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Glutamate and aspartate are endogenous excitatory amino acid neurotransmitters wide- 
ly distributed in the mammalian central nervous system. Aspartate was shown to induce 
a large membrane current sensitive to N-methyl-D-aspartate (NMDA) and non-NMDA 
receptor antagonists in Purkinje cells from mice lacking functional NMDA receptors 
(NRI -I-). This response was accompanied by high permeability to calcium. In contrast, 
no current was induced by aspartate in hippocampal neurons and cerebellar granule cells 
from NR1-';'mice. Several other glutamate receptor agonists failed to evoke this re- 
sponse. Thus, in Purkinje cells, aspartate activates a distinct response capable of con- 
tributing to synaptic plasticity through calcium permeability. 

L-Glutamate (Glu) activates both NMDA 
and non-NMDA receotors, whereas L-as- . , 

partate (Asp) is a selective agonist for 
NMDA receDtors because the currents Dro- 
duced by Asp (at a concentration of 5 5  
mM) are completely blocked by NMDA 
receptor antagonists such as 7-C1-kynurenic 
acid (7-C1-Kyn) an2 Mg2* (1 ). However, it 
is difficult to rule out the ~ossibilitv that 
there are independent Asp-specific recep- 
tors that are blocked bv NMDA receDtbr 
antagonists. To  test this hypothesis, we an- 
alyzed neurons from NR1-/- mice that lack 
functional NMDA receptors (2). Thus, if 
there was a distinct receptor for Asp, Asp 
would be predicted to activate currents in 
NR1-I- neurons. 

In voltage-clamped (-60 mV) hippo- 
catnpal neurons and cerebellar granule cells 
from wild-type mice, NMDA (100 p,M), 
Asp (100 p,M), and Glu (100 kM) induced 
inward currents (Fig. 1A). In the corre- 
sponding neurons from N R l - 1  mice, 
NMDA evoked no responses (Fig. 1B) (2). 
Similarly, no responses to Asp were detected 
in these neurons, consistent with reports 
indicating that Asp is a selective NMDA 
receptor agonist (1). This finding suggests 
that there are no distinct receptors for Asp 
in these neurons. The residual currents in- 
duced by Glu in NR1-/- neurons were me- 
diated by non-NMDA receptors (Fig. 1B). 

In Purkinje cells from wild-type mice, 
NMDA induced atypical transient cur- 
rents (Fig. 1A) .  In contrast to  the NMDA- 
induced currents in hippocampal and cer- 
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ebellar granule cells, peak currents in Pur- 
kinje cells declined to zero during the 
steady application of NMDA. Notably, in 
NR1-I- Purkinje cells, NMDA induced 
atypical transient currents (Fig. 1B). 
Moreover, Asp evoked a substantial cur- 
rent in NR1-/- Purkinje cells (Fig. lB) ,  
indicating that Purkinje cells express dis- 
tinct receptors sensitive to both Asp and 

Fig. 1. Responses and 
pharmacology of neu- 
rons from wild-type and 
N R I  knockout mice to 
excitatory amino acids. 
Primary cultures were 
prepared from neonatal 
mice w~thin 3 to 4 hours 
of birth as described (2, 
5, 23). Membrane cur- 
rents were measured by 
whole-cell patch-clamp 
methods at -60 mV after 
7 to 18 days in vitro (24). 
(A and 6) NMDA (I 00 
pM), Asp (300 pM), and 
Glu (1 00 pM) were ap- 
plied in Mg2+-free, gly- 
cine (I pM)-contaming 
solutions to each type of 
neuron from wild-type (A) 
and N R I  knockout mice 
(5). Each trace repre- 
sents a recording from 7 
to 12 neurons. (C) Sensi- 
tivity of Asp-induced cur- 
rents in wild-type neu- 
rons to cllutamate recea- 

