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Postsynaptic Glutamate Transport at the 
Csim bing Fiber-Purkinje Cell Synapse 

Thomas S. Otis,* IWichaei P. Mavanaugh, 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 frorn synchronous activation of 
transporters that greatly outnumber activated AMPA receptors. 

Tile glut,lmate transycTrrers EXAT3 ;lncl 
E.4.4T4 ,Ire esrresic.il at h igh levels ln  
cerebellar Purki~l le  cells (PCs)  i 1 ) .  Trails- 
p~>rterq ~311  PCs e x h i b ~ t  buhstrate-ind~iied 
alllull sLrrrent,. ( 2 )  si111ilar t ~ )  thL3:.e c~s>L)ci- 
ated n-it11 other I I A ~ I Y ~  (3, 4 )  and clo11eJ 
gluiamate tran.;pi>rters (5-7). Gecniise the  
ccxlductance associated n-it11 t h e  ~ l i i t a -  
Illate transporter ha i  a 111y11 permeal:illty 
to  KO,- ,1nJ S C N -  ( 4 ,  61, they were iiseil 
as the  major intracellular anions in  P C  
recordings. Extracelliilar stimulation 111 

t he  gr,~nule cell layer of cerebellar sllcei 
elicited a l l - i > r - n o ~ ~ e  excitatarj- yostsvnap- 
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tic s~ i r ren t s  (EPSC.;), ~ugyesting a c t i ~ a -  
t ion 1,). s~ng le  cli~nbillg filler (CF)  atter- 
ents (Fig. l A )  (8). These cLirrenra n7ere 
mediated in  part by . lh ' lPA (a-amino-  
3-l~~Llroxy-S-metl~yl-4-isoxa~~~1epro'i~~~~ic 
x i? [ )  receptor;, because 1C  t o  25 ~ h . 1  
NGQX b1acl;ed more than 95% a f t h e  cur- 
rent (Fig. l r i )  anil adilitian of the  specific 
A M P A  receptor antagonist GYKI 52466 
(15 to 25 ~ b l ,  11 = 3 ) or the  N-methyl-0- 
aspartate (XblDr i )  receptor a~l tago~l is t  
(i )-3-(2-carbox\- CiCera:in-4-yl)-proL~7-l-l- 
phosphon~c acid (CPP) (3.5 FM) causeil n o  
further inhil~itian. After l~lackade of 
A M P A  ancl Kh1D.l receptors, s t i~l lu la t io~l  
still activated ina.ari1 currents Ivith NO3- 
(Fiy. 1B) (71 = 25) ~7r SCN- (n = 6 )  hilt 
not  nit11 C1-- (Fig. lB ,  illset) ( n  = 3) or 
gluconate-based (n  = 3 )  pipette salut~ons. 



With  C 1  in  the  extracellular solution, 
these responses displayed current-voltage 
(I-L') relations with the  reversal potential 
>+5C (Fig. 1B) indicating a high perme- 
ability to K O ,  and SCXL:. AhIPA recep- 
tor EPSCs in the  same recordings reversed 
a t  -6 2 2 rnV (n = 6) .  Both the  .AMPA 
receptor EPSCs and the  synaptic, anionic 
currents were all-or-none with identical 
stimulation thresholds, indicating that they 
resulted from activation of the  same C F  
(Fig. 1 C ) .  .Anionic currents were antago- 
nized by glutamate transporter antagonists 

L-trans-2,4-pyrrolidine dicarhoxcylic acid 
(PDC, 300 p h i ) ,  D,L-th~.eo-P-11ydrox~;aspar- 
tic acid ( T H A ,  300 p M ) ,  and the  EAAT4- 
preferring substrate L-a-amino-adipate (L- 
AA, 5C0 ph4), b ~ ~ t  were ~~naf fec ted  by the  
EAAT2-specific antagonist dihydrokainic 
acid (DHK, 300 p M )  (Fig. l D )  (5,  9, 10). 
As expected frotn their activities as trans- 
ported substrates, application of PDC, 
THA, and L-AA activated large inward 
currents (Fig. l n ) .  Consistent with its itn- 
munolocalization in  PCs (1 ), these results 
indicate that C F  stimulation activates a 
postsynaptic glutamate transporter current 
mediated a t  least in  part hi the  glutamate 
transporter EAAT4. 

