
synapses froln 13- to 23-day-old rats \!)as 0.50 -t 
0.07 jn = 3) from dual v~hoe-cell recordng and 0 39 
= 0.04 (n = 14) from focal s tmuaton (no signfcant 
difference t = 1.361. 

14. R J Sayer M. J. Fr~edlander. S. J Redman J 
I\~euiusci. 10. 826 (1 990). 

15. C. Rosenmund. J. D. Clements G. L. Westbrook, 
Science 262, 754 (1993): N. A. Hesser. A Id. Shrk- 
er, R. Malno\!J ~X'at~ire 366. 569 (1 9931. 

16. B. Katz. Tile Release o i  lf!eural Transmitter Sub- 
stances (Liverpool U n v  Press, L~verpoo U K  1969). 

17 F Edu~ards, I\ratd:-e 350. 271 (I 991). 
18 D. Id. Kulnian Nedron 12. 11 11 (1994). 
19. R. Malnoi./. Science 2 6 6  1 195 (1 994). 
20. D. L~ao, N. A. Hesser R. Malnoi./. ,Vati:i-e 375, 400 

(1 995). 
21. R. S. Zucker, Annu. Rev. Neurosci. 1 2  13 (1 989). 
22. Averaged values of quanta parameters for PPF n 

I -week-old anmas Frst EPSC. P, = 0.93 = 0.03. 
quanta amp  tude = -4.29 = 0 18 PA, CV of quan- 
t a  peak = 30.21 t 0 .48% second EPSC P, = 0.21 
i 0.08 [sgnf~cantly dfferent from f~rst EPSC lt = 

6.38. P < 0.005: pared t test] quanta alnptude = 
- 4.1 6 = 0.25 pA [no s~gn~f~cant d~fference It = 

1.8211 CV = 28.86 -t 1.0% [no sgnifcant dfference 
( t  = 1 25)]. Averaged values for 2- to 3-ia~eek-old 
anmas: Frst EPSC P, = 0 21 i 0 03, quanta ani- 
p l t ~ ~ d e  = - 3.33 = 0.15 p A  CV of quanta peak = 
30.35 -t 2.8200: second EPSC. P. = 0.66 = 0.1 1 (t 
= 5.418. P < 0.005), quanta amplitude = 3 26 i 
0.2 pA [no s~gn~f~cant difference jt = 0.7811, CV = 
29.8 = 1.6250 [no sgnif~cant d,fference jt = 0.4111 
For a experments, n = 3 

23. D. Mue r  M. Over .  G. Lynch, Dev. Brain Res. 49. 
105 (1 989). 

24. C. F. Stevens and T. Tsujmoto. Proc Natl Acaa. 
So. U.S A. 9 2  8 4  (1 995). 

25. F. A. Dodge and R. A Rahanimoff J Physiol. (Lon- 
aon,: 193 419 (19671: R A. Maar t  and A. 4 .  Martin, 
ibid. 196 593 (1 968); J E. Zenge and K. L. Idageby 
J. Gen. Pt~ysiol 76 175 (1 9801. 

26. I\'-Methyl-c-aspartate receptors were blocked ;vth 
3-2-anino-5-phosphonovaler~c a c ~ d  (50 pM1 and 
the CAl  cell vJas dalyzed v ~ ~ t h  10 mM BAPTA [ I  2- 
b1s(2-am1nophenoxy)ethane-1X',~V,I\~',~V'-tetraacet1c 
acd] to en inate  changes in CAl  cell nterna Ca2-. 
in response to ncreasng [Cap'-I,. Gaussan f~ts to 
quanta peaks were as follows: F I ~ .  4A -3.79 
1.12 p k  F I ~ .  4B, -4.0 1 1 . 2  PA: F I ~ .  4C. A 2  1 

