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Abstract. In primary cultures of cerebellar granule cells kainate 
produced marked influx of "~a'+, partially sensitive to the 
N-methyl-D-aspartate (NMDA) antagonist, 
3-(f )-2-carboxypiperazin-4-y1)- propyl- 1 -phosphonic acid (CPP), 
indicating involvement of an NMDA receptor-sensitive component 
that may be secondary to kainate-induced glutamate release. Sodium 
removal partially inhibited kainate's effect. Quisqualate also produced 
influx of "ca2+, but with lower efficacy and higher potency than 
kainate. This action of quisqualate was unaffected by CPP and by 
sodium removal. Preincubation of cells with the plant lectin 
concanavalin A (Con A), but not with its succinyl derivative, enhanced 
quisqualate- induced calcium influx, and to a lesser extent kainate's 
effect. Inclusion of quisqualate in preincubation medium antagonized 
Con A potentiation of quisqualate response. Also Con A was 
ineffective when included in the incubation medium only, without 
preincubation. Preincubation of rat brain cortical membranes with Con 
A but not with succinyl Con A increased the binding of the AMPA 

3 receptor agonist, [' H]a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (L~HIAMPA).  The results suggest that Con A enhancement of 
quisqualate response possibly involves the modification of an AMPA 
recognition site and requires preincubation in the absence of an agonist 
(here quisqualate). 

Key words: concanavalin A, AMPA receptors, glutamate, quisqualate, 
kainate, 4 5 ~ a 2 +  influx, cerebellar granule cells 
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INTRODUCTION 

Traditionally, ionotropic glutamatergic recep- 
tors are distinguished by their different sensitivity 
to N-methyl-D-aspartate (NMDA), kainate and 
amino-3-hydroxy-5 -methyl-4-isoxazolepropionic 
acid (AMPA) or quisqualate (Wroblewski and 
Danysz 1989). Ionic channels coupled to these re- 
ceptors are permeable to sodium, however, they dif- 

4s 2+ fer in their permeability to Ca . Activation of 
NMDA receptors produces massive "ca2+ influx 
(Wroblewski et al. 1985, MacDermott et al. 1986), 
which has been implicated in toxicity and related 
pathology (Choi 1988). Kainate in vivo also increases 
calcium influx as shown by microdialysis experi- 
ments (Lazarewicz et al. 1986). However, in vitro 
its effect at low concentrations is dependent on the 
activation of voltage dependent calcium channels, 
at least in striatal neurons (Murphy and Miller 
1989a). Similarly, some authors suggested that 
quisqualate does not produce calcium influx di- 
rectly, but only as a result of sodium influx-in- 
duced depolarization (Murphy and Miller 1989b). 
Recently, due to cloning of ionotropic glutamate 
receptor subunits those controversies have been 
clarified (Hollmann and Heinemann 1994). Thus, it 
is now widely accepted that in the case of AMPA 
receptors (also activated by kainate), which are pen- 
tameric assemblies, the presence of GluR2 subunit 
limits ca2+ permeability due to presence of positiv- 
ely charged arginine in the protein region forming 
the ion channel wall (Burnashev et al. 1992, HolImann 
and Heinemann 1994). 

Electrophysiological studies indicate that 
AMPA receptors undergo characteristic response 
decay called desensitization (Wong and Mayer 
1993). It can be seen as internal switch off, prevent- 
ing receptor overstimulation (including ca2+ over- 
load). Desensitization can be regulated by various 
exogenous agents, e.g. by cyclothiazide and the 
plant lectin, concanavalin A (Con A), (Sharon and 
Liss 1989, Wong and Mayer 1993). Con A has been 
shown to inhibit desensitization of glutamate re- 
sponses as first demonstrated by Mathers and 
Usherwood (1976) in invertebrate preparation. 

Also in cultured mammalian hippocampal neu- 
rons it blocks desensitization of inward current 
produced by a glutamate agonist, quisqualate, but 
failed to affect kainate responses (Mayer and 
Vyklicky 1989). 

The present study was undertaken to test whether 
Con A does affect kainate- and quisqualate-medi- 
ated calcium influx in a different experimental sys- 
tem, such as primary cultures of cerebellar granule 
cells. We also tested whether Con A changes bind- 
ing characteristics of [ 3 ~ ] ~ ~ ~ ~  in rat brain corti- 
cal membranes. 

