol B was 59.2%, which compares with
4R 65.1% reduction obtained with protocol A; in another
experiment we obtained similar results (reduction after
8 min of 75.3% with protocol B as compared to 72.3%
with protocol A). These data suggest that ZD 7288
Properties of block of, by ZD 7288 blocks open and closégchannels equally well.
and the dose/response relation We further checked for the presence of a voltage de-
pendence of channel block/unblock by use of the proto-
In order to investigate the time course of the block aodl shown in Fig. 3.
the dose/response relation, we measured the block inHere, a train of 2-s voltage-clamp hyperpolarizing
duced by different concentrations of ZD 7288Ipmt a steps to —100 mV was interrupted by long (1-2 min)
fixed voltage of —100 mV. Hyperpolarizing steps wergteps to the same voltage in an attempt to verify if, as re-
applied from a holding of —40 mV to —100 mV for 2 s giorted elsewhere for the block of neuronal h-channels
a rate of 1/6 Hz. Drug perfusion was started after at lefist] and cardiac f-channels [12] by bradycardic agents,
2 min of stable recording. ZD 7288 blockkgdn a time- negative voltage also affects the degred,dblock by
and concentration-dependent manner. There was a d@By7288 in CAL cells. The plot in Fig. 3 shows the time
of approximately 2 min from the drug application to theourse ofl, (at =100 mV) during superfusion of ZD
beginning of block development, which was complete #288 and repeated applications of prolonged —100 mV
some 10-15 min (Fig. 2). Only limited recovery was visteps (1-2 min, bars). As also apparent in the inset of
ible even after more than 30 min of drug wash-out at &ig. 3, showing details of current changes during the sec-
concentrations used (not shown). ond prolonged hyperpolarization (ly),clearly increased
Other blockers of,, such as the “bradycardic agent8iuring prolonged hyperpolarizations, and fully recovered
UL-FS 49, act as “open channel” blockers and thus exertits original size when the normal activating/deactivat-
a “use-dependent” blockade [12, 25, 30]. We checked fiog protocol was resumed. This is consistent with a par-
the presence of use dependence inlthielock by ZD tial block relief associated with prolonged membrane hy-
7288, with the protocol shown in Fig. 2. If the protocgierpolarization. In four cellsl, recovered an average
of repetitive (1/6 Hz) activation df, by a hyperpolariz- 10.8 £ 1.3% of its pre-block amplitude during 2 min hy-
ing pulse to —100 mV was arrested (open circles, properpolarizing steps to —100 mV.
col B) and the membrane potential was held at —40 mV, aSteady-state block df, obtained at various ZD 7288
voltage at whichl, channels are closed [21], ZD 728&oncentrations and estimated with protocols such as the
was still effective at blocking,. The rate of block devel-one in Fig. 2 was used to construct the dose/response re-
opment was evaluated by activating the current for shiation in Fig. 4. Curve fitting by the Hill equation yielded
periods of time around the 4th, 6th and 8th minute falalues of 10.5uM for the half-maximal effective dose
lowing drug superfusion. Comparison with the standafi€C5y) and 0.59 for the Hill coefficienty.

are shown in Fig. 1c, d. From tiw relation of Fig. 1d,
I, appears to be activated from a threshold near —50
in agreement with previous indications [20].
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Effect of ZD 7288 on membrane properties Under control conditions, the membrane hyperpolar-
ization due to tonic current injection was followed by a
Since I, controls the resting membrane potential arslow depolarizing “sag” generated hyactivation at hy-
conductance of hippocampal CA1 neurons [21], we styzkrpolarized potentials (Fig. 5b, trace 1). Following the
ied possible effects of the bradycardic agent on thdsgerpolarizing pulse, a depolarizing rebound was also
properties under current-clamp conditions. The menisible due to deactivation of (Fig. 5b, trace 1). After a
brane conductance was monitored by injecting a hyp&rmin period of stable recording, during which the rest-
polarizing current pulse every 4 s (=75 pA for 300 ms)g membrane potential was —59 mV, perfusion with ZD
(Fig. 5a). 7288 (10uM) hyperpolarized the membrane by about
5 mV. ZD 7288 simultaneously reduced the membrane
conductance by 30% (Fig. 5c). In similar experiments,
ZD 7288 caused a hyperpolarization of 5.93 + 0.49 mV
a ; b o 200 400 600 (n = 7) and a reduction of membrane conductance of
/ ZD 7288 10 uM o0 W OV, 17.88+4.07%I=5).
Uil ] RMP. ms If measured from brief (50 ms) current steps applied
J;J‘l‘f‘w‘f“ , B9 mY /2 B from reference potentials in the range —62/-58 mV, we
” ‘ " ‘ i obtained an increase in input resistance of 24.6 + 6.0%
0 H\‘;}:““; |