1.32 pA, and F I ~ .  4D. -4.2 = 1.3 pA (means = SD). 
Averaged values of release parameters for 4- to 
8-day-old ann-als \!)ere as follou~s: Normal [Ca2-.I,. 
P, = 0.89 r 0 .03  quanta amptude = -4.14 1 0 07 
PA. CV of quanta peak = 32.8 = 2 . 1 8 ° ~  mean 
EPSC = -3.98 i 0.16 pA. increased [Ca2'-I,. P, = 
0.93 = 0.02 [no s~gn~f~cant difference from value in 
normal Ca2+ jt = 1 . I 9  pared t test)], q~~anta l  ampi- 
tude = - 4 1  9 I 0.041 pA [no sgnif~cant difference jt 
= 1 64)]. CV = 34.1 t 1.02% [no s~gn~f~cant d~ffer- 
ence i t  = 0 53)]. inean EPSC = -4.3 -t 0.1 pA [no 
sgnficant d~fference (t = 2 42)] Averaged values for 
2- to 3-week-old rats were as folov~s: Normal 
[Ca2+],. P = 0 42 = 0 04. quanta amplitude = 4 4 
= 0.3A pA CV = 29.96 = 2.16%, mean EPSC = 

-1 86 -t 0 4 p A  Increased [Ca2+], P, = 0.86 i 
0 02 [signfcanty dfferent from value in normal Ca2+ 
(P < 0.005 palred t test)] quanta alnptude = 
-4.35 -t 0.19 pA [no sign~f~cant d~fference ( t  = 

2.1 311, CV = 27 7 1 .Zoo [no sgnficant d fference (t 
= 1 GI)] mean EPSC = - 3 . 9  = 0.2A pA [sgnifcant 
d~fference (P < 0.01)]. For a averages n = 3 

27. Id. Raastad, d. F. Storm P. Andersen. Eur. J. /\led- 
rosci. 4. 11 3 11 992). 

28. C. F. Stevens and Y. Wang. Nedron 14, 795 11 995). 
29. K. E. Sorra and K M. Harrs. J Ne~irosci 13. 3736 

(19931 A mnor,ty of axons appeared to make m u t -  
p e  contacts v ~ ~ t h  a CAI neuron at the Pght-mcro- 
scopc level; In some nstances, a single presynaptc 
bouton contacted two postsynapt c spnes 

30. A J Gulyas, R.  Miles, A. S I ~ ,  K Toth. N. Tanianiaka, 
I\ratuia 366. 683 (19931: 0 .  Aranc~o. H Korn. A 
Guyas,T. Freund. R. M e s  J Physiol. iLoncion~ 481 
395 11 994). 

31. F A. Edwards, A. Konnerth, B Sakmann. J. P1~ysiol. 
iionaon,: 430, 21 3 11 990). 

32 A Malgaro and 4 .  \/V. Ts~en lf!at~ire 357, 134 37. S N Dav~es R. A. J. Lester. K. G Reymann G L. 
(1 992). Coingr~dge. Nati(re 338, 500 (1989) 

33. C F. Stevens and Y .  Wanq. inid. 371, 70A (1994). 38. M. C. Crar and R C Idaenka ,bid. 375, 325 (1995); 
34. A Magaroi et ai.. Science268, 1624 (1 995). A Kirkia~ood, H -K. Lee, M. F. Bear, ib ia .  p. 328. 
35. T. Manabe. P. Renner R. A. Nicol ~X'ature 355, 50 39, l'de tiiank B Arintage, 4 .  Hawk ns, and E. Kande for 

(1 992) ther helpful comments on the manuscrpt and R 
36. D. M. Kumann and 4 A. N~coll, iuici. 357. 240 Manow for provding computer software for cacu- 

i l992):  D. L~ao A. Jones. 4 M a l n w .  ~f!eui.oii 9. ation of denstv estimates 
1089 (1 992): A. Larkman T. Hannay K. Stratford. J. 
jack. ~X'ature 360, 70 (1 992). 4 Apr I 1995: accepted 11 July 1995 