METHODS 

4 5 ~ a 2 +  influx 

Primary cultures of cerebellar granule cells were 
prepared from 8-day old Sprague Dawley rats 
(Zivic Miller) as described reviously (Wroblewslu R et al. 1985). The uptake of ca2+ was studied in 8-9 
day old cultures (37OC). Culture dishes were 
washed twice with 1 ml of Locke's solution (156 
mM NaCL5.6 mM KC1, 3.6 mM NaHC03, 1 rnM 
MgC12, 1.3 mM CaC1~5.6  mM glucose and 10 mM 
Hepes, pH = 7.4), and left for 10 min to adapt to the 
buffer. Then the medium was replaced with buffer 
containing 10 pM Con A or control Locke's solu- 
tion. Next, dishes were washed once with 1 ml of 
buffer and 1 rnl of buffer containing 1 pCi of " C ~ C I ~  
was added (New England Nuclear, specific activity 
15.4 mCi/mg) and appropriate concentrations of 
agonists. Incubations were continued for 10 min 
and then stopped by washing with ice cold buffer 
(156 mM NaC1, 5.6 mM KC1, 3.6 mM NaHC03, 
1 mM MgC12,lO mM Hepes and 2 mM EGTA). The 
cells were then dissolved in 0.5 M NaOH and 
aliquots were used for measuring both radioactivity 
and protein concentration (Lowry et al. 195 1). 

Receptor binding 

Brain membranes were prepared from male 
Sprague Dawley rats (Zivic Miller, 200-250 g) as 
described previously (Danysz et al. 1989). Final 
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pellets were frozen for at least 12 h at - 6 0 ' ~ .  The 
frozen membranes were added to binding buffer (30 
mM tris-acetate buffer containing 10 mM KSCN 
and 2.5 mM CaC12, pH = 7.4), thawed at room tem- 
perature, incubated for 20 min at 3 7 ' ~  and then ho- 
mogenized with polytron and centrifuged (20,000g 
x 10 min). The washing was repeated 2 more times. 
Then membranes were incubated for 20 min in 
3 7 ' ~ ,  with or without 10 yM Con A (counted as a 
monomer). This was followed by two additional 
washings after which membranes were used for bind- 
ing experiments. Specific binding of [ 3 ~ ] ~ ~ ~ ~  
(specific activity 17.8 Cilmmol, final ligand con- 
centration 20 nM) was determined in the presence 
of 1 mM AMPA. In all cases, incubations were in- 
itiated by adding membranes (protein content 0.2- 
0.4 mg) to final volume of 0.5 ml. Incubations were 
continued for 60 min at 4OC and were terminated by 
filtration through GFIC filters (PhD cell harvester). 
Filters were washed two times with 5 ml of ice cold 
buffer, dried and placed in the scintillation vials 
with 4 ml of scintillation fluid. 

Statistical methods 

Dose response experiments were analyzed by 
nonlinear regression, from which the ECso or ICso 
values were derived. The results from a repre- 
sentative experiment performed in triplicate are 
shown (mean f SE). Student's t test was used for 
pairwise comparison. 

Chemicals 

Radioisotopes were purchased from New England 
Nuclear (Boston, MA, USA), AMPA, 6-cyjano-7-ni- 
troquinoxaline-2,3-dione (CNQX, Honore et al. 
1988), and 3-(&)-2-carboxypiperazin-4-y1)-propyl- 
1-phosphonic acid (CPP, Harris et al. 1986) from 
Tocris Neuramin (Buckhurst Hill, England), quis- 

