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PSD-95 is a component of postsynaptic densities in central synapses. It contains three 
PDZ domains that localize N-methyl-D-aspartate receptor subunit 2 (NMDA2 receptor) 
and Kt channels to synapses. In mouse forebrain, PSD-95 bound to the cytoplasmic 
COOH-termini of neuroligins, which are neuronal cell adhesion molecules that interact 
with p-neurexins and form intercellular junctions. Neuroligins bind to the third PDZ 
domain of PSD-95, whereas NMDA2 receptors and Kt channels interact with the first 
and second PDZ domains. Thus different PDZ domains of PSD-95 are specialized for 
distinct functions. PSD-95 may recruit ion channels and neurotransmitter receptors to 
intercellular junctions formed between neurons by neuroligins and p-neurexins. 

Synapses are asymmetric junctions be- 
tween neurons that transfer signals from a 
presynaptic neuron to a postsynaptic cell. A 
family of plasma membrane proteins called 
PSD-9i/SAP90, PSD-93/chapsyn, SAP102, 
and SAP97lhDLG is present at synaptic 
junctions (1 ). These proteins are similar to 
proteins from other intercellular junctions 
(20-11-2 from tight junctions, dlg-A from 
septate junctions) (2) .  All these proteins 
are composed of three NH2-terminal PDZ 
domains, a single interior SH3 domain, and 
a COOH-terminal guanylate kinase domain 
that is enzymatically inactive. The PDZ 
domains of PSD-95 and related proteins 
interact with the COOH-terminal sequenc- 
es of K- channels and NMDA2 receptors 
(3). By these interactions, PSD-95 may me- 
diate the clustering of K- channels and 
NMDA receptors at synapses. It remains 
unknown, however, how PSD-95 is recruit- 
ed to synaptic junctions. 

Neurolieins are neuronal cell-surface 
proteins colnposed of an extracellular do- 
main that resembles acetylcholinesterase, a 
transrneinbrane domain, and a highly con- 
served intracellular sequence (4). The ex- 
tracellular domain of neuroligins tightly 
billds to the extracellular domain of P- 
neurexins, which are also cell-surface pro- 
teins (5). Only a differentially spliced subset 
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of 13-neurexins binds to neuroligins. Neur- 
exins and neuroligins are detectible only in 
neurons where they are enriched in synap- 
tic plasma membranes (4,  5). Neuroligins 
and p-neurexins localized on separate cells 
bind to each other and form a heterotvnic , L 
intercellular junction regulated by alterna- 
tive splicing (6) .  We quantified the con- 
centrations of neurexin and neuroliein 

0 

inRNAs in mouse brain during postnatal 
development to determine their develop- 
mental profile (7). We used total RNA 
prepared from forebrain and Phosphor- 
Imager quantification of Northern blot sig- 
nals and normalized all mRNA signals for 
the amounts of glyceraldehyde phosphate 
dehydrogenase (GAPDH). These analyses 
revealed a coordinate postnatal increase in 
the amounts of neurexin and neuroligin 
mRNAs ~71th peak expression between 
nostnatal davs 5 and 10. Thereafter. the 
; ~ R N A ~  decl'ined to a constant concentra- 
tion of 25 to 40% of the neak ouantities 
(not shown). By comparison, analysis of 
expression of GAP-43, a protein implicated 
in axonal pathfinding, also revealed a post- 
natal peak of expression; however, this peak 
of exnression was earlier than that observed 
for neurexins and neuroligins. No peak was 
observed for a series of control mRNAs. 
These data suggest a developmentally late 
function for the P-neurexin-neuroligin 
iunction that onerates in mature neurons. 
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domains of other neuroligins also interact 
with PSD-95, and whether isoforms of 
PSD-95 also bind to neuroligins, a7e quan- 
tified the yeast two-hybrid interactions by 
measuring P-galactosidase transactivation 
(Table 1).  For this purpose, isoforms of 
PSD-95 were cloned first by polymerase 
chain reaction (PCR) and then by stan- 
dard cDNA cloning techniques; then they 
were inserted into the appropriate yeast 
two-hybrid vectors (9). The cytoplasmic 
domains of all three neuroligins interacted 
with the NH,-terminus of PSD-95, which 
contains the three PDZ domains. Further- 
more, the NH2-terminal fragments of the 
PSD-95 homologs PSD-93 and SAP102 
(also containing three PDZ domains) were 
also strongly active. The strength of the 
interaction was similar for the different 
neuroligins and was comparable to that 
observed with the intracellular domains of 
NMDA receptors and the K- channel 
(Table I ) .  In contrast, are observed no 
interaction of any of these proteins with 
the NH2-terminal three PDZ domains of 
ZO-1, a tight junction protein, or with the 
PDZ domains of dlg-A or nitric oxide 
synthase. Thus there appears to be a spe- 
cific interaction of all three neuroligins 
with the PDZ domains of three distinct 
but related synaptic proteins--PSD-95, 
PSD-93, and SAP102. 

