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Kainate reduces two voltage-dependent potassium conductances in rat 
hippocampal neurons in vitro 
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The mechanisms of action of kainate were studied in CA 1 hippocampal neurons using the single electrode voltage-clamp technique 
in vitro. Kainate (100-200 nM) reduced the potassium current which is responsible for the anomalous rectification (Io). In 30% of the 
cells the drug reduced the calcium-dependent potassium current (Ic) which is responsible for the afterhyperpolarization that follows 
calcium action potentials. The reduction of I c will contribute to the enhancement of the neural excitability by this drug. 

Kainic acid (KA), a conformationally rigid ana- 
logue of glutamic acid, has a particularly powerful 

excitatory action on several brain areas. Systemic or 
intracerebral injection of KA produces a paroxysmal 
activity which preferentially involves the hippocam- 

pus and limbic structures, followed by neuropatho- 
logical lesions reminiscent of those observed in hu- 
man with temporal lobe epilepsy 2'13. 

Intracellular studies from C A  1 hippocampal cells 
in the in vitro slice preparation have shown that KA 
induces membrane depolarization and increases fir- 
ing activity is. Several mechanisms have been sug- 

gested to explain these effects: either an enhance- 
ment of synaptic excitation s or a failure of GABA- 
mediated inhibition 6. In the course of current-clamp 

experiments we have noticed that KA affects some 
intrinsic properties of hippocampal neurons 4, nota- 

bly the calcium-dependent afterhyperpolarization 
(AHP) and the anomalous rectification. The present 

experiments were undertaken to study the effects of 
KA on the voltage-dependent potassium conduc- 
tances responsible for the AHP and anomalous recti- 

fication using a single electrode voltage-clamp tech- 
nique. An abstract of some of this work has been pub- 
lished 7. 

The experiments were performed using rat hippo- 

campal slice preparations. Male Wistar rats 

(150-200 g) were killed by a heavy blow to the chest. 
Hippocampi were removed and transverse slices (350 

/~m thick) were cut using a Mcllwain tissue chopper. 
The slices were incubated in artificial cerebrospinal 

fluid (CSF) at 21-23 °C for at least 60 min and trans- 
ferred to a submerged recording chamber. The slices 

were superfused (2 ml/min) with artificial CSF (in 

mM): NaC1 126, KCI 3.5, NaH2PO 4 1.2, MgC12 1.3, 
CaCI 2 2, glucose 11, NaHCO3 25, at 21-23 °C, 
gassed with 95% 02-5% CO2 (pH 7.3). Intracellular 
recordings were made with 3 M KCl-filled electrode 

(DC resistance 40-50 Mf~). The neurons were volt- 
age-clamped using a single electrode voltage clamp 

amplifier (Axoclamp-2) at a sampling frequency of 3 
kHz, 30% duty cycle. To ensure correct operation of 

the clamp, the unsampled voltage across the micro- 
electrode tip was monitored on a separate oscillo- 
scope. Sampled membrane currents and voltage 

were directly recorded on a Gould Brush pen 
recorder. No corrections for leakage or capacitative 

currents were made. Sodium spikes were routinely 

suppressed by tetrodotoxin (TTX, 1 /~M). Drugs 
were bath applied via a 3-way tap system; the equilib- 
rium was apparently reached within 3 min. Drugs 
used were: kainate (Sigma), carbachol (Sigma), TTX 
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(Sigma) and tetraethylammonium chloride (TEA,  
Sigma). 

A total of  14 neurons were voltage-clamped and in 
5 of these applications of KA (200 nM) activated a 

steady inward current (130-270 pA) which underlies 

the KA-induced depolarization observed under cur- 

rent clamp conditions. 

In control conditions the voltage-current relation- 

ship of C A  1 n e u r o n s  shows a marked reduction in its 
slope for values of membrane potential 10-20 mV 

more negative than the resting membrane potential 
(anomalous rectificationl4). Kainate in low doses 

(100-200 nM) reduced this rectification making the 

vol tage-current  relationship more linear (n = 3) 

(Fig. 1A). In 3 other neurons the effect of KA was as- 
sociated with a small (20%) reduction of input resis- 

tance and the effect of this toxin on the anomalous 
rectification was less clear. The anomalous rectifica- 

tion appears to be due to the activation of a K ÷ cur- 

rent reminiscent of I o described by Halliwell and 
Adams (1982) 9 which is sensitive to extracellular ce- 

sium and insensitive to TTX and barium. This current 

is inwardly directed because it is activated by voltage 

steps values below the equilibrium potential for K ÷. 