RESULTS 

Kainate produced marked influx of 4Sca2+ 

which was reduced by 50% in the presence of 
NMDA receptor antagonist CPP (Fig. 1). This in- 
dicates that probably part of kainate's effect was 
due to enhancement of endogenous glutamate in the 
synaptic cleft and then activation of NMDA. This 
is supported by the fact that ECso of kainate action 
in the absence and presence of CPP was different 
(90.0 f 7.0 and 130 2 6.0 yM respectively, P<0,05, 
Student's t test). In contrast, quisqualate induced 
"ca2+ influx in a CPP insensitive manner. Quis- 
qualate was more potent (ECso=3.9 + 0.3 yM) and 
less efficacious than kainate (Fig. 1). In the presence 
of CPP both kainate and quisqualate effects reached 
plateau after 3-5 min of incubation (not shown). 
Ibotenate in the presence of 1 yM (+)MK-801 (to 
block NMDA receptors) failed to increase calcium 
influx in the experimental design used. Kainate- and 
quisqualate-induced calcium influx was anta- 
gonized by CNQX, an AMPA receptor antagonist, 
with respective ICso values of 0.8 1 k 0.11 and 1.4 
k 0.13 yM (Fig. 2). 

Preincubation of cells for 10 minutes with 10 yM 
Con A potentiated the effect of kainate (Fig. 3). 
Similarly, calcium influx produced by quisqualate 

Kainate or Quisqualate (Log M) 

qualate and (+)-5-methyl- 10,11-dihydro-5H-dibenzo- 
Fig. 1. Effect of CPP on kainate-induced 4 5 ~ a 2 +  influx in pri- 

cyc10hepten-5710-imine ((+)MK-801) from mary cultures of cerebellar granule cells in the case of quis- 
Research Incorporated (Natick, MA, aualate onlv the curve with added CPP is shown since it was 
USA) and all other chemicals from Sigma (St. nearly identical to the curve without CPP added. Values are mean 
Louis, MO, USA). + SE of a representative experiment performed in triplicate. 
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Kalnate 

Kainate + CPP 

Qus. + CPP 

Preincubation: Con A + quisqualate 

CNQX ( ~ o g  M) Quisqualate (log M) 

Fig. 2. Effect of non-NMDA receptor antagonist CNQX on 
45 2+ . kainate- and quisqualate-induced Ca influx in primary 

cultures of cerebellar granule cells. In the case of quisqualate 
only the curve with added CPP is shown since it was nearly 
identical to the curve without CPP added. Values are mean + 
SE of a representative experiment performed in triplicate. 

in the same conditions was potentiated by preincu- 
bation with Con A (Fig. 4). However, when quis- 
qualate was included in the preincubation medium 
together with Con A, the enhancement to sub- 
sequently given quisqualate was not observed (Fig. 4). 
Preincubation with quisqualate alone slightly in- 

Preincubation: Con A 
I - 

Kainate (Log M) 

Fig. 3. Preincubation with Con A enhances kainate-mediated 
4 5 ~ a 2 +  influx in primary cultures of cerebellar granule cells. 
Cells werepreincubated for 10 with the control buffer, or buff- 
er containing Con A. The medium was then replaced with 
buffer containing 4 5 ~ a 2 +  and appropriate concentration of 
kainate. Values are mean + SE of a representative experiment 
performed in triplicate. 

Fig. 4. Preincubation with Con A enhances quisqualate-medi- 
45 2+ ated Ca influx in primary cultures of cerebellar granule 

cells. Cells were preincubated for 10 min with control buffer 
(open circles), 10 M Con A (filled circles) or quisqualate + 
Con A (filled triangles). The medium was then replaced with 
buffer containing 4 5 ~ a 2 +  and appropriate concentration of 
quisqualate. Values are means of a representative experiment 
performed in triplicate. 

hibited subsequent stimulation with the same agon- 
ist (not shown). Applying Con A in the incubation 
medium instead of preincubation failed to affect 
quisqualate action (Table I). Preincubation with 
succinyl Con A failed to potentiate quisqualate or 
AMPA action (Table I). 

High potassium (50 mM) mediated calcium in- 
flux was not affected by the pretreatment with Con 
A (not shown) when 1 pM MK-801 was used to 
block NMDA receptors. Substitution of sodium 
ions with N-methyl-D-glucamine failed to change 
quisqualate's action, however kainate's effect was 
strongly inhibited in the absence of CPP and less ef- 
fectively in its presence (Fig. 5). Pretreatment of 
cells for 12 h with pertussis toxin did not affect 
either kainate- or quisqualate-produced calcium in- 
flux (Fig. 5). Binding experiments revealed that 
preincubation of brain cortical membranes with 10 
pM Con A for 10 min followed by two washings in- 
creased [ 3 ~ ] ~ ~ ~ ~  binding, from 0.41 f 0.009 to 
0.57 f 0.013 pmollmg protein (P<0.05). The same 
treatment with succinyl Con A was without effect 
(0.44 f 0.021 pmollmg protein). In saturation ex- 
periments (constant concentration of [ 3 ~ ] ~ ~ ~ ~  - 
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TABLE I 