The first and second, but not the third, 
PDZ domains of PSD-95, bind tightly to the 
cytoplasmic COOH-termini of NMDA re- 
ceptors and K- channels, which suggests 
that the three PDZ domains of PSD-95 are 
not equivalent (3) .  We therefore used yeast 
two-hybrid assays to investigate the ability 
of individual PDZ domains from PSD-95 to 
bind to neuroligins, K- channels, and 
NMDA receptors (Table 1). The first and 
second PDZ domains alone bound only 
weakly to the cytoplasmic tail of neuroli- 
gins; in combination, binding was much 
stronger. These two PDZ domains, howev- 
er, interacted strongly with NMDA recep- 
tors and K+ channels. In contrast, neuroli- 

Structures of encoded Bait pasmid B-Gaactosidase 
cytoplasmic domains activity 
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Fig. 1. Sequence dependence of neurol~gn nter- 
acton wth PSD-95. Parts of cytoplasm~c t a s  of 
neurol~g~ns that were deleted are Indicated as 
hatched reglons p-Galactos~dase actlv~tles are 
glven In nanomoles per m~nute per m~lgram of 
proten (8, 9) 



Table 1. Interactions between the cytoplasmic domains of neurdigins and leucine and were grown in liquid culture in the presence of selection medium 
various PDZ domains. Data list p-galactosidase activities of yeast strains for 40 hours. p-Galactosidase a c t i i  and protein concentrations of cell ex- 
harboring the respectwe bait and prey plasmids. Single colonies from yeast tracts were determined in triplicate (8). Data shown are nanomoles of sub- 
cotransf- with the listed prey and bait vectors were selected on plates strate hydrolyzlyzed per minute per milligram of protein 2 SD after background 
supplemented with minimal medium that lacked uracil, tryptophan, and subtraction; -, not tested; c20, no detectable a c t i i .  For plasmids, see (9). 

Bait vector (in pBTMl16) 
Prey vector 

NLl-1 NL1-10 NL2-1 NL3 NMDAR2A NMDAR2B Shaker 

PSD-95 
pVP16PSD95-2 (PDZ 1-3) 1437 2 24 453 2 10 2635 2 48 1350 2 6 3303 2 159 2875 2 1 13 2481 2 263 
DVP~ 6SAP90-5 (PDZ 1) 462  2 - - - 2460 2 33 - 328 2 30 

~PDZ 2j 342  o - - - 639 2 23 - 256 2 3 
(PDZ 3) 20682340 859232 4662 0 18092156 <20 <20 <20 

zo-1 
pVP16ZO1-1 (PDZ 1-3) C20 - C20 C20 C20 

DLGl 
pVP16dlg-1 (PDZ 1-3) C20 - C20 C20 822  12 - - 

NOS 
pVP16NOS (PDZ 1) c20 - c20 c20 c20 - - 

gins interacted strongly with the third PDZ 
domain of PSD-95, which exhibited no de- 
tectable binding to NMDA receptors and 
K+ channels as described (3). Thus the 
three PDZ domains of PSD-95 are special- 
i zed  for different interactions; the first two 

Fig. 2. Plasm& resonance analysis of interaction 
of PSD-95 with neuroligin 1 and NMDA receptor. 
(A) Synthetic peptides from the COOH-terminus 
of the NMDMA receptor (NMDAR2A), neuroligin 
1 (NL1 -I), neuroligin 1 with a deletion of the last 
three residues (NL1-2), or a control peptide end- 
ing with a Thr-Ser-Val sequence (control) were 
immobilized on a BlACore CM5 sensor chip ( I  1). 
Sensorgrams were recorded in real time during 
superfusion of 5 pM GST fusion protein contain- 
ing the three PDZ domains of PSD-95. (6) Reac- 
tion of immobilized full-length neuroliiin 1 peptide 
with the indicated concentrations of the PSD-95 
GST fusion protein to determine binding affinity. 
Similar experiments were performed for the 
NMDA2A receptor peptide (not shown). RU, res- 
onance units. 