A 5z
T 1 and an increase in the membrane time constant of
”f{ ) -607 28.0+6.7%0=7).
L | i 2 Both the resting potential hyperpolarization and the
‘ w‘H W‘U |5'“V 1 reduction of membrane conductance are in agreement
NS TR with the block of an inward current tonically active at
70 rest. Accordingly, block of,, by ZD 7288 was accompa-
nied by abolition of the sag during hyperpolarizing cur-
. mv rent injection and of the rebound depolarization (Fig. 5b,
4‘.]’ min trace 2).
—
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Fig. 5 a—cEffect of ZD 7288 (1QuM) on the membrane conduc-Effect of ZD 7288 on CAL neuron excitability
tance and resting potential of a CA1 neurarRecording of the

membrane potential during drug perfusion. Hyperpolarizing curreng investigate possible effects of ZD 7288 on the firing
steps (75 pA for 300 ms) were injected every 4 s to monitor me,

brane conductancd; membrane voltage displacement due to cua-bt“”ty of CAl neurons, we stimulated Ce”.s by 'F‘Jec“”.g
rent injection as recorded at the timieand 2 indicated ina; sag 490-ms depolarizing current steps of variable intensity

and depolarizing rebound disappear in the presence of ZD z28620—80 pA) under control conditions and in the presence
time course of membrane conductance, measured as the raticob¢he drug.
tween current injected and maximum voltage displace:nent In the example of Fig. 6, a current step of 60 pA or
larger was required to elicit firing activity under control
conditions in a CAl neuron with resting potential of
—-62 mV (Fig. 6a). After 8 min of perfusion with ZD
7288 (10uM) the cell resting voltage had hyperpolarized
by 8 mV and injection of current steps up to 80 pA could
not generate action potentials (Fig. 6b). The cell's excit-
ability was resumed (Fig. 6¢) by restoring the original
resting membrane potential with the injection of tonic
-20 current (30 pA). In fact, as apparent from the increased
rate of spike generation, excitability was higher than un-
der control conditions due to the lower membrane con-
ductance associated with blockade. The ZD 7288-in-
ST duced decrease in conductance can be appreciated by the
200 ms larger voltage displacement associated with current in-
control ZD728810pyM  ZD 728810 pM+DC  jection in Fig. 6¢. Similar results were obtained from two
more neurons.

Fig. 6 a—cAction of ZD 7288 on the firing response elicited by I
depolarizing current (20-80 pA) in a CA1 pyramidal calUnder The relevance of the activation &f at rest to the

control conditions, a 60 pA step was required to evoke a single ell's frequency response was further investigated by in-
tion potential, whereas an 80 pA step caused repetitive fiingjecting prolonged (1.5 s) depolarizing current steps in the
perfusion with ZD 7288 led to a hyperpolarization of resting Ppresence and in the absence of ZD 7288ud). In the

tential (8 mV) and abolished the action potentiahen the drug- ; e
induced hyperpolarization was compensated for by the inje(:tione&ample of Fig. 7a,b, the activity recorded from a CAl

tonic current (30 pA), the firing response was re-established. A¥Uron in response to depolarizing currents of variable
tion potentials truncated at 30 r+V size, applied from a holding potential of —-60 mV, is