NMDA in the absence of NR1. 
To  determine whether the atypical re- 

sponses to NMDA and Asp in NR1-/- 
Purkinje cells were an indirect consequence 
of the gene knockout, we characterized the 
pharmacological properties of the Asp re- 
sponses in wild-type neurons. Asp-induced 
currents in hippocampal neurons were com- 
pletely blocked by NMDA antagonists D,L- 
2-amino-5-phosphonovaleric acid (APV, 
200 pM),  Mg2+ (1  mM), and 7-C1-Kyn (5 
pM),  but they were insensitive to the non- 
NMDA receptor antagonist 6-cyano-7- 
nitroquinoxaline-2,3-dione (CNQX, 10 
p,M) (Fig. 1C). The Asp-induced current 
was reduced by Mg2+ in a voltage-depen- 
dent manner (Fig. ID). Dose-response anal- 
ysis by means of a logistic equation showed 
a median effective concentration (EC,,) of 
10.3 p,M and a Hill coefficient of 1.5 (Fig. 
lE), consistent with the view that the clas- 
sical NMDA receptor is selectively activat- 
ed by Asp in hippocampal neurons (1). In 
contrast, in wild-type Purkinje cells, Asp- 
evoked currents were blocked by CNQX 
and were moderately reduced by APV, 
Mg2*, and 7-C1-Kyn (Fig. 1C). Moreover, 
the blockade by Mg2+ was not voltage- 
dependent (Fig. ID). Dose-response analysis 
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tor antagonists. Asp (300 pM) + glycine (I pM) were applied without antagonistsor in the presence of APV 
(200 pM), CNQX (10 pM) (25), Mg2+ (I mM), or 7-CI-Kyn (5 pM). APV, CNQX, Mg2+, and 7-CI-Kyn 
reversibly reduced the Asp-lnduced peak currents to 18 i 2%, 1.6 i 0.3%, 20 t 2%, and 13 2 0.6% of 
peak currents (mean 2 SEM, n = 7), respectively. (D) Voltage dependence of block by Mg2+ (1 mM) of Asp 
(300 pM)-activated current in wild-type neurons. Peak currents were plotted against the holding potential 
of neurons. The graph represents the results from three to four neurons. (E) Mean dose-response curves 
for Asp in wild-type neurons, For each cell, the data were normalized to the current evoked by a saturating 
dose of Asp. Points indicate the mean i SEM of the peak current amplitude values from seven to eight 
neurons; the curves indicate the best fits to the data according to the logistical function 1/{1 + (EC,,/ 
[ A s ~ ~ H ] ,  where EC,, is the concentration causing a 50% maximal response and n, is the Hill coefficient. 
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showed an EC,, of 91.4 pM and a Hill 
coefficient of 1.9 (Fig. 1E). This pharmaco- 
logical profile of the Asp response was iden- 
tical to that determined in NR1-1- Purkinje 
cells (Fig. 2D). Therefore, the specific Asp- 
induced response, which we refer to as the 
Asp response, was present both in wild-type 
and NR1-1- Purkinje cells (3). 

We further characterized the Asp re- 
sponse by using known agonists of different 
classes of glutamate receptor. In the event 
that an agonist evokes a response from the 
putative Asp receptor, the current should be 
at least partly sensitive to antagonists of both 
NMDA and non-NMDA receptors, in a 
manner sirnil& to that of the Asp-induced 
current in Purkinje cells (Fig. 2A). However, 
the currents activated by selective non- 
NMDA receptor agonists such as cw-amino- 
3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA) and kainate were not blocked 
by NMDA receptor antagonists (Fig. ZA), 
indicating that AMPA and kainate were not 
effective agonists for the putative Asp recep- 
tors in Purkinje cells. In contrast, transient 
NMDA responses in Purkinje cells were 
blocked by the non-NMDA receptor antag- 
onist CNQX in addirion to classical NMDA 
receptor antagonists (Fig. ZA), suggesting 
that NMDA did activate the Asp response. 