Regulated Subcellular Distribution of the 
NRI Subunit of the NMDA Receptor 

Michael D. Ehlers, Whitternore G. Tingley, Richard L. Huganir* 

NMDA (N-methyl-D-aspartate) receptors are selectively localized at the postsynaptic 
membrane of excitatory synapses in the mammalian brain. The molecular mechanisms 
underlying this localization were investigated by expressing the NR1 subunit of the NMDA 
receptor in fibroblasts. NRl splice variants containing the first COOH-terminal exon 
cassette (NRIA and NRl D) were located in discrete, receptor-rich domains associated 
with the plasma membrane. NRl splice variants lacking this exon cassette (NRIC and 
NR1 E) were distributed throughout the cell, with large amounts of NR1 protein present 
in the cell interior. Insertion of this exon cassette into the COOH-terminus of the GluR1 
AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole propionate) receptor was sufficient to 
cause GluRl to be localized to discrete, receptor-rich domains. Furthermore, protein 
kinase C phosphorylation of specific serines within this exon disrupted the receptor-rich 
domains. These results demonstrate that amino acid sequences contained within the NR1 
molecule serve to localize this receptor subunit to discrete membrane domains in a 
manner that is regulated by alternative splicing and proteln phosphorylation. 

Aggregation of neurotransmitter receptors 
in the postsynaptic ~ n e ~ n b r a n e  is a process 
crucial for synaptogenesis. Like acetylcho- 
line receptors (AChRs)  a t  the neuromuscu- 
lar junction ( I ) ,  neurotransmitter receptors 
in the central nervous systenl ( C N S )  are 
localized a t  postsynaptic sites (2-6), al- 
though the lnechanislns involved are less 
well understood. T h e  NbIDA class of glu- 
tanlate receptors plays a critical role in  s m -  
aptic plasticity, synaptogenesis, and excito- 
toxicity (7) .  Iontophoretic mapping and 
imm~~noe lec t ron  microscopy reveal that 
N M D A  receptors are concentrated at syn- 
aptic sites ( 4 ,  5). Ivloreover, actin filament 
stabiliyation prevents Ca2+-induced run- 
down of N M D A  current (81, and N M D A  
responses are sensitive to cytoskeletal strain 
(9) ,  suggesting a cytoskeletal association of 
the NlvlDA receptor. 

NbIDA receptors consist of two families of 
homologous subunits (NR1 and NR?A-D) 
(19, 11). The KR1 subunit is able to form 
f~lnctional holnomeric channels ( l a ) ,  rvhich 
may be present in vivo (1 2 ,  13). Expression of 
KR2, subunits with the NR1 subunit, hon-ev- 
er, increases NblDA receptor current, and 
most NblDA receptors in the brain are 
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thought to be heteromeric complexes ot  NR1 
and NR2 subunits (1 1 ,  14). A t  least seven 
KR1 splice variants (KR1A-G) are expressed 
in the hrain (1 3 ,  15, 16) that differ in their 
spatial and temporal expression patterns (1 7),  
in their sensitivity to polyamines, phorbol 
esters, and Zn'+ (13. 16),  and in their ability 
to he pl~osphor~lated by protein kinase C 
(PKC) (18). 

T o  examine the mechanism of subcell~~lar 
targeting of the NR1 subunit, n.e transfected 
Q T 6  quail fibroblasts (19) with the comple- 
lnentary D N A  (cDNA) encoding the N R l A  
subunit and examined them by immunoflu- 
orescent microscopy (20. 2 1 ). T h e  QT6 cell 
line has been used as a lnodel systeln for 
studying AChR clustering induced by the 
synaptic protein 43K (22). Immunofluores- 
cent staining revealed the presence of highly 
concentrated regions of NR1A protein (Fig. 
1A).  These NR1-enriched donlains mani- 
fested themselves as patches or elongated 
stripes as well as punctate microclusters. T h e  
organization of NR1 into highly concentrat- 
ed do~uains is unique among heterologously 
expressed glutamate receptors we have ex- 
amined. For example, the AlvlPA receptor 
subunit GluR1 and the kainate receptor sub- 
unit GluR6 are found throughout transfected 
Q T 6  cells, \vith large amounts of intracellu- 
lar staining and no  regions of receptor en- 
richment (Fig. 1 ,  B and C ) .  Indeed, ~vithin 
the same cell cotransfected with both GluR1 
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and NR1 cDNAs, GluRl protein was found 
to be distributed throughout the cell (Fig. 
lB), whereas NR1 protein was found in dis- 
crete NR1-enriched domains (Fig. 1A). Im- 
munoblot analysis of QT6 cell lysates 
showed that QT6 cells do not express endo- 
genous forms of these receptor subunits and 
that GluR1, NR1, and GluR6 staining was 
specific for transfected cells (23). The ob- 
served receptor-rich domains of NR1 were 
similar to the clusters of AChRs induced by 
coexpression of AChR subunits with the 
synaptic protein 43K (22), which suggests 
that similar mechanisms might be involved 
in the subcellular localization of these two 
receptors. 