PDZ domains bind NMDA receptors and 
K+ channels, whereas the third PDZ do- 
main is specific for neuroligins. 

A COOH-terminal sequence motif in 
the NMDAZ receptor and K+ channels 
(ThrlSer-Xaa-Val, where Xaa is any amino 
acid) is required for binding to the first and 
second PDZ domains of PSD-95 (3). As 
revealed by the crystal structure (lo), the 
third PDZ domain of PSD-95 also binds 
a COOH-terminal ThrlSer-Xaa-Val se- 
quence, although the ligand for t h i s  PDZ 
domain was not known. The COOH-termi- 

Fig. 3. Copurification of 
PSD-95 with neurdigins 
on immobilized neurexin 
1 p. Three recombinant fu- 
sion proteins containing a 
COOH-terminal IgG do- 
main fused to the following 
NH,-terminal sequences 
were used: Ig(;neurexin 
I@+, neurexin 1 @ with an 
insert in splice site 4; I g G  
neurexin 1 fi-, neurexin 18 
without an insert at splice 
site 4; IgG-control, a short 
NH,-terminal control se- 

nal region of all neuroligins contains the 
sequence Hisser-Thr-Thr-Arg-Val, which 
conforms to the binding motif. This sug- 
gests that neuroligins may bind to the third 
PDZ domain of PSD-95 via their COOH- 
terminus. We tested this hypothesis with 
deletion constructs in yeast two-hybrid as- 
says (Fig. 1). The COOH-terminal48 resi- 
dues from neuroligin 1 were sufficient for 
binding to PSD-95. Deletion of only three 
COOH-terminal amino acids (Thr-Arg- 
Val) abolished binding, which indicates 
that the interaction depends on the 

gin 

qu&ce. Affinity chroma- 
tography fractions ob- 
tained with immobiliied 120 = = 
IgG fusion proteins were 
blotted with polyclonal 
antibodies to neuroligins 
(left) and to PSD-95 (right). Anti-neuroli inti-PSD-95 

Identiition d PSD-95 in the eluate was confirmed by additional immunoblots with two independent 
monoclonal antibodies to PSD-95, one of which was obtained from M. 6. Kennedy (not shown). Strong 
reactivity with the PSD-95 antibody of multiple low bands in the origin and flow-through lanes (right) is 
caused by rapid proteolysis of PSD-95 in brain homogenates after solubiliition; these bands are not 
visible when preimmune serum or monoclonal antibodies are used and are not due to nonspecific 
crossreactivity. Asterisks identify neurdigin and PSD-95 coeluting only from the IgG-neurexin 18- 
column. 
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Fig. 4. Neuroligin is required for binding of PSD- 
95 to immobilized neurexin 1 p-. Extracts from 
COS cells transfected with PSD-95 were mixed 
with extracts from COS cells transfected with a 
neuroligin 1 plasmid (top) or a control plasmid 
(bottom) and then subjected to aftinity chroma- 
toara~hv on immobilized laG-neurexin 1 B-. Frac- - , .  

tions were immunoblotted for PSD-95. 'Numbers 
on the left indicate positions of size markers. 