Effect of incubation (10 min) or preincubation (10 min) with Con A or Succinyl Con A on quisqualate- and AMPA-induced 
4 5 ~ a 2 +  influx in primary cultures of cerebellar granular cells. Agonists (quisqualate, AMPA) were added together with 4 5 ~ a 2 +  
- incubation. Values are results of representative experiment performed in triplicate (mean + SE, 4 5 ~ a 2 +  uptake nmollmg pro- 
tein). Experiment was replicated two times with similar results 

Preincubation Buffer Succ. Con A Con A Buffer 

Incubation Buffer Buffer Buffer Con A 

Control 4.6 + 0.1 4.6 f 0.26 8 + 1.2 5.7 f 0.5 
Quisqualate 100 pM 10.8 f 0.5 9.4 + 0.8 19.6 + 0.2" 1 1 .0 f 0.4 
AMPA 1 mM 16.4 f 1.6 16.2+ 1 . 1  24.4 + 0.9" 21.4f  1.9 

*P<0.05 vs. respective "Buffer-Buffer" group (Student t test) 

O - control 

KQ - no sodium 

BBJ- pertussis toxin 

20 nM added with increasing concentrations of cold 
AMPA) a non-linear Scatchard plot was obtained 
(see Hall et al. 1992). However, two site model 
could not be applied due to high variability of con- 
tribution of both sites in separate experiments. 

DISCUSSION 

In the present study a portion of kainate-induced 
calcium influx was the result of NMDA receptor 
stimulation, as evidenced by the partial attenuation by 
the competitive NMDA antagonist CPP. The activa- 
tion of NMDA receptors seems to be a secondary ef- 
fect since kainate is known to release endogenous 
glutamate in slices (Ferkany and Coyle 1983) and in 
primary cultures of cerebellar granule cells (Gallo et al. 
1982, Ulivi et al. 1989). The present results show also 
that calcium influx related to NMDA receptor stimu- 
lation (due to glutamate release) is much more sensi- 
tive to ~ a +  removal than direct kainate action. In fact, 

o some reports suggest that kainate-mediated release of 
Vehicle Quisqualate Kainate glutarnate is sodium-dependent and may result from 

100uM l 0 0 u M  
reversal of glutamate canier by high intracellular so- 
dium concentration (Ulivi et al. 1989). In concontrast, 

Fig. 5. Effect of pretreatment with pertussis toxin (for 12 h, 1 in cerebellar granule cells calcium influx produced by 
glml) or substitution of ~ a +  with N-methyl-D-glucamine on qui~qualate was completely independent from the ac- 

45 2+ . kainate- and quisqualate-induced Ca influx in primary tivation  of^^^ receptors, which is in line with data 
cultures of cerebellar granule cells. Values are mean f SE of 
a representative experiment performed in triplicate. * P<0.05 

indicating negligible effect of this agonist on [ 3 ~ ] a s -  

as compared to respective control group (Student t test); o partate et al. 1989) and gluts- 
P<0.05 as compared to respective vehicle group (Student t test) mate release (Ulivi et al. 1989). 
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Quisqualate-induced influx of calcium seen in 
the present study is probably also a direct effect and 
not secondary to depolarisation or stimulation of 
metabotropic glutamate receptors (mGluR) 
coupled to phospholipase C. It is evidenced by the 
present experiments showing that removal of so- 
dium did not change quisqualate response and 
ibotenate (an agonist of mGluR, Schoepp and 
Johnson 1989) failed to produce calcium influx (in 
presence of MK-801 to block NMDA receptors). 
Hence, in primary cultures of cerebellar granule 
cells quisqualate produces direct influx of calcium, 
as previously reported in the same experimental 
model (Bouchelouche et al. 1989, Halopainen et al. 
1989). A similar phenomenon is also observed in 
synaptosomes from immature brains (Benavides et 
al. 1988). However, in striatal neurons no quisqua- 