To exclude the possible involvement of 
classical NMDA receptors that have been 
shown to be expressed in immature Purkinje 
cells (4-6), we used NR1-I- Purkinje cells to 
further characterize the interaction of NMDA 
with the putative Asp receptor. When 
NMDA was coapplied with Asp to NR1-I- 
Purkinje cells, it reduced the Asp-induced 
currents in a dose-dependent manner (Fig. 
2B) with a median inhibition concentration 
(IC5,) of 265 pM and a Hill coefficient of 1.2. 
When a fixed concentration of NMDA (300 
pM) was used against increasing concentra- 
tions of Asp, NMDA appeared to act as a 
competitive inhibitor of the Asp response 
(Fig. 2C). Thus, the inhibition was most like- 
ly due to the competitive action of NMDA at 
Asp recognition sites. Thus, NMDA may be 
considered as a partial agonist, which binds to 
the putative receptor but does not fully acti- 
vate the response, and which acts as an an- 
tagonist when applied in combination with 
Asp. The antagonism of Asp-induced voltage 
changes by N-methyl-D,L-As~ (NMDLA) ob- 
served in studies with Purkinje cells in slice 
preparations (7, 8) may be due to this partial 
agonist action of NMDA. 

The endogenous neurotransmitters Glu 
and homocysteate (9) can activate both 
NMDA and non-NMDA receptors. Thus, 
it is difficult to determine whether these 
agonists activate the Asp response in wild- 
type Purkinje cells. However, if these ago- 
nists evoke an Asp response, the currents 
should be sensitive to NMDA receptor ail- 

tagonists in N R 1 - /  Purkinje cells, as ob- Purkinje cells (Fig. ZD), indicating that Glu 
served for the Asp-induced current (Fig. and homocysteate are not effective agonists 
2D). However, the currents evoked by Glu for the putative Asp receptor. 
and hornocysteate were not blocked by To determine whether Cazt ions medi- 
NMDA receptor antagonists in NR1-1- ate the current induced by Asp, we mea- 
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Fig. 2. Agonists for the putative Asp receptor, (A) Tests for D NRI-/- -1- 

agonists in wild-type Purkinje cells. Asp (300 pM), AMPA ctii +7-CI + A P V  +M@+ +CNQX 

(20 pM), kainate (20 pM), or NMDA (300 pM) were applied Asp ,-p,, , 3 
in the absence (control) or presence of 7-CI-Kyn (5 pM), I A300 pA 

APV (200 pM), Mg2+ (1 mM), and CNQX (I 0 pM). Repre- i 2 s 

sentative traces are shown (n = 3 to 6). (B and C) Interac- GIU -- - r --[ 1-f 2=- 

tion of NMDA with the putative Asp receptor in NRI-'- .P3/ .. . .  K.. / .... 
Purkinje cells. (B) Asp (300 pM) + glycine (I pM) were HCA 

- - - - -  
applied with various concentrations of NMDA as indicated. L u . , ? J  ,Lr..Go 
The graph shows the dose-response for inhibition by 2 s 
NMDA of the currents evoked by 300 pM Asp. Points 
indicate the mean i SEM of the peak current amplitude expressed as a percentage of the Asp 
control response (n = 4 to 5); the curves indicate the best fits to the data according to the logistical 
function 1 - I/(l + IC,,/[NMDA]"H), where IC,, is the concentration causing 50% maximal inhibition 
and n, is the Hill coefficient, (C) Various concentrations of Asp + glycine (1 pM ) were applied in the 
presence or absence of NMDA (300 pM). The graph shows the effect of 300 pM NMDA on the 
Asp-induced dose-response curve. Points indicate the mean i SEM of the peak current amplitude 
expressed as a percentage of the current evoked by a saturating concentration of Asp (1 mM) (n = 

4 to 5); the curves indicate the best fits to the data according to the logistical function 1/17 + 
(EC,,/[AS~]"H)] for control (solid line) and to the logistical function with competitive inhibition 1/{1 + 
Ec,,/[Asp]"~ X (1 + [NMDA]"H/K>)), where K, is the apparent antagonist affinity constant (dotted 
line). The EC,, was 88.2 pM with n, = 1.9, and K, was 104.3 pM, (D) Test for endogenous EAA 
agonists in N R I  -I- Purkinje cells. Asp (300 pM), Glu (I 00 to 1000 pM), or homocysteate (I 00 to 500 
pM) were applied in the absence (control) or presence of 7-CI-Kyn (5 pM), APV (200 pM), Mg2+ (I 
mM), and CNQX (10 pM). All solutions contained glycine (I pM). Traces shown were obtained with 
100 pM Glu (middle trace) and 100 pM homocysteate (bottom trace) (n = 5 to 7). 
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Fig. 3. Different Ca2+ sensitivity of Glu and Asp reversal potentials in 
-- 