COOH-terminus of neuroligins. 
Because yeast two-hybrid assays are 

prone to artifacts and do not allow an as- 
sessment of binding affinities, we analyzed 
the binding of neuroligins to PSD-95 di- 
rectly by surface plasmon resonance (I I). 
We immobilized four peptides on BIAcore 
sensor chips: a peptide containing the 
COOH-terminal 16 residues of neuroligin 1 
(NL1-I), the same peptide lacking the last 
three amino acids (NL1-2, negative con- 
trol), a peptide containing the COOH-ter- 
minal 16 residues of the NMDAZ receptor 
(NMDARZA), and a second negative con- 
trol with a 17-residue peptide that also ends 
with a Thr-Xaa-Val motif from the interior 
sequence of PSD-95. Superfusion of the 
immobilized peptides with a glutathione-s- 
transferase (GST) fusion protein from PSD- 
95 that contained all three PDZ domains 
resulted in a strong signal for the NMDA 
receptor and the wild-type neuroligin pep- 
tides but not for the truncated neuroligin 
peptide or the second control peptide (Fig. 
2A). Superfusion with a GST fusion protein 
that contained the COOH-terminal do- 
mains of PSD-95 (SH3 and guanylate ki- 
nase domains) failed to elicit a binding 
signal (not shown). Thus the binding reac- 
tion is specific to the PDZ domains of PSD- 
95 and requires the COOH-terminal three 
amino acids of neuroligin. Binding does not 
occur with any Thr-Xaa-Val sequence be- 
cause the control peptide from the interior 
PSD-95 sequence did not interact. Analysis 
of the binding affinity with a series of con- 
centrations of GST fusion protein allowed 
us to estimate the affinity under our assay 
conditions (KM = 2.3 +- 0.4 X lop7 M for 
neuroligin 1; KM - 2.1 +- 0.4 X lop7 M for 

the NMDAZ receptor) (Fig. 2B and not 
shown). These data suggest that the 
COOH-terminus of neuroligin 1 directly 
interacts with the PDZ domains of PSD-95 
and that the s~ecificitv of the interaction is 
determined by other sequence elements in 
addition to the COOH-terminal Thr/Ser- 
Xaa-Val motif. 

To investigate whether neuroligins are 
present in a complex with PSD-95 in vivo, 
we purified neuroligins from brain homog- 
enates by affinity chromatography on im- 
mobilized p-neurexin and tested whether 
neuroligins are complexed with PSD-95. 
Recombinant neurexin 1 p was produced as 
a fusion protein with the COOH-terminus 
of immunoglobulin G (IgG), either without 
(1 p-) or with (1 p+)  an insert in splice site 
4, the splice site that regulates neuroligin 
binding (4). We then immobilized the re- 
combinant neurexins and a control IgG 
protein and performed calcium-dependent 
affinity chromatography experiments with 
total brain homogenates on the immobi- 
lized  rotei in columns 12). Immunoblot- . , 

ting of the chromatography fractions re- 
vealed that neurolieins were ~urified on the " 
neurexin lp- column but not on the neur- 
exin lp+ or the control IgG columns (Fig. 
3, left). PSD-95 was present only in the 
fractions that contained neuroligins, which 
suggests that neuroligins and PSD-95 are 
present in a complex in native brain (Fig. 3, 
right). Identification of the 95-kD band in 
the column eluates as PSD-95 .was con- 
firmed by additional immunoblots with two 
independent monoclonal antibodies to 
PSD-95 (not shown). Binding of neuroli- 
gins to the column is stronger than that of 
PSD-95, which is not surprising in view of 
the tighmess of the neurexin-neuroligin in- 
teraction and the relatively high off-rates of 

interactions mediated by PDZ domains. 
Although the data in Fig. 3 suggest that 

at least part of PSD-95 in brain homoge- 
nates is present in a complex with neuroli- 
gins, alternative explanations are that PSD- 
95 binds to neurexin lp-  instead of neu- 
roligins or that a second bridging protein in 
brain mediates the interaction of PSD-95 
with neuroligins or neurexin lp-. To rule 
out these possibilities, we applied proteins 
from COS cells that expressed full-length 
PSD-95 to a neurexin l p -  column in the 
presence or absence of extracts from COS 
cells that expressed neuroligin 1. Binding of 
PSD-95 to the columns was observed only 
in the presence of neuroligin 1, which con- 
firms that PSD-95 binding to the column 
requires neuroligin but not other brain pro- 
teins (Fig. 4). 