2+ . late-induced Ca influx has been observed 
(Murphy and Miller 1989b). In fact it is now ac- 
cepted that the composition of AMPA receptor sub- 
units that are unevenly expressed in various brain 
regions determines ca2+ permeability (Burnashev 
et al. 1992). Although the GluR2 subunit of AMPA 
receptors that limits ca2+ permeability is highly ex- 
pressed in cerebellar granule cells (Day et al. 1995), 
it is likely that in primary cultures the non-edited 
(ca2+ permeable, as seen prenatally ill viao) form of 
this subunit dominates (Hollmann and Heinemann 
1994). As evidenced by patch clamp experiments, 
desensitization of quisqualate response may be 
blocked by the lectin Con A, a protein which is 
known to interact with membrane glycoproteins 
(O'Dell and Christensen 1986, Mayer and Vyklicky 
1989, Sharon and Liss 1989). The mechanism of ac- 
tion may be related to its ability to form tetramers 
since succinyl Con A, devoid of that feature, is in- 
effective in blocking desensitization in electrophy- 
siological experiments and in other biological 
systems (Gunther et al. 1973, Mayer and Vyklicky 
1989, Raulli et al. 1991). Similar results were ob- 
tained in the present study since succinyl Con A, in 
contrast to Con A, failed to enhance quisqualate ac- 
tion and modify ['HIAMPA binding. Of course the 
process of desensitization due to its short time 
course cannot be studied by the methods used in the 

present study. However, the enhancement of quis- 
qualate response in the present study may be inter- 
preted as a consequence of desensitization 
inhibition. Present results indicate that kainate re- 
sponses were also slightly enhanced by Con A. 
Similarly, electrophysiological studies indicate that 
kainate responses in dorsal root ganglion (at kainate 
receptors) are also potentiated by Con A, in contrast 
to hippocampal neurons where it acts at AMPA re- 
ceptors (Heuttner 1989, Mayer and Vyklicky 1989, 
Wong and Mayer 1993). 

When in preincubation medium quisqualate was 
included together with Con A, no potentiation was 
observed. Also no enhancement was observed if 
Con A was added together with quisqualate directly 
to incubation medium. Thus, Con A's effect may 
either require access to quisqualate recognition site, 
which in the above examples was limited by excess 
of the agonist, or alternatively it requires the 
presence of the receptor in the inactivated state. In- 
terestingly, preincubation with AMPA antagonist 
CNQX does not seem to prevent Con A action - at 
least on quisqualate-stimulated PI hydrolysis - fa- 
voring the secoild possibility (see Raulli et al. 
1991). Binding experiments (this study) also sug- 
gest that Con A modifies AMPA receptor recogni- 
tion site since Con A increased ['HIAMPA binding 
to the agonist recognition site. In contrast, cyclo- 
thiazide which also inhibits AMPA receptors 
desensitization decreases the affinity of ['HI AMPA 
binding (Hall et al. 1993) which is in line with the 
electrophysiological studies showing that AMPA 
shows higher affinity to the desensitized state of the 
receptor (Patneau and Mayer 199 1). Hence, the 
mode of cyclothiazide and Con A action seem to be 
very different. In fact Con A inhibits preferentially 
desensitization of kainate preferring receptors (dor- 
sal root ganglion neurons) and less AMPA prefer- 
ring receptors (hippocampal neurons) (Wong and 
Mayer 1993). The opposite holds true for cyclothia- 
zide (ibid.). Since quisqualate shows poor receptor 
selectivity, the effect of Con A seen in the present 
study may involve both AMPA and kainate recep- 
tors (Hollmann and Heinemann 1994). However, 
by the experiment with AMPA (selective for 
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AMPA receptors, Hollmann and Heinemann 1994), 
a direct modulation of AMPA receptors by Con A 
is implicated. 

In conclusion, present results support the view 
that not only kainate but also quisqualate may pro- 
duce ca2+ influx independent from the voltage sen- 
sitive calcium channels. Moreover, the lectin Con A 
enhances quisqualate responses, which may be 
analogous to the process of desensitization seen in 
some electrophysiological studies. The mechanism 
of Con A action on quisqualate response probably 
involves modification of the agonist recognition 
site or requires an inactivated state of the receptor. 