T h e  density and  localization of fiinc- 
tional g lu ta~na te  transporters in  the  syn- 
aptic cleft i s ,no t  knolvn, but will affect 

their ability to  regulate t h e  glutarnate con- 
centration transient in  the  clett and could 
prevent glutamate f ro~ l l  "spilling over" to  
neighboring synapses. If transporters are 
distant from release sltes, t hen  their initial 
activation mav he delayed and the  rise 
time of the  PC synaptld transporter cur- 
rent ( S T C )  may be slowed by d i f f~~s ion .  
T h e  initial points of rise fro111 the  baseline 
noise of C F  EPSCs and S T C s  xe re  no t  
different (0.1 2 0.2 ms, n = l C ,  P > 0.3),  
suggesting tha t  some transporters are lo- 
cated very near release sites. However, t he  
STC rises more slolvly than  the  EPSC 
(Fig. 2 A )  (2C to  80% rise time: 2.63 2 
0.31 ms versus 0.37 + 0.03 ms) and decavs 
with two exponential  components,  hot11 
slo~ver than  the  two components of the  
EPSC decay ( s ~ ~ ~ ~  = 28 t 4 .8  ms versus 
3.8 + 0.23 ms; s ~ ~ ~ ~ ,  = 94  2 16 ms versus 
17 + 0.9 Ins: fraction of fast component = 
76 2 5'/0 versus 70 2 7% for STCs  and 
EPSCs, respectively; n = 9) .  

T o  determine whether the  rising and 
decaying kinetics of the  STC \yere slower 
t h a n  those of the  EPSC because of diffu- 
sional delays or slower intrinsic kinetic 
properties of the  transporter conductance, 
we measured the  kinetics of the  transport- 
er current activated in  outside-out patches 
by  rapid applications of L-glutamate in  the  
presence of .AMPA and N M D A  receptor 

antagonists (1 1 ). Brief pulses (0.8 to  2 ms) 
of 2 mhI L-glutamate gave transient re- 
sponses tha t  were blocked by THA (Fig. 
2B) (300 p M ,  n = 7 )  and antayonized by 
P D C  (30C p M :  9 2 ln/6 remaining, n = 3 ) .  
Longer applications ( > 2  ms) resulted in  

Flg. 1. Climbing flber A 25pM NBQX, B 
st~muat~on elicits anon 5 LLM CPP 

-80 -40 
mV 

, 40 80 
currents assoc~ated with 1041 O o o O o O o - O ~  

glutamate transport (A) -- 
Wlth 130 mM NO, ~n 1 - /  

the pipette and 100 yM 
1 2 nA picrotoxin in the bath CF 103 
1 2 5 m s  

the  appearance of a sustained component 
(Fig. 2B). In addition, six of six patches 
responded to  pulses of 10 mhI D-aspartate, 
a n  amino acid tha t  elicits transporter cur- 
rent (5,  6, 1 C).  Rise trines (20 to 8C%) of the 
transient current were 0.75 2 0.C8 111s (n = 
6)  in response to brief pulses of 2 mh'l glu- 
tamate. T h e  decay of patch responses elicit- 
ed hi 1-ms glutamate pulses (2  mhI) were 
\\-ell fitted by a single exponential time 
course (S = 7.8 2 C.8 ms; n = 6).  T h e  s lo~i~er  
rise and decay of the synaptic responses to 
glutamate may be the result of asynchrono~~s 
release, dendritic filtering, d i f f~~sion to some 
distantly located transporters, and a slow 

EPSCs are strongly dl a 
mlnlshed by 25 pM 
NBQX and 5 pM CPP 

phase of clearance at the synapse (12-14) 
that cannot he renroduced in the natch ex- 

0  

O  0  0 o'O 

periments. Together these data indicate that 
postsynaptic transporters are exposed to a 
rapid transient of glutamate after release by 
CF  terminals. 