mV
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control shown. Higher frequency responses are apparent in the
presence of ZD 7288 (see also Fig. 6 above).
Investigation over a fuller range of injected current
levels yielded the frequency/curreritl curves plotted
in Fig. 7c. These were obtained by normalizing frequen-
cies measured during current injection at the first (left,
“early” times) and the 15th interspike interval (right,
“late” times). Perfusion with ZD 7288 was characterized
by a shift of the “early’?/l curve to the left, correspond-
ing to an increased discharge rate at all, except the high-
est current strengths. On the other hand, the “l#te”
curve was essentially unmodified by ZD 7288, and dis-
played only a moderate frequency increase at the lowest
current strength used (90 pA). These data are in agree-
ment with an increased membrane input resistance in the
presence of ZD 7288.
1.0 £ 1.0 o The reduction of excitability due to the hyperpolariza-

mV

507

_g-A .
A jﬁ”{ tion of CA1 pyramidal cells in the presence of ZD 7288
0.5 };%7{ 0.5 t may also affect signal propagation through the hippo-
/? | (o) v <-}/ | (oA) campal circuitry. We tested this hypothesis by recording
071 1 O07———1 7 the activity of the same CA1 neuron as in Fig. 6 in re-
0 w0 300 150 300 sponse to stimulation of afferent fibres (Schaffer collat-

Fig. 7 a—cModification of the firing frequency by ZD 7288, b  €rals) with the stimulus intensity set to just above firing
Activity recorded in one CA1 neuron upon step current injectiotisreshold under control conditions, such that each stimu-
of 30 (eft), 150 (niddlg and 300 ight) pA under control condi- |ys resulted in one action potential (88, Fig. 8a, eight
tions @) and during perfusion of ZD 7288 (M, 12 min, b). §g_mu|i shown). After perfusion of ZD 7288 (4eM),

The reference potential was —60 mV in both cases. The ZD-72 . . . - .
induced hyperpolarization was compensated for by constant @RIy 5 of 16 stimuli were effective at eliciting one action

rent feed. Action potentials truncated at +20 m¥requency/cur- potential (Fig. 8b). A normal response (eight of eight
rent /1) curves under control conditionsgen circle} and in the stimuli) was resumed upon restoring the resting voltage
presence of the drugilled circles. Data are averaged from=3 by current injection. In three neurons, the firing probabil-
neurons and represent the frequency (reciprocal of interspike in F)¥ . hresh ,ld L f th
val) after the firstleft) and 15th ight) spike normalized to maxi- Iy 1N response to just suprathreshold activation of the
mal frequency Schaffer collateral was 0.95 £ 0.05 under control condi-

tions, 0.15 £ 0.10 in the presence of ZD 7288 |(M),

and 0.96 + 0.04 during injection of tonic current to re-

store the resting potential.

Effect of ZD 7288 on the EPSP-IPSP sequence

To investigate whether ZD 7288 could affect, throlgh
blockade, the response of CA1 neurons to synaptic input,
we investigated the effect of ZD 7288 on the sequence
generated by subthreshold activation of the afferent fi-
bres by an extracellular stimulating electrode. Under
control conditions, stimulation of Schaffer collaterals
yielded a typical EPSP-IPSP sequence, characterized by
an early EPSP, due to the opening of glutamatergic re-
ceptors, followed by an IPSP, due to the subsequent acti-
vation of GABA-ergic (where GABA ig-aminobutyric
acid) inhibitory interneurons activated by Schaffer collat-
Fig. 8 a—cAction of ZD 7288 on the firing response elicited byrals or by CA1 pyramidal cells themselves (Fig. 9, con-

extracellular stimulation of afferent fibres.Under control condi- g trace). Superfusion of ZD 7288 led to hyperpolariza-
tions, each stimulation (50A) successfully resulted in a single,. : . .
action potential generation, superimposed on the excitatory pgi@n Of the membrane potential, which was compensated

synaptic potentialp ZD 7288 caused membrane hyperpolarizatiol®r Dy injection of a tonic current (18 pA); under these
and depressed the firing response to the same stimulus strenggonditions, the sequence generated by stimulation of
after compensation of membrane hyperpolarization by current @chaffer collaterals consisted only of a depolarizing

jection, responsiveness returned to that seen under control copgl: : . ; ; ;
tions. In each case, 8 records are plotted (the first 8 over b6 inB ase (Fig. 9 top trace); subtraction of the signal in the

all records truncated at +20 mV). Thesetsshow part of the re- Presence of the drug from the control signal indicated
cords on expanded time and voltage sc.ales that ZD 7288 strongly reduced the IPSP (Fig. 9, bottom

control ZD 7288 10 uM ZD 7288 10 pM + DC
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ZD 7288 10 M + DC In the continuous presence of ZD 7288 (), test
pulses were delivered at 0.1 Hz for 10 min or longer, un-
til a stable fEPSP was recorded. The protocol of induc-
tion of LTD was then delivered by stimulating afferent
fibres at 1 Hz for 15 min [15, 20] (Fig. 10).