The finding that the NR1 subunit was 
concentrated in discrete subcellular do- 
mains very similar to those reported for 
43K-induced AChR clusters suggested that 
the NR1 molecule contains a region re- 
sponsible for targeting the receptor subunit 
to these domains. To determine the region 
of the NR1 molecule necessary for the for- 
mation of the NR1-enriched domains, we 
expressed four different NR1 splice variants 
(NRlA, C, D, and E) in fibroblasts and 
examined their subcellular distribution. 
The four NR1 splice variants differed only 
in the presence or absence of two exon 
cassettes (referred to here as CI and CII) in 
the COOH-terminal domain of the mole- 
cule. Deletion of the 37-amino acid CI 
exon cassette occurs in-frame, whereas de- 
letion of the 38-amino acid CII exon cas- 
sette causes a reading frame shift that results 
in an altered and slightly truncated COOH- 
terminal amino acid sequence (15). Serines 
within the CI exon cassette are phospho- 
rylated by PKC (18), which suggests that 
the COOH-terminal region of NR1 is in- 
tracellular and could potentially interact 
with cytoskeletal elements involved in or- 
ganizing the NR1-enriched domains. 

Localization of NR1 protein by immuno- 
fluorescent staining showed that the splice 
variants NRlA and NRlD were concentrat- 
ed in discrete domains when expressed in 
QT6 cells, whereas the splice variants NRlC 
and NRlE were distributed throughout the 
cell in a manner similar to GluRl and 
GluR6 (Fig. 2A). The primary difference 
between these two pairs of NR1 splice vari- 
ants is that the CI exon cassette is present in 
NRlA and NRlD but absent in NRlC and 
NRlE (Fig. 2A, blue bar). Thus, the 37- 
amino acid CI exon cassette was necessary 
for the formation of NR1-enriched domains, 
which indicates that alternative splicing can 
regulate the subcellular distribution of the 
NR1 subunit. Immunoblot analysis of QT6 
cell lysates confirmed the specificity of the 
antibodies and showed that the expression 
levels of the different splice variants were 
approximately equal (23). 

To further examine the effect of the CI 

Fig. 1. Expression and 
distribution of glutamate 
receptor subunits in fi- 
broblasts. QT6 cells 
were transiently cotrans- 
fected with expression 
vectors containing NR1 
and GluRl cDNAs (A 
and 6) or transiently 
transfected with GIuR6 
cDNA (C) (20). Cells 
were fixed and stained 
with either antibodies to 
both NR1 (A) and GluRl 
(6) or antibodies to GIuR6 (C) and appropriate secondary antibodies conjugated with rhodamine (6) and 
fluorescein isothiocyanate (FITC) [(A) and (C)] and visualized by immunofluorescent microscopy (27). The 
percentages of transfected cells exhibiting enriched domains of receptor protein were 72 % 8% for NR1, 
0% for GIuRl , and 0% for GIuR6 (n = 3, >I00 cells counted for each experiment). Bar, 10 pm. 

cassette on the subcellular distribution of the 
NR1 subunit, we performed scanning laser 
confocal microscopy (24). Serial 1- to 2-pm 
optical sections of QT6 cells transfected with 
either NRlA or NRlC and stained with an 
NR1 antibody revealed a marked difference 
in the subcellular location of these two NR1 
splice variants. NRlA protein was observed 
to be associated with the plasma membrane, 
where it was found in discrete stretches (Fig. 
2B). Very little NRlA protein was observed 
in the interior region of the cell. In contrast, 
NRlC protein was distributed throughout 
the entire interior of the cell, excluding the 
nucleus (Fig. 2B). These findings suggest 
that the CI cassette, which is present in 
NRlA but not NRIC, is responsible for the 
targeting or anchoring of NRlA to struc- 
tures associated with the plasma membrane, 
perhaps through a direct interaction with 
cytoskeletal elements or constituents of the 
plasma membrane. However, because cell 

surface labeling experiments have failed to 
reveal quantitative differences between cell 
surface NRlA and NRlC, and surface anti- 
body staining has as yet been unsuccessful, 
we cannot rule out the possibility that the 
NRlA-enriched domains might lie just be- 
neath the plasma membrane. 

