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domoic acid 

Abstract. We have studied the properties of kainic acid 
receptor-activated channels using domoic acid as an ago- 
nist. Similarities of the electrophysiological, pharmaco- 
logical and noise properties of domoic acid and kainic 
acid-evoked currents confirm that domoate is a potent 
and specific agonist of the kainate receptor. Single-chan- 
nel properties of domoic acid-evoked currents were di- 
rectly determined from outside-out membrane patches 
for the first time, and results were compared with those 
obtained by fluctuation analysis of macroscopic currents. 
Small conductance cationic-selective channels of ~4  pS 
and a mean open time of 2 to 3 ms were detected using 
both methods. 
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Introduction 

Glutamic acid is widely accepted to be the main mediator 
of fast excitatory neurotransmission in mammalian cen- 
tral neurones. Three major classes of glutamate receptors 
have been identified from their pharmacological and bio- 
physical characterization, and named after their selective 
agonists: N-methyl-D-aspartate (NMDA), quisqualic 
acid (QA) and kainic acid (KA) (Watkins and Evans 1981; 
Mayer and Westbrook 1987). A particular property of 
the NMDA receptor subtype is the voltage-dependent 
extracellular Mg 2+ blockage of its electrical response, 
while KA and QA are characterized by their extracellular 
Mg 2+ insensitivity (Mayer et al. 1984; Nowak et al. 
1984). This property has been extensively used to classify 
glutamic acid receptors as Mg 2 +-sensitive (NMDA) and 
Mg 2 +-insensitive (non NMDA). 

While there is a good knowledge of the NMDA recep- 
tor-channel complex, less is known about the properties 
of the channels correlated to non-NMDA receptors. The 
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single channel properties of the KA-activated channels 
could be investigated only by using methods of fluctua- 
tion analysis (Ascher and Nowak 1988 a; Cull-Candy and 
Usowicz 1987; Cull-Candy et al. 1988). In this work we 
are reporting, for the first time in our knowledge, a direct 
observation of the single-channel events associated with 
the KA receptor. This could be achieved using domoic 
acid (DA), which is a potent agonist of the KA receptor 
(Biscoe et al. 1975; Debonnel et al. 1989a, b; Hollmann 
et al. 1989; Verdoorn and Dingledine 1988). 

Methods 

Cell culture 

Experiments were performed on primary culture of cere- 
bellar granule cells from eight day old Wistar rats as 
previously described (Levi et al. 1984). Electrophysiolog- 
ical experiments were done between 5 and 12 days in 
culture in order to avoid variability in results during the 
cell development in vitro (Sciancalepore et al. 1989). 

Electrophysiology 

Ionic currents from outside-out and whole-cell configu- 
rations (Hamill et al. 1981) were recorded with a stan- 
dard patch-clamp amplifier (EPC-7, List Medical Instru- 
ments) and stored on video recorder tapes for later anal- 
ysis. 

The bath solution contained (in mM): 130 NaC1, 
3 KC1, 1.5 CaC12 , 10 HEPES-NaOH, 6 d-glucose and 10 
tetraethylammonium chloride. Tetrodotoxin 1 gM was 
added to the external solution to block sodium channels. 
The pipette solution, dialyzing the intracellular compart- 
ment, was (in mM): 150 CsF, 1 EGTA, 10 HEPES-KOH, 
6 d-glucose. In both solutions pH was adjusted to 7.4. In 
some experiments CsC1 was used instead of CsF and no 
significant differences were observed in the electrophysi- 
ological results. Glutamic acid, NMDA, and KA were 
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purchased from Sigma (USA). Domoic acid was pur- 
chased from Diagnostic Chemical Ltd. (Canada). Exper- 
iments were performed at room temperature (22-24 °C). 

A 

Macroscopic currents 

Uncoated and fire polished 5 - 8  M ~  borosilicate glass 
pipettes (Hilgemberg) were used to record currents in the 
whole-cell configuration. Agonists were perfused by pres- 
sure ejection for a period of  1 to 30 s to obtain macro- 
scopic currents. Cells were always maintained under con- 
tinuous flow of bath solution to avoid accumulation of 
agonists in the experimental chamber. Macroscopic cur- 
rents were recorded at applied membrane potentials of  
- 90 to + 30 mV. 