REFERENCES 

Benavides J.. Claustre Y., Scatton B. (1988) L-Glutamate in- 
creases internal free calcium levels in synaptoneurosomes 
from immature rat brain via quisqualate receptors. J. Neu- 
rosci. 8: 3607-361 5. 

Bouchelouche P., Belhage B., Frandsen A.. Drejer J., Schousboe 
A. (1989) Glutamate receptor activation in cultured cere- 
bellar granule cells increases cytosolic free ca2+  by mo- 
bilization of cellular CaZ+ and activation of Ca2+ influx. 
Exp. Brain Res. 76: 29 1-29 1. 

Burnashev N., Monyer H.. Seeburg P.H.. Sakmann B. (1992) 
Divalent ion permeability of AMPA receptor channels is 
dominated by the edited form of a single subunit. Neuron 
8: 189-198. 

Choi D.W. (1988) Glutamate neurotoxicity and disease of the 
nervous system. Neuron 1 : 623-634. 

Danysz W.. Fadda E., Wroblewski J.T., Costa E. (1989) Dif- 
ferent mode of 3-amino- l -hydroxy-2-pyrrolidone (HA- 
966) and 7-chlorokynurenic acid in the modulation of 
NMDA-sensitive glutamate receptors. Mol. Pharmacol. 
36: 912-916. 

Day N. C.. Williams T.L.. Ince P.G.. Kamboj R.K.. Lodge D., 
Shaw P. J. (1995) Distribution of AMPA-selective gluta- 
mate receptor subunits in the human hippocampus and 
cerebellum. Mol. Brain Res. 31 : 17-32. 

Ferkany J.W., Coyle J.T. (1983) Kainic acid selectively stimu- 
lates the release of endogenous excitatory acidic amino 
acids. J. Pharmacol. Exp. Ther. 225: 399-406. 

Gallo V., Ciotti M.T., Coletti A., Aloisi F.. Levi G. (1982) Se- 
lective release of glutamate from cerebellar granule cells 
differentiating in culture. Proc. Natl. Acad. Sci. USA 79: 
79 19-7923. 

Gunther G.R., Wang J.L.. YaharaI.. Cunningham B.A., Edel- 
man G.M. (1973) Concanavalin A derivatives with altered 
biological activities. Proc. Natl. Acad. Sci. USA 70: 1012- 
10 16. 

Hall R.A.. Kessler M., Lynch G. (1992) Evidence that high- 
affinity and low-affinity DL-a-amino-3-hydroxy-5- 
methylisoxazole-4-propionic acid (AMPA) binding sites 
reflect membrane-dependent states of a single receptor. J. 
Neurochem. 59: 1997-2004. 

Hall R.A.. Kessler M., Quan A,, Ambros-Ingerson J.. Lynch G. 
(1993) Cyclothiazide decrease [ 3 ~ ] ~ ~ ~ ~  binding to rat 
brain memabranes: evidence that AMPA receptor desensiti- 
zation increases agonist affinity. Brain Res. 628: 345-348. 

Halopainen I.. Enkvist M.O.K.. Akerman K.E.O. (1989) Glu- 
2+ tamate receptor agonists increase intracellular Ca inde- 

pendently of voltage-gated CaZ+ channels in rat cerebellar 
granule cells. Neurosci. Lett. 98: 57-62. 

Harris E.W.. Ganong A.H., Monaghan D.T.. Watkins J.C.. 
Cotman C.W. (1986) Action of 1-((+)-2-carboxypip- 
erazin-4-y1)-propyl-1-phosphonic acid (CPP): a new and 
highly potent antagonist of N-methyl-D-aspartate recep- 
tors in the hippocampus. Brain Res. 382: 174-1 77. 

HeuttnerJ.E. (1 989) Current gated by kainate in rat doesal root 
ganglion neurons: Con A abolishes desensitization. Soc. 
Neurosci. Abst. 15: 1 159. 

Hollmann M., Heinemann S. (1 994) Cloned glutamate recep- 
tors. Ann. Rev. Neurosci. 17: 3 1 - 108. 