The finding that the CI exon cassette was 
required for localizing the NR1 subunit to 
plasma membrane-associated NR1 -enriched 
domains, combined with the previous results 
that serines contained within the CI exon 
cassette are phosphorylated by PKC (18), sug- 
gested the possibility that protein phosphory- 
lation might also regulate NR1 distribution. 
Treatment of NRlA-expressing QT6 cells 
with the PKC-activating phorbol ester 12-0- 
tetradecanoyl phorbol-13-acetate (TPA) 
caused rapid disruption of the NRlA-en- 
riched domains, resulting in an altered NRlA 
subcellular distribution resembling the normal 
distribution seen for NRIC, GluR1, and 

Fig. 2. Regulation of NR1 distribution in fibroblasts by alternative splicing. (A) QT6 cells were transiently 
transfected with the cDNAs for four different NRl splice variants (NRIA, NRlC, NR1 D, and NR1 E) that 
differ in the presence or absence of two exon cassettes (CI and CII) in the COOH-terminal region of the 
protein [indicated by blue (CI) and yellow (CII) boxed regions] (20). Cells were fixed and stained with 
antibodies to NR1 that recognize COOH-terminal peptide sequences, along with FITC-conjugated 
secondary antibodies, and visualized by immunofluorescent microscopy (27). (6) NRIA- and NRlC- 
expressing QT6 cells were fixed and stained with an NR1 antibody and an FITC-conjugated secondary 
antibody as in (A), and horizontal optical sections (1 to 2 pm thick) approximately 2 pm above the level of 
cell attachment were obtained by scanning laser confocal microscopy (24). The percentages of trans- 
fected cells exhibiting enriched domains of receptor protein were 72 5 8% for NRlA, 0% for NRlC, 68 
2 8% for NR1 D, and 0% for NR1 E (n = 3, >I00 cells counted for each experiment). Bar, 10 pm. 
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GluR6 (Fig. 3A, top). Mutation of two serines 
in the CI exon cassette (S889A and S890A, 
where S is Ser and A is Ala), which are 
phosphorylated by PKC (18), completely 
eliminated the phorbol ester-induced disrup- 
tion of the NRlA-enriched domains (Fig. 3A, 
middle). However, mutation of two nearby 
serines in the CI cassette (S896A and 
S897A), which are also phosphorylated by 
PKC, had no effect on the phorbol ester- 
induced disruption of the NR1-enriched do- 
mains (Fig. 3A, bottom). 

The finding that PKC phosphorylation of 
different serines located just six residues apart 
had different effects on the subcellular distri- 
bution of NR1 suggests a high degree of spec- 
ificity in the interaction or interactions re- 
sponsible for the formation of the receptor- 

rich domains. Scanning laser confocal micros- 
copy of NRlA-expressing QT6 cells treated 
with either control solution or phorbol ester 
showed that TPA treatment induced the rap- 
id redistribution of NRlA protein from dis- 
crete, concentrated stretches associated with 
the plasma membrane to interior regions of 
the cell (Fig. 3B) (24). Again, this altered 
distribution of NRlA was very similar to the 
normal distribution of the NRlC subunit ob- 
served in QT6 cells. Moreover, the phorbol 
ester-induced redistribution of NRlA protein 
was reversible upon washout of the phorbol 
ester (25). Our findings thus indicate that 
phosphorylation of specific serines contained 
in the CI exon cassette can regulate the sub- 
cellular distribution of the NRlA subunit. 