Single-channel currents 

Single-channel currents were recorded from membrane 
patches in the outside-out configuration using Sylgard 
(Corning) coated fire polished 8 1 2 M ~  borosilicate 
glass pipettes. Agonists were directly applied to the bath 
solution by continuous gravity perfusion and data were 
acquired for several minutes; only patches that did not 
show spontaneous current fluctuations before the gravity 
perfusion of the agonist were considered for later analy- 
sis. 

Data analysis 

Data stored on magnetic tapes were filtered and trans- 
ferred to an Atari (1040 ST) microcomputer,  using a 12 
bit A/D converter (M2 LAB, Instrutech) at a sampling 
interval of 200 to 500 gs or displayed on a chart recorder. 

Single channel records were filtered with a 4-pole 
Bessel filter (4302, Ithaco) at a cut-frequency of  I to 
5 kHz, and were analysed with the THAC program (Sig- 
worth 1983), developed for the Atari microcomputer  
(TAC, Instrntech). Dwell time distributions of  single 
channel currents were fitted according to Sigworth and 
Sine (1987). 

Macroscopic current records for noise analysis were 
filtered with a Butterworth filter (Krohn-Hite  3220) at a 
cut-off frequency of 5 kHz, and were acquired at 2 kHz. 
Spectral analysis of current noise evoked by agonists 
were constructed as described by Cull-Candy etal .  
(1988). Current signal was collected from long duration 
( >  20 s) agonist application and the power spectrum was 
estimated using the fast Fourier transform algorithm. 
Power spectra obtained from control records, before the 
agonist application, were subtracted from those obtained 
from the agonist evoked currents. Resulting power spec- 
tra were fitted with a single or a double Lorentzian func- 
tion. The fitted Lorentzian function (S ( J )=  S(0)/(1 + ( f /  
fc)2)) was extrapolated to zero frequency, to estimate the 
amplitude of single events as i--(s(O)fc~/2)/(i) (Conti 
and Wanke 1975). 
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Fig. 1A-D. Macroscopic currents evoked by glutamate receptor 
agonists, measured in whole-cell configuration, at an applied mem- 
brane potential of - 70 mV. Agonists were perfused by 30 s pressure 
ejection, as indicated on bars under each record. The agonists tested 
were A domoic acid 25 gM; B kainie acid 50 gM; C glutamic acid 
25 gM; and D NMDA 25 laM 

R e s u l t s  

Whole-cell recording 

Extracellular perfusion of DA (25 50 ~tM) in cerebellar 
granule cells by pressure ejection, in nominally Mg 2 ÷ free 
extracellular solutions, evoked macroscopic DA currents 
in 100% of the cases (Fig. IA). Macroscopic currents 
were also evoked by the application of KA, glutamate 
and N M D A  (Fig. 1 B, C, D). The amplitude of these 
currents varied from cell to cell, being also correlated 
with the time in culture. 

The amplitude of currents evoked by KA and DA 
were always larger than those evoked by the application 
of N M D A  or glutamate (4 8 fold using the same agonist 
concentration). They had a rapid onset reaching a stable 
level that lasted for as long as the agonist was present, 
and decayed rapidly at the end of the agonist application 
(Fig. 1 A, B). No desensitization was observed when KA 
and DA were tested, even at concentrations as high as 
I mM. In contrast, glutamate and NMDA-evoked cur- 
rents tended to decrease during the agonist application 
(Fig. 1 C, D) suggesting that the receptor tended to desen- 
sitize. 

DA always evoked larger currents than those record- 
ed upon KA application, as was observed when both 
agonists were applied at the same concentration on the 
same cell, using double barrel perfusion pipettes. On the 
average, the amplitude of currents evoked by the applica- 
tion of DA (10 gM) was found to be 4 - 5  fold higher than 
those evoked by the same concentration of KA. DA- and 
KA-evoked currents were not affected by the external 
application of  amino-phosphonovaleric acid (APV; 
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Fig. 2. A Currents activated by 1 s perfusion of 25 ~tM DA at differ- 
ent applied membrane potentials. B Current-voltage relationship 
obtained in the standard solutions (squares) and in an external 
solution in which NaC1 was reduced to 50 mM (triangles). The 
reduction of the extracellular ion concentration produces a shift of 
the reversal potential of 17 mV to the left, which is consistent with 
a cationic current 

100 gM), and were partially suppressed in the presence of 
kynurenic acid (300-400 gM reduce the peak current to 
30 -40%) .  