Honore T., Davies S.N.. Drejer J., Fletcher E.J., Jacobsen P., 
Lodge D.. Nielsen F. (1988) Quinxalinediones: potent 
competitive non-NMDA glutamate receptor antagonists. 
Science 241 : 701-703. 

Lazarewicz J.W.. Lehmann A,. Hagberg H., Hamberger A. 
(1986) Effects of kainic acid on brain calcium fluxes stu- 
died in vitro and ill vivo. J. Neurochem. 46: 494-498. 

Lowry O.H.. Rosebrough H.J., Farr A.L., Randall R.J. (195 1) 
Protein measurement with the Folin phenol reagent. J. 
Biol. Chem. 193: 256-275. 

MacDermott A.B., Mayer M.J., Westbrook G.L.. Smith S.J.. 
Barker J. L. (1 986) NMDA-receptor activation increases 
cytoplasmatic calcium concentration in cultured spinal 
cord neurons. Nature 32 1 : 5 19-522. 

Mathers D.A.. Usherwood P.N.R. (1976) Concanavalin A 
blocks desensitization of glutamate receptors on insect 
muscle fibres. Nature 259: 409-4 1 1. 

Mayer M.L., Vyklicky L. ( 1  989) Concanavalin A selectively 
reduces desensitization of mammalian neuronal quisqua- 
late receptors. Proc. Natl. Acad. Sci. USA 86: 141 1-1415. 

Murphy S.N., Miller R.J. (1989a) Regulation of Ca2+ influx 
into striatal neurons by kainic acid. J. Pharmacol. Exp. 
Ther. 249: 184- 193. 

Murphy S.N.. Miller R.J. ( 1  989b) Two distinct quisqualate re- 
ceptors regulate Ca2+ homeostasis in hippocampal neu- 
rons. Mol. Pharmacol. 35: 67 1-680. 

0' Dell T. J., Christensen B .N. (1986) Concanavalin A pre- 
vents glutamate and quisqualate-induced receptor desen- 
sitization and the quisqualate inhibition of kainate 
responses in isolated horizontal cells of the catfish retina. 
Soc. Neurosci. Abstr. 12: 56. 



656 W. Danysz et al. 

Patneau D.K., Mayer M.L. (1991) Kinetic analysis of interac- 
tions between kainate and AMPA - evidence for activation 
of a single receptor in mouse hippocampal neurons. Neu- 
ron 6: 785-798. 

Raulli R., Danysz W., Wroblewski J.T. (1991) Pretreatment 
of cerebellar granule cells with concanavalin A potentiates 
quisqualate-stimulated phosphoinositide hydrolysis. J. 
Neurochem. 56: 21 16-2124. 

SchoeppD.D., Johnson B.G. (1989) Comparison ofexcitatory 
amino acid-stimulated phosphoinositide hydrolysis and 
N-acetylaspartylglutamate binding in rat brain: selective 
inhibition of phosphoinositide hydrolysis by 2-amino-3- 
phosphonopropionate. J. Neurochem. 53: 273-278. 

Sharon N., Lis H. (1989) Lectins as cell recognition mole- 
cules. Science 246: 227-234. 

Ulivi M., Costa E., Wojcik W.J. (1989) Kainic acid receptors 
mediate the release of alanine and glycine through a mech- 

anism that differs from the release of glutamate. Soc. Neu- 
rosci. Abst. 15: 956. 

Wong L.A., Mayer M.L. (1993) Differential modulation by cy- 
clothiazide and concanavaline A of desensitization at native 
a-anino-3-hydroxy-5-methyl-4-isoxazoleprpionic acid- and 
kaainate-preferring glutamate receptors. Mol. Pharmacol. 
44: 504-5 10. 

Wroblewski J.T., Danysz W. (1989) Modulation of glutamate 
receptors: molecular mechanisms and functional implica- 
tions. Ann. Rev. Pharmacol. Toxicol. 29: 441-474. 

Wroblewski J.T., Niocoletti F., Costa E. (1985) Different 
coupling of excitatory amino acid receptors with ca2+  
channels in primary cultures of cerebellar granule cells. 
Neuropharmacology 24: 9 19-921. 

Received 5 January 1996, accepted 31 May 1996 