Purkinie cells from N R I  knockout mice. (A) Representative currents ca2+ concentration (mM) 

induced by Glu (1 00 pM) + glycine (I pM) (lefi'traces) and Asp (1 00 
pM) + glycine (I pM) (right traces) in solutions containing 80 mM Na+ and either 2 mM Ca2+ (2Ca) or 
20 mM Ca2+ (20Ca) (26). (B) Reversal potentials for Asp (0) and Glu (0) as a function of external Ca2+ 
concentration. Each point represents the mean -t SEM of five to seven separate experiments (27). The 
lines were drawn according to the constant-field equation (10) with a nonlinear least-squares fit. Ionic 
activities were calculated with the empirical formula (28) modified for mixed electrolyte solutions and 
were used instead of ionic concentrations. 

SCIENCE VOL. 273 23 AUGUST 1996 1113 



sured the reversal potentials of Asp-evoked 
currents in NRl-/- Purkinje cells while the 
external Ca2+ concentration was systemat- 
ically changed (Fig. 3A). To quantitate the 
relative oermeabilitv of Ca2+ versus that of 
monovalent ions (Pc,/Pmol,,), we used the 
Goldman-Hodgkin-Katz equation modified 
to include divalent cations, assuming no 
anion permeability and equal permeability 
for monovalent cations (10). This analysis 
yielded P,,/P,,,,, = 0.17 for Glu and 13.2 
for Asp (Fig. 3B). The Ca2+ permeability of 
the Glu-activated channel is consistent 
with the reoorted value of the low-Ca2+- 
permeable ,type of non-NMDA receptors 
(Pc,IPm,,, = 0.07 to 0.18) in many types of 
neurons (1 0-1 2). In contrast, the Ca2+ per- 
meability of the Asp-activated response was 
much higher than the reported value of the 
high-Ca2+-permeable type of non-NMDA 
receptors (Pc,/Pmol,o = 1.1 to 2.3) (1 1-1 4) 
and comparable to that of NMDA receptors 
(Pc,/PmOn, = 10.6 to 14.3) (10, 12). This 
finding reinforces the view that Glu was not 
an effective agonist for Asp responses. 
Moreover, it rules out the possibility of 
indirect activation of other elutamate re- - 
ceptors resultingfrom the release of Glu by 
reversed Glu uotake (15) or heteroex- . , 

change (1 6), confirming the specific nature 
of the Asp response. 

Molecules responsible for the Asp re- 
sponse have yet to be identified. Although 
it is possible that the response is mediated 
by an electrogenic excitatory amino acid 
(EAA) transporter, the characteristics of 
the Asp response are distinct from those of 
the known transporters. All known EAA 
transporters transport Glu as well as Asp, 
whereas the Asp response could not be 
evoked by Glu (Figs. 2D and 3). Moreover, 
the Asp response was sensitive to conven- 
tional glutamate receptor modulators (Fig. 
2A) (18). Thus, it is more likely mediated 
by a distinct receptor-channel complex sim- 
ilar to conventional elutamate receotor 
channels. Alternatively, it could be medi- 
ated bv an unidentified EAA transoorter 
(1 7) that shares similar pharmacology with 
glutamate receptor channels. 

Intracellular Ca2+ increases have been 
shown to provide critical functions in the 
establishment of long-lasting synaptic plas- 
ticity, such as long-term depression (19), 
and in excitotoxic cell death (20) in Pur- 
kinje cells. Thus, it is possible that the Asp 
response participates in these important 
functions through its high Ca2+ permeabil- 
itv. Aso has been shown to be contained in 
aAd reieased from climbing fiber terminals 
(16, 21) that make synapses onto Purkinje 
cells. However, the role of the Asp response 
in synaptic transmission is still disputed 
(22), partly because of the lack of pharma- 
cological information on Asp responses in 

Purkinje cells. Here we have defined a spe- 
cific pharmacology of the Asp response that 
should prove useful for its further character- 19, 
ization in physiological functions. 20. 
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