The amplitude of the DA-evoked current was propor-  
tional to the applied membrane  potential (Fig. 2A). The 
current-voltage relationship of the DA evoked currents in 
our standard conditions (concentration of  total anions 
and total cations nearly equal in internal and external 
solutions) showed a reversal potential  around 0 m V  
(Fig. 2 B), and in some cases presented an outward recti- 
fication at negative potentials. However,  this rectification 
did not increase when Mg 2÷ (5 -10  raM)  was added to 
the external solution, as expected for the NMDA-ac t iva t -  
ed currents (Ascher and Nowak  1988b; Mayer  etal .  
1984). Reducing the extracellular ion concentration, set- 
ting the NaC1 to 50 m M  by substituting iso-osmotically 
with glucose, the reversal potential  shifted by about  
- 2 0  mV (Fig. 2B). This shift in the reversal potential  
corresponds to a permeabili ty ratio of  positive and nega- 
tive ions of  15, calculated according to the Goldman-  
Hodgkin-Katz  equation. This result is consistent with the 
cationic selectivity already reported for the glutamic acid 
family activated channels (Ascher et al. 1988). 

Noise analysis 

In the whole-cell configuration, the increase of  mem- 
brane macroscopic current that  occurred upon the appli- 
cation of  DA or K A  was accompanied by an increase in 
the noise of  the current signal. The magnitude of  the 
signal to noise ratio of  the KA-  and DA-evoked macro-  
scopic currents was less than those observed in the 
N M D A  or glutamic acid-activated currents (see Fig. 1). 
Power spectra (in the range of  10 to 1000 Hz) of  currents 
evoked by DA were constructed in order to have an esti- 
mate  of  the microscopic properties that underlie the ago- 
nists-activated currents• Most  of  the evaluated power 
spectra were well fitted by a single Lorentzian function• 
In some cases power spectra were better fitted using a 
double Lorentzian function. Examples of  spectra ob- 
tained with DA and K A  are shown in Fig. 3 A, C. 
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Fig. 3A-C. Power spectra obtained from DA and KA evoked 
macroscopic currents measured at -70  inV. Smooth lines were ob- 
tained by fitting spectra with a Lorentzian function. The cut-off 
frequency fc, and the conductance of the unitary events ? are indi- 
cated on the figure. Spectra were obtained from currents evoked by 
25 pM DA in nominally Mg 2 + free solutions (A), and in the presence 
of extracellular 5 mM Mg 2 + (B). A spectrum obtained in presence 
of 25 laM KA is also presented (C) 

The analysis of  the spectral density of  the DA-evoked 
currents revealed a characteristic cut-off  frequency (fc) of 
98 _+ 26 Hz (n = 10), which corresponds to a time constant 
rno~se of 1.74_+0.34ms. When a double Lorentzian was 
used to fit the power spectra, a slow frequency component  
of about  55 Hz and a component  faster than 380 Hz were 
determined. A similar f~ was also found on KA-activated 
currents, where the estimated value of f ~ = 1 5 6 + 8 1  Hz 
(n = 7) which corresponds to %oi~ = 1.30_+0.57 ms is not 
statistically different from that observed for the DA- 
evoked currents. 