To determine whether the CI cassette was 

Fig. 3. Regulation of A 
NR1 distribution by pro- 
tein phosphorylation. (A) 
QT6 cells were transient- 
ly transfected with the 
cDNA for wild-type 
NRlA (top), an NRlA 
mutant with Ser (S) at 
positions 889 and 890 
converted to Ala (A) 
(middle), or an NRlA 
mutant with Ser at posi- 
tions 896 and 897 con- 
verted to Ala (bottom) 
(20). The cells were 
treated for 1 hour with ei- 
ther 100 nM TPA (right 
panels) or control solu- - 
tion (left panels) immedi- 

scanning laser confocal microscopy (24). Bar, 10 pm. 

ately before fixation and staining with an NR1 antibody and an FITC-conjugated secondary antibody (27). 
Stained cells were then visualized by immunofluorescent microscopy (27). Bar, 10 pm. (B) NRlA- 
expressing QT6 cells treated with either 100 nM TPA (bottom) or control solution (top) were fixed and 
stained with an NR1 antibody and an FITC-conjugated secondary antibody as in (A), and horizontal 
optical sections (1 to 2 pm thick) approximately 1 pm above the level of cell attachment were obtained by 

NRl b 

NRlA z TPA 

both necessary and sufficient for localizing the 
NR1 subunit to receptor-enriched domains, 
we constructed GluR1-NR1 chimeric recep- 
tors containing NR1 sequences inserted into 
the AMPA receptor subunit GluRl (26). The 
first GluR1-NR1 chimera tested, NGluR1- 
Cterm, contained the entire NR1 COOH- 
terminal region from putative transmembrane 
domain IV to the COOH-terminus (amino 
acids 834 to 938 of NRIA) inserted into the 
COOH-terminal region of GluRl between 
residues 887 and 888. Wild-type GluRl pro- 
tein is normally present throughout trans- 
fected QT6 cells, with large amounts of intra- 
cellular staining (Fig. 4A). However, transfec- 
tion of the NGluR1-Cterm cDNA into QT6 
cells followed by fixation and immunofluores- 
cent staining with an antibody to GluRl re- 
vealed that the COOH-terminal region of 
NRlA was sufficient to induce the formation 
of highly concentrated domains of the 
NGluR1-Cterm chimeric receptor (Fig. 4B). 

To narrow down the region of NRl suffi- 
cient to induce the formation of GluR1-en- 
riched domains, we made a second NR1- 
GluRl chimera containing two copies of the 
CI exon cassette of NR1 (amino acids 859 to 
902) inserted in series in the COOH-terminal 
region of GluRl between residues 887 and 
888 [referred to as NGLUR~-(CI)~]. Immu- 
nofluorescent staining of QT6 cells expressing 
the NGluR1-(CI), chimera revealed the 
characteristic concentrated domains of recep- 
tor protein observed with NRlA (Fig. 4C). 
Immunoblot analysis of QT6 cell lysates indi- 
cated that the GluRl antibody specifically 
recognized wild-type GluRl and NGluRl chi- 
meras and that expression levels of the three 
receptors were approximately equal (23). Fur- 
thermore, treatment of both NGluR1-Cterm 
(Fig. 4D) and NGluR1-(CI), (Fig. 4E) ex- 
pressing QT6 cells with phorbol ester resulted 
in the rapid disruption of the chimeric recep- 
tor-rich domains in a manner similar to that 
of NR1 A. These results demonstrated that the 
CI exon cassette was sufficient to induce 
GluRl to form receptor-enriched subcellular 
domains, which were completely disrupted by 
treatment with phorbol ester. 