We obtained a stable LTD of synaptic transmission
"""""""""""""""""""""""""" (32.48 £ 7.03% of the fEPSP slope recorded in the pres-
\ |2mv ence of ZD 7288 2QM, n = 4). Furthermore, spontane-
difference Py ous activity was not observed in the presence of the bra-

dycardic agent during or after the LTD-inducing 1 Hz

Fig. 9 Reduction of the inhibitory post-synaptic potential by ZI§tlmulatlon prOtOCOI.m._ 4). Thus I, bl(.)Ck does not di-
7288. Under control conditionsof) the EPSP, recorded from a€Ctly lead to abolition of LTD maintenance, nor to
CA1 neuron during afferent pathway stimulation, was followed ythmic, interictal-like spontaneous activity.

the IPSP in a normal EPSP-IPSP sequence. ZD 7283\}@ro-
duced a hyperpolarization of approximately 5.5 mV, which was. -
compensated for by the injection of a tonic depolarizing curreBiscussion

(18 pA). In the presence of the drug, the IPSP was abolished, as L .
apparent by thelifference traceshown below. Every trace repre-This study shows that (the hyperpolarization-activated

sents the mean of 3 consecutive recorcings cation current Ig)) of hippocampal CAl neurons is

blocked by ZD 7288 and that the block is not voltage de-

pendent. The agent was developed as a “bradycardic”
ZD 7288 20 uM substance able to slow cardiac rate by specific block of
the cardiac “pacemakert;f current [4]. Thus, our data
confirm previous suggestions that the cardiac f-channel
and the neuronal hyperpolarization-activated h-channel
may belong to the same family [21, 26].

The time course of the block onset by ZD 7288 was
AW & noticeably slower than that obtained with*@&7]. In
.":‘l?.‘i hippocampal slices, we found that the block induced by
ZD 7288 at the highest concentration used (1000
develops with a time constant of 66.61 £ 5.7% s (3),

0 . T ' . , whereas the Csnducedl,, block has been reported to be
0 min 30 60 completed within 20 s [20]. This could be due to a differ-

Fig. 10 Lack of effect of ZD 7288 (2QM) on long-term depres- ent mechanism of block. Indeed, whereas it is known

sion (LTD) of synaptic transmission. In the presence of the braﬁat Cs blocks the h-channel from the external side [10],
cardic agent, the LTD-inducing protocol (1 Hz stimulation dhe slow time course df, block by ZD 7288 is compati-
Schaffer C?lL?Ste(;?/ls()f]?’[h]ésfgg’rgpcilljoseg’ijlr; w]i:agﬁggrigormi r? #ge with an intracellular blocking mechanism. In agree-

q on .07 H H HH
ETeDS?nc:jugtion. Inn = 4 experiments, 'ltohé depression measured ar- nt with our results, ZD 7288 has a "pf?Ph"'C _s_tructure
ter 40 min was 32.48 + 7.03% and has been proposed to behave as a “lipophilic quater-

nary cation”, which needs to cross the membrane to exert
its action from the internal side [17]. The different side

f action of the two blockers could also account for the

neurons. These data suggest that a major compone iffgrent behaviour during wash-out: if on the one hand

the inhibitorv input to CAL neurons i ntroll e block by Cscan be rapidly relieved [20], the action
Ih—%elpelr?(ljgn%: rlnep(L:jha(r:isCm. eurons is controlled by aof ZD 7288 was not reversible, at least in brain slices

([17] and this work).