The amplitude of unitary events associated with the 
current noise were calculated from the extrapolat ion of 
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Fig. 4 A-F. Single channel currents recorded before the application 
of the agonist (A) and during the perfusion of the outside-out mem- 
brane patch with 10 gM DA (B). Records were filtered at 1 kHz. The 
applied membrane potential is indicated on the right of the records. 
Single-channel current-potential relationship (C) shows a reversal 
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potential near to zero. The current amplitude histogram (D), open 
time histogram (E) and shut time histogram (F) were constructed 
from single-channel records obtained at an applied membrane po- 
tential of - 80 mV 

the Lorentzian function to zero frequency (see Cull- 
Candy et al. 1988). Power spectra of DA induced noise, 
estimated from 10 different cells, gave an amplitude value 
that corresponds to a conductance of 3.5 _+ 0.8 pS, as mea- 
sured at applied membrane potentials between - 3 0  and 
- 7 0  mV. The conductance value was independent on the 
applied membrane potential. Single channel conductance 
for KA-evoked currents evaluated by spectral analysis of 
macroscopic currents was very similar to that of DA- 
evoked channels (Fig. 3 C). 

In some experiments, the noise was analysed in the 
presence of 5 mM Mg 2+ in the external solution during 
the stimulation of the cell with the agonist. We did not 
observe any significant difference of the noise characteris- 
tics of the DA or KA evoked currents, as expected for the 
non-NMDA activated currents (Fig. 3 B). 

Single-channel recording 

DA (10 gM) evoked single-channel currents in outside- 
out patches when applied to the bath solution, as is 
shown in Fig. 4A and B. A record, without any significant 

current fluctuation, obtained before the DA application 
in the same patch, is also shown as control. An accurate 
analysis of the DA-activated single channel currents 
could be done only on 7 patches out of 52, because of the 
short duration and the small amplitude of the events. 

Single-channel currents observed after the application 
of DA to outside-out patches corresponded to two 
populations of conductances, with values of 2.4 +_ 0.4 pS 
and 4.4+_0.3 pS (mean_+s.d.; n=7)  as revealed by the 
amplitude histograms constructed for each experiment 
(Fig. 4D). The same conductance values were also ob- 
served in a few cell-attached experiments, in which the 
pipette filling solution contained 5 -2 0  gM DA. Higher 
conductance values, of 7 pS and 50 pS, were also ob- 
served very rarely in a few patches (data not shown). The 
current-voltage (I V) relation of the single-channel cur- 
rents showed a reversal potential around 0 mV with a 
slight rectification at negative potentials (Fig. 4 C), which 
is consistent with that observed on whole-cell experi- 
ments. 

Dwell time distributions of DA-activated channels 
were studied on seven successful excised patches. DA- 
activated channels tended to be distributed in periods of 
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activity, followed by silent periods. The measured mean 
open time was 3.5_+1.5 ms. This value was consistent 
with the open time distribution, which was quite well 
fitted by a single exponential function with a time con- 
stant ~op~ of 3.3 + 1.8 ms (Fig. 4E). The shut time distri- 
bution revealed two different close time populations. The 
fast closure, with a time constant of 4.0+2.6 ms, corre- 
sponded to the closure which occurred during the activity 
periods, while a slow closure, with time constant longer 
than 60 ms, was correlated with the time between succes- 
sive groups of activity (Fig. 4 F). Open channel probabili- 
ty measured in outside-out patches showed very small 
values (P0 _< 0.06). Neither open channel probability nor 
dwell time distribution of DA-activated channels showed 
any significant voltage-dependence. 

Discussion 

Enzymatically dissociated cerebellar granule cells were 
found to have glutamate receptors and were tested for 
responsiveness to glutamate as well as to the specific ago- 
nists of its subtypes, NMDA and KA. Electrophysiologi- 
cal responses were characteristically dependent on the 
agonists tested, that is consistent with previous data ob- 
tained in explant granule cell culture (Cull-Candy et al. 
1988). 

DA is a structural analog of KA and it is naturally 
present in several phytoplankton species (Takemoto and 
Daigo 1960). The excitatory effect of DA has been demon- 
strated in rat and frog spinal cord by intracellular record- 
ing (Biscoe et al. 1975; Shinosaki and Ishida 1976). In- 
deed, DA was observed to act as a potent agonist of the 
KA receptor-channel complex expressed from exogenous 
cDNA in Xenopus oocytes (Hollmann et al. 1989). Re- 
cently, more attention has been paid to DA because it was 
considered responsible for alimentary intoxication events 
which occurred in Canada during 1987 (Glavin et al. 
1989; Debonnel et al. 1989a, b). 