To eliminate the possibility that the in- 
teraction of PSD-95 with neuroligins occurs 
only in vitro or after homogenization, we 
investigated whether PSD-95 binds to neu- 
roligins in vivo by imaging the localization 
of PSD-95, neuroligins, and the NMDAZ 
receptor in transfected 293 cells (1 3). Cells 
that express only PSD-95 exhibit a diffuse 
cytoplasmic distribution of PSD-95 (Fig. 
5A). Cotransfection of either neuroligin 1 
or the NMDAZ receptor with PSD-95 
changed this picture; PSD-95 became colo- 
calized with neuroligin 1 or the NMDAZ 
receptor on the plasma membrane (Fig. 5, B 
and C), which suggests that PSD-95 is re- 
cruited to the plasma membrane by neuroli- 
gin 1 or NMDAZ receptors. By contrast, 
cotransfection of PSD-95 with NMDAl re- 
ceptors did not lead to recruitment of PSD- 
95 to plasma membranes (Fig. 5D). Co- 
transfection of neuroligin with a PSD-95 
construct with only the first two PDZ do- 
mains did not result in recruitment of the 
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PSD-95 protein to the plasma membrane, 
whereas cotransfection of the same PSD-95 
construct with NMDAZ receptor localized 
the PSD-95 protein to the membrane (data 
not shown). Thus neuroligin and the 
NMDAZ receptor cause a specific redistri- 
bution of PSD-95 in a living cell from the 
cytosol to the plasma membrane in a man- 
ner that requires the third PDZ domain of 
PSD-95 for neuroligin but not for NMDAZ 
receptors. 

Our data indicate that neuroligins phys- 
iologically interact with PSD-95. This cori- 
clusion is supported by the following find- 
ings: (i) All three neuroligins specifically 
interact with three members of the PSD-95 
family in yeast two-hybrid assays. (ii) The 
interactions require the COOH-terminal 
three amino acids of neuroligins. (iii) These 
interactions are mediated by the third PDZ 
domain, which does not bind to other 
known ligands of PDZ domains. (iv) A 
neuroligin-PSD-95 complex can be purified 
from native brain homogenates. (v) Bind- 
ing can be reconstituted when PSD-95 and 
neuroligin 1 are separately expressed in 

COS cells. (vi) In transfected 293 cells, 
PSD-95 is recruited to the plasma mem- 
brane by neuroligin 1. (vii) Neuroligins and 
PSD-95 are copurified with synaptic junc- 
tions in subcellular fractionation experi- 
ments (4). The binding of neuroligins as 
cell adhesion molecules to PSD-95 estab- 
lishes a link between intercellular junc- 
tion formation and channel and receptor 
localization. 

These results suggest a mechanism by 
which PDZ domain proteins may partici- 
pate in neuronal cell-cell junctions (Fig. 
6). We propose that neuroligins and P- 
neurexins form an intercellular junction 
(6). PSD-95 and related proteins attach to 
the cytoplasmic tails of neuroligins and 
recruit NMDAZ receptors and K+ chan- 
nels to the neuroligin side of this junction. 
On the neurexin side of the junction, the 
cytoplasmic COOH-termini of neurexins 
interact with a different PDZ domain pro- 
tein called CASK (14). CASK is also 
related to PSD-95, 20-11-2, and dlg-A, 
which suggests that both intracellular 
sides of the neuroligin-P-neurexin junc- 

. - -  

NMDA Receptors 

I PDa 
SH3 .GK SAP102 

I 
Fig. 6. Model for intercellular junction formation by interactions of PDZ domain proteins with neuroliins 
and p-neurexins. PSD-95, bound to cytoplasmic tails of neuroligins, and CASK, bound to cytoplasmic 
tails of p-neurexins, are similarly composed of PDZ, SH3, and guanylate kinase (GK) domains. CASK in 
addition contains an NH2-terminal Ca2+-calmodulin-dependent protein kinase module (CaM Kinase). 
PSD-95 binds to neuroligins via its third PDZ domain and recruits to the junction NMDA2 receptors and 
K+ channels that bind to the other PDZ domains. The other domains of CASK and PSD-95 presumably 
serve to assemble additional, as yet unidentified, junctional components at the interface between the 
cells. 

tion are assembled by similar but distinct 
PDZ domain proteins. Further interactions 
of PSD-95 and CASK with other compo- 
nents-for example, NMDAZ receptors 
and K+ channels-create the associated 
structures of the junctions. Thus, an asym- 
metric junction would be formed in which 
the junctional proteins recruit associated 
channels and receptors to the site of the 
cell-cell interaction by direct protein in- 
teractions (Fig. 6). 