Further support of an intracellular site of action of ZD
Lack of effect of ZD 7288 on LTD 7288 comes from the evidence that prolonged hyperpo-

larization relieves block (Fig. 3). Since ZD 7288 is a

We used extracellular recordings to check if ZD 72&Riaternary cation, this behaviour is consistent with the
modifies synaptic plasticity. Our aim was to identify angresence of a blocking site located inside the channel
changes in synaptic plasticity directly linkedltoblock pore which is accessible from the channel cytoplasmic
in hippocampal slices and particularly to use ZD 7288 sige. A similar hyperpolarization-dependent unblock has
a tool to investigate the possible involvementlpin been reported for thg current block by UL-FS 49 in
LTD. Previous experiments have shown that € re- cardiac cells [12] and for thk, block by ZD 7288 in
verse LTD and elicit spontaneous activity in the absersigbstantia nigra neurons [17]. Unlike UL-FS 49, which
of external stimulation of the Schaffer collaterals [20f known to block preferentially open f-channels in car-
We used the blocking action of ZD 7288 Iprto test if diac preparations and in the thalamus [12, 25, 30], ZD
this effect is related to block &f or to other non-selec- 7288 did not however appear to need open h-channels to
tive actions of Cs exert its blocking action (Fig. 2).

~

RMP. o J!
-58.5 mV
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control
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% fEPSP | 1 Hz
slope
100 PPN

50 H

trace). A similar action was observed in two more C
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Sincel,, is activated at rest, its block by ZD 7288imilar effect on the EPSP-IPSP sequence, also attribut-
causes hyperpolarization of the membrane and a dble tol, block, has been reported to occur in the pres-
crease of the resting membrane conductance. The hypece of C5[18].
polarizing shift caused by zZD 7288 (10M) was The dose required for effective block lafin hippo-

5.93 = 0.49 mV ( = 4). Although this concentration iscampal slices was greater than thatlfdslock in isolat-
able to block only about 50% of the current at steadsd cardiac sinoatrial node cells [4]. This may reflect a
state (see Fig. 4), the hyperpolarization observed in thss efficient diffusion of this strongly lipophilic sub-
presence of the bradycardic agent is slightly greater tlsi@nce through the layers of the hippocampal slice rather
that observed during perfusion with *C& mM) [21] than an actual difference in the binding affinity to the
This may be due to a higher specificitylpblock by ZD blocking site. Alternatively, a different binding affinity
7288. Also, the Csinduced hyperpolarization may becould result from structural differences between cardiac
partly antagonized by a secondary, depolarizing actiand neuronal isoforms of hyperpolarization-activated
that develops more slowly and is attributable to extracehannels.

lular K+ changes caused by QOsteraction with glia-me-  In contrast to Cs[20], ZD 7288 was ineffective on
diated K buffering [18]. ZD 7288 strongly depressed theETD maintenance. In the presence of ZD 7288 |{R0),
excitability of CA1 pyramidal neurons by reducing, witlthe fEPSP slope was reduced by 32.5 + 7%, a depression
respect to control conditions, their ability to respond smilar to that observed when LTD protocols were ap-
afferent stimulation and to generate action potentials ygied in the absence of the drug (26.7 + 3.3%%, 8; not

on external stimulation. significantly different afP > 0.05 according to indepen-

This effect was not due to altered conditions in indentt-test). The lack of action of ZD 7288 on LTD main-
pulse generation and conduction, since the cell’s ex¢dgnance implies that simple blocklgfis not sufficient to
ability could be restored by compensating the ZD 7288fect LTD, as was proposed as a possible interpretation
induced hyperpolarization by injection of depolarizingf the action of Cson LTD maintenance [21].
current. The presence of ZD-7288 led to a shift of the Also in contrast to the action of €sinder similar
frequency/currentf(l) relation to the left, indicating aconditions [20], no spontaneous activity was observed
lowered firing threshold (Fig. 7c, left). This is compatiwhen the LTD-inducing protocol was applied in the pres-
ble with an increased membrane input resistance duetce of ZD 7288. Removal of LTD maintenance and in-
block of a current flowing at rest. Modification of firingduction of spontaneous rhythmic activity by*@s hip-
rate was lost at late times during current injectigpgopcampal slices therefore appear to be unrelated to the
(Fig. 7c, right), in agreement with the loss of the contfiocking action o, (see also [18]).
bution byl, due to time-dependent inactivation at depo- _
larized voltages. Acknowledgements This work was supported by the C.N.R.
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