We have shown that DA evoked low noise and mag- 
nesium insensitive macroscopic cationic currents, which 
can be partially blocked by kynurenic acid and are insen- 
sitive to APV. This property, as well as the microscopic 
properties of these currents estimated by fluctuation anal- 
ysis are similar to those found in currents evoked by KA. 
This characteristic favours the hypothesis that DA acti- 
vates the same non-NMDA receptor as KA does. Similar- 
ity between DA and KA receptors can be also suggested 
from three other main arguments: I Part of the DA 
chemical structure is identical to that of KA (Biscoe et al. 
1975); 2 - DA evokes currents in Xenopus oocytes ex- 
pressing brain mRNA (Verdoorn and Dingledine 1988) or 
KA receptor eDNA (Hollmann et al. 1989); 3 - DA 
strongly binds KA receptors extracted from solubilized 
brain membranes (Hampson and Wenthold 1988). 

We found some difficulty in obtaining acceptable sin- 
gle channel records of DA-activated currents because of 
the very small amplitude of the single channel events. In 
fact, we had to discard more than 80% of the patches 
because we could not resolve the single channel events. 
This limitation prevented us from obtaining good statis- 
tics on the frequency of appearance of DA-activated 

channels in different cells (as an estimate of channel den- 
sity), because it is quite difficult to say if the events were 
not observed because of the unfavorable signal to noise 
ratio, or because DA-activated channels were absent. 

We were able to identify a homogeneous population 
of single DA activated channels at applied membrane 
potentials from 90 to +30 mV, corresponding to con- 
ductances of 4 pS and 2.4 pS. However, the most frequent 
(>80%) conductance value was 4.4pS, that argues in 
favour of the notion that the 2.4 pS value may be a sub- 
conductance state of the channel. On the other hand, if 
the 4.4 pS conductance found had been a superposition of 
two 2.4 pS events, this former conductance should have 
been found less frequently. In fact, the conductance of 
3.5 pS estimated by noise analysis lies between the mini- 
mum and the maximum values of those found by single- 
channel recording, as expected from the estimation of the 
weighted average of conductances of the unitary events. A 
remarkable correspondence between the Zopen measured 
directly from single-channel recording and Z,oi~ was also 
found. This value is consistent with those calculated from 
noise analysis of KA-evoked macroscopic currents by 
others (Ascher and Nowak 1988a; Cull-Candy and 
Usowicz 1987; Cull-Candy et al. 1988). This uniformity 
on conductance data, as well as kinetic results, coming 
from different methods of measurement such as single- 
channel recording and macroscopic noise analysis, con- 
firms the goodness of these observations. 

Previous attempts to obtain single-channel records 
using KA as the agonist for the glutamate receptor sub- 
type (Ascher et al. 1988; Cull-Candy et al. 1988) resulted 
in events of higher conductance than expected, probably 
due to a non-specific activation of glutamate receptor 
subtypes other than KA. In contrast, the use of DA as 
agonist seems to evoke preferentially only one type of 
channel (4 pS), and very rarely other conductance chan- 
nels. Thus, this unspecificity of activation by KA, seems to 
be superseded when DA is applied, and can be related to 
a major affinity of DA for KA receptors, and this is sug- 
gested by the higher potency of DA found here and in 
other preparations (Hollman et al. 1989; Verdoorn and 
Dingledine 1988). 

Selectivity of the DA activated channels has shown 
to be cationic, as expected for a typical glutamic acid 
receptor associated current (Asher and Nowak 1988b). 
The rectification of inward currents observed on whole- 
cell experiments was also seen in single channel current 
records. This characteristic has been previously reported 
in KA-activated currents by Ascher and Nowak (1988 a). 
We tried to explain this rectification as an effect similar 
to that observed for the interaction of Mg 2+ with the 
NMDA-activated channel. However, when extracellular 
Mg 2 + was added no significant voltage-dependent effects 
were observed on the DA-activated macroscopic current 
amplitude or on the single-channel properties measured 
by noise analysis. Nevertheless, more experiments on the 
particular selectivity of the DA-activated channels to 
each ionic species, and the possible interaction of the 
channel with ions different than Mg 2+ are in progress. 
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