NMDA receptors aggregate at synaptic 
sites (4, 5) and may associate directly or 
indirectly with the cytoskeleton (8, 9). In 
addition, neurons in the CNS contain intra- 
cellular pools of glutamate receptors, includ- 
ing NMDA receptors (3, 4). In this study, 
alternative splicing and phosphorylation of 
the NR1 subunit of the NMDA receptor 
were shown to regulate the subcellular dis- 
tribution and plasma membrane association 
of NR1 subunits expressed in QT6 quail 
fibroblast cells. Alternative splicing and pro- 
tein phosphorylation may provide regulatory 
mechanisms for control of the distribution of 
the NMDA receptor between intracellular 
pools and the postsynaptic membrane. In- 
deed, the temporal pattern of NR1 splice 
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1-arlant exyress~on appears ti) I?e ile\.elnp- 
mentally regulateil, n-it11 the CI ca\acttc- 
c o n t a ~ n ~ n g  a1:llce \-,~rlal~ts t i sh ib i t~ l l~  in- 
creased espueszlun levels ,~r+~lniI,  anil Imme- 
diately after, t l ~ e  tillle of birth, a tillle of 
111tcnsc synaptc~genesis ~n the lllamlllalla~l 
C N S  ( 17). Tlle rL>le ot NR7 s~~l-units in the 
s~~l~cel lular  li>cali:atic311 of S'LlD.-i receptors 
i, unl;l~o~vl~. Tllc S R 7  s u b u ~ ~ i t s  contain laree 
COOH-tcrmll~al  domain< that ;Ire 1ll;ell to 
cc~ntaln adilltiol~al targeting seiluences. Reg- 
~llation of the cellular clistril:~~ti~)n, mem- 
liral~e dcniity, and cytoil;cletal ~n tc rac t~ons  
i ~ f  N'LlD.4 rticcpt~irs at t l ~ c  syl~apses may 
prove to he ~ m p o r t a l ~ t  processes in Iwth syn- 
aptogenesis and in long-term alterations L)f 
,jnaptic eif~cifncy that u l~~ler l ie  s\-naptic 
plas t~c~t \ - .  
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Domain Interaction Between NMDA 
Receptor Subunits and the Postsynaptic 

Density Prstein PSD-95 
Hans-Christian Kornau, Leslie T. Schenker, Mary B. Kennedy, 

Peter H. Seeburg* 

The N-methyl-D-aspartate (NMDA) receptor subserves synaptic glutamate-induced trans- 
mission and plasticity in central neurons. The yeast two-hybrid system was used to show 
that the cytoplasmic tails of NMDA receptor subunits interact with a prominent postsyn- 
aptic density protein PSD-95. The second PDZ domain in PSD-95 binds to the seven- 
amino acid, COOH-terminal domain containing the terminal tSXV motif (where S is serine, 
X is any amino acid, and V is valine) common to NR2 subunits and certain NRI splice 
forms. Transcripts encoding PSD-95 are expressed in a pattern similar to that of NMDA 
receptors, and the NR2B subunit co-localizes with PSD-95 in cultured rat hippocampal 
neurons. The interaction of these proteins may affect the plasticity of excitatory synapses. 

pr~)pertles that in~licate they l ~ a v c  a central 
role 111 si-naptic plaitlc~ty and L I I ~ I I I L ) ~ ~  for- 
matlo11 (2 ) .  T l~esc  receptors are fL)rmeii by 
asseml3ly of the p r i l~c~pa l  iul7~1111t NR1 (-3) 
n-lt11 ~lii'fercnt mcdulator\- NR7 sl~lhllnlti 
( S R l X - D )  ( 4 ) .  .4 conipicuoui structural 
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feature of the NR7 su l~~ i l~ i t a  is their extend- 
ed, intracell~llar COOH-terminal sequence 
distal to the last tranamcmhrane recic~n (51, 
u.hic11 may anchor the receptors o r  aiiemble 
a s~~nal- t ransi iuci~le  cc~mples for the volt- 
age-Llepel~dent Ca'+ entry thrL)ugh the clw 
tamate-activate1 1011 channel (6) .  Thus, wc 
set out to ~ d c n t i h  ~ntraceliular lir~)telns that 
hll~il  to the NR7 S L I ~ ~ I I I L ~ . ;  at iynapies. 

\Ye ~ ~ s e d  the t\vo-h\-hriil .;\-item (7) to 
i~ len t~fy  such cellular targcti for  the C O O H -  
terll~ll~al iiomain ~ > i  NR7 sllbuniti. ?I I~ai t  
col~i i i t i l~p of t l ~ c  yeart GAL4 D N A  l ~ i n d ~ n g  
L ~ C J I I I ~ I I ~  (aminL> A C I L ~ S  1 to 147) tll\c~l to the 
entire COOH-te rm~na l  ilomain ( 677 ~ ~ I I I L )  