Does this iunction corres~ond to the 
synapse? Like synapses, it is asymmetric and 
contains receDtors and channels. Further- 
more,' PSD-9j is localized to postsynaptic 
densities ( 1 ), and neurexins, neuroligins, 
and CASK are enriched in synapses, al- 
though they are not exclusively localized 
there (4, 5, 14). Finally, the relatively late 
peak in expression of neurexins and neu- 
roligins during development suggests a 
function of mature neurons. On the other 
hand. an a-neurexin was recentlv detected 
in electric rays on axons of the peripheral 
nerves. althoueh the ultrastructural local- - 
ization of neurexin was not determined 
(15). Thus we cannot be certain from these 
data whether the PSD-95-neuroligin-P- 
neurexin-CASK junction is central to syn- 
apses, whether it represents a cell-cell con- 
tact at the periphery of synapses like cad- 
herin-mediated junctions (16), or whether 
it is unrelated to synapses--for example, as 
an intermediate in the bioeenesis of svn- - 
apses. Genetic experiments to address these 
questions are under way. 
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mate transporter has a high permeability 
to N 0 3 ~ and SCN" (4, 6), they were used 
as the major intracellular anions in PC 
recordings. Extracellular stimulation in 
the granule cell layer of cerebellar slices 
elicited all-or-none excitatory postsynap-
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obtained on a Bio-Rad MRC1024 confocal 
microscope, 

14, Y, Hata, S. Butz, T, C. Sudhof, J. Neurosci. 16, 2488 
(1996), 

15, A. B, Russell and S. S. Carlson, ibid. 17, 4734 
(1997), 

16, N, Uchida, Y, Honjo, K, R, Johnson, M. J. Wheelock, 
M, Takeichi, J. Cell Biol. 135, 767. 

17, Abbreviations for amino acids are as follows: A, Ala; 
C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, He; K, 
Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gin; R, Arg; S, 
Ser; T, Thr; V, Val; W, Trp; Y, Tyr. 

18, We thank A, Roth, E, Borowtcz, and I. Leznicki for 
excellent technical assistance; M, B. Kennedy 
(CalTech) for monoclonal antibodies to PSD-95; S, 
Nakanishi (Kyoto) for NMDA receptor cDNA clones; 
and M. Missler, M, S, Brown, and J. L. Goldstein for 
advice. Partially supported by grants from the NIH 
(RO1-MH52804), the Perot Family Foundation, and 
the ERATO (Japan Science and Technology Co.). 
Y.H. was supported by a postdoctoral fellowship 
from the HFSP, and T.W.R. from the DFG, 

10 March 1997; accepted 14 July 1997 

tic currents (EPSCs), suggesting activa­
tion by single climbing fiber (CF) affer­
ent^ (Fig. 1A) (8). These currents were 
mediated in part by AMP A (a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic 
acid) receptors, because 10 to 25 JJIM 
NBQX blocked more than 95% of the cur­
rent (Fig. 1A) and addition of the specific 
AMPA receptor antagonist GYKI 52466 
(15 to 25 |xM, n = 3) or the N-methyl-D-
aspartate (NMDA) receptor antagonist 
(± )-3-(2-carboxy piperazin-4-yl)-propyl-1-
phosphonic acid (CPP) (2.5 |xM) caused no 
further inhibition. After blockade of 
AMPA and NMDA receptors, stimulation 
still activated inward currents with N 0 3 ~ 
(Fig. IB) (n = 25) or SCN" (n = 6) but 
not with Cl~- (Fig. IB, inset) (n = 3) or 
gluconate-based (n = 3) pipette solutions. 

Postsynaptic Glutamate Transport at the 
Climbing Fiber-Purkinje Cell Synapse 

Thomas S. Otis,* Michael P, Kavanaugh, Craig E. Jahr 

The role of postsynaptic, neuronal glutamate transporters in terminating signals at central 
excitatory synapses is not known. Stimulation of a climbing fiber input to cerebellar 
Purkinje cells was shown to generate an anionic current mediated by glutamate trans­
porters. The kinetics of transporter currents were resolved by pulses of glutamate to 
outside-out membrane patches from Purkinje cells. Comparison of synaptic transporter 
currents to transporter currents expressed in Xenopus oocytes suggests that postsyn­
aptic uptake at the climbing fiber synapse removes at least 22 percent of released 
glutamate. These neuronal transporter currents arise from synchronous activation of 
transporters that greatly outnumber activated AMPA receptors. 
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