In two neurons we studied the effects of KA on the 
Q-current. In control conditions hyperpolarizing 
voltage steps from a holding potential o f - 7 5  mV acti- 

vated an inward current followed at the end of the 
voltage pulse by an inward relaxation. Kainate (100 

nM) reduced this current by 30% (Fig. 1B) without 
any change of the leak current. This is shown in the 

plot of Fig. IC where instantaneous values (see in- 

sert) corresponding to the leak current did not 
change while the steady-state values corresponding 

to I o were diminished with KA. 
In current-clamp experiment we observed that KA 

reduced the duration and the amplitude of the A H P  
following calcium spikes (Fig. 2A). We studied in 
voltage-clamp conditions the effects of KA on the 
calcium-dependent potassium current responsible for 
A H P  (n = 12). Depolarizing voltage command steps 
(20 mV) from a holding potential of -50  mV acti- 
vated an initial inward current followed by an out- 
ward current. An  outward tail current was recorded 
at the end of the pulse (Fig. 2B). The outward cur- 

rent is comprised of two currents: I c and I M. The for- 
mer is a calcium-dependent K + current, activated at 
membrane potentials positive to -45  mV and abolish- 
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Fig. 1. Kainate reduces the anomalous rectification and the Q- 
current. A: V/I curve for a CA 1 neuron before (1)  and dur- 
ing superfusion of Kainate (A). Resting potential in control 
and in kainate solution was -60 mV (corresponding to 0 mV on 
the ordinate). Note that the curve is more linear after kainate. 
B: lower trace: voltage recordings; upper trace: current 
recordings. The inward current (Io) activated by a hyperpola- 
rizing command step of-40 mV from a holding potential of-75 
mV was reduced by superfusion of KA (100 nM). C: I/V rela- 
tion is plotted for the neuron shown in B. Instantaneous cur- 
r e n t s  (fi)  in control conditions (11) and during kainate (IS]) and 
steady-state currents (Is) before (&) and during kainate 
(A). Note that the leak current corresponding to  I i is not 
changed by kainate. 

ed by Ca-channel blockers 3. The latter is a potassium 
current insensitive to Ca 2+ and abolished by musca- 
rinic agonists 9. In agreement with these earlier stud- 
ies, superfusion of La 3+ (1 mM) or Mn 2÷ (5 mM) de- 

pressed the outward current (by 40%), carbachol 
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Fig. 2. Kainate reduces the AHP following calcium action potentials and the C-current. A: calcium action potentials evoked in the 
presence of TTX (I #M) and TEA (3 mM), before (left) and during superfusion of kainate (right) 100 riM. Note that the AHP is re- 
duced in spite of the fact that the number of spikes is enhanced. B: voltage-clamp experiment in another neuron. In each couple of tra- 
ces the lower one corresponds to the voltage recordings and the upper one to the current recordings. Note that kainate (200 nM) re- 
duced the outward current activated by a depolarizing voltage step of 20 mV without changing the leak current (middle column). The 
outward current (IM) activated at the end of a hyperpolarizing command step of 20 mV (right column) was only slightly reduced. Car- 
bachol (50 aM) further reduced the outward current and completely blocked I M. Note that during superfusion of carbachol a steady in- 
ward current of 180 pA developed. 
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also depressed it by a same percentage  (not shown). 

In 4 neurons,  K A  (200 nM) reduced the outward 

current by 40 + 17% (mean + S .E .M. )  without  any 

change of  the leak current  Fig. 2B; the maximum ef- 

fect was achieved within 3 - 5  min and full recovery 

was never obtained.  To examine whether  K A  re- 

duces Ic,  I M or  both,  we have first s tudied the effects 

of K A  on the isolated Ira. In this case, a hyperpolar iz-  

ing command step of  20 mV from a holding potent ia l  

o f - 4 0  mV induced a current  relaxat ion followed at 

the end of  the pulse by an outward  current  corre- 

sponding, respectively,  to the inactivation and acti- 

vation of the M-current  9. K A  reduced the outward 

current  with little change in the M-current ;  applica- 

tion of carbachol (50 g M )  after  kainate  complete ly  

blocked Ira (Fig. 2B). I t  seems, therefore ,  that  the ef- 

fects of K A  are not  due to a reduct ion of Ira. 

In this study two main effects of K A  on the intrinsic 

membrane  proper t ies  of h ippocampal  C A  1 neurons 

have been observed:  a reduct ion of I 0 responsible for 

the anomalous  rectification and I c responsible  for the 

AHP.  A similar effect on a potass ium current  remi- 

niscent of I 0 is p roduced  by glutamate  on retinal  hori- 

zontal cells 11 acting on kainate  type receptors  1°. 

Since in the h ippocampus this current  is act ivated at 

values of membrane  potent ia l  below the equil ibrium 

potent ial  for K ÷, it is unclear  whether  I o has a func- 

tional significance in normal  operat ing conditions x4 

and it seems unlikely that the reduction of I 0 by K A  

contributes significantly to the great ly enhanced cell 

excitability produced  by this toxin. 

The finding that  K A  reduced I c (a current  acti- 

vated at more  depolar izing potent ials)  in a third of 

the neurons tested confirms and extends previous ob- 

servations in current-c lamp studies where kainate  re- 

duced the A H P  following calcium spikes in a similar 

propor t ion  of neurons 4. This action of K A ,  in keep-  

ing with that of several  neuroact ive substances also 

known to inhibit  the ca lc ium-dependent  af terhyper-  

polarizat ion 1'8"12, will contr ibute to an enhancement  

of cell excitability. 
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