T rans~n i t t e r  removal a t  many synapses 

(Insets) Means of three 
10zr 

s~ccessive responses - 1 5  
before and after block 0 1 2 3 4  

ade of AMPA and NMDA T ~ m e  (m~n)  

receptors V-, = -25 C 
100, 

D 
mV (B) 1 V relation for the 
response In NBQX and 
CPP (n = 10 PCs) (In- 5 
sets) Responses at dlf 51 0 
ferent V-, s (-80 to -20 2 , 
mV 1 V  = 20 mV) re- & 8k 1 
corded from a PC f e d  I - 

with NO,- (top) and from o 01 o , , o a 
J a different PC fled with -40 -20 0 20 40 60 

C I  (bottom) (C) The Relative stimulus duration (ps) 
threshold for the CF 
EPSC was determined (mean 50 ys) by changing st~mulus duration In 10 ys increments st~mulus 
ntenslty is expressed as the change relative to the threshold lntenslty At each lntenslty the average peak 
response was determined for two to four tr~als the mean of fallures and successes accounts for the 
~ntermed~ate ainpl~tude level at 0 ys After block~ng ~onotrop~c receptors st~mul were del~vered over the 
same range of ~ntens~t~es Mean peak ampltudes before (3) and after (@) NBQXICPP are plotted versus 
relatlve st~mulus ~ntenslty for three PCs (D) Transported antagon~sts (THA n = 8 PDC n = 6 and 
L a AA n = 7) that lnh~b~t (fled bars) the NBQX insens~t~ve response also elicit inward currents (open 
bars) whereas a gla spec~f~c antagonist DHK (ti = 2) 1s w~thout effect 

in  the  central nervous system nlay require 
transporters o n  postsynaptic neurons as 
well as o n  surro~inding glial cells (1 ) .  
STCs  can  be used to  estimate the  number 
of glutamate ~nolecules transported into 
the  P C  in  response to  C F  activation. 

A Whole-cell, 
CF stimulat~on t NBQX 

/ 

B 010 patch, 
2 mM L-glutamate i THA 

- - l r z l  
300 uM THA 

Fig. 2. Kinetics of transporter currents evoked by 
synaptic release and by gutamate pulses to out- 
side-out patches. (A) Super~mposition of a nor- 
malized CF EPSC (smooth trace) and an STC 
(nolsy trace). V,,, = -36 mV. (B) Outside-out 
patch responses (below) to pulses of 2 inM L- 
glutamate (1.3- and 52-ms duration) before, dur- 
Ing 300 yM THA application, and after recovery of 
the response (52-ms pulse only). The open-tip 
currents (above) illustrate the t~me course of solu- 
t~on exchange. V,, = -80 mV 
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Charge no \ -ement  i iur~ny transport results 
from the  sum o t  coilpleJ ionic movements 
( 1  K t  c o i ~ n t e r t r a ~ ~ s ~ l o r t e ~ l ,  3 N a  and 1 
Ht ciitransporteil n-it11 1 glutamate) and 
the  t lus  of alllolls that  are not  stoichio- 
metrically coilpleci to substrate m o ~ ~ e m e n t  
( 5 .  6. 15). It t he  total  amount of cllaroe 

u 

flus per cycle is knon-11, the  llilnlber of 
ghltamate lnoleci~les transported into a P C  
call he estlmateci. S i m u l t a ~ ~ e o u s  lneasure- 
ments ot raillolahele~l glutamate and 
charge f lus  \yere made from oocytes e s -  
pressing elther ELqL%T4 or EL4AT3 ani1 
containing 3C7 to 35 111M ~ntracellular 
N C 3 ;  (Fig. 3 )  ( 1 6 ) .  Specific uptake 111 

EAAT4-exCressing oocytes \\-as 35 2 7 
f~llol/s anti the  ratio o t  charge to gliltamate 
f lus  \vas 33 2 6 elementar\- charges \ e P )  
per glutamate molecule ( i ~  = 7 ) ;  for 
EAA4T3-espressing cells, the alues were 
547 2 13C7 f11101,is ani{ 3.6 2 0.1 e per 
glutamate molecule ( i ~  = 8 ) .  Tllese result> 
are consi>tent with a higher expression 
level or turnover rate of ELqAAT3 relative 
to EAAAAT4 (or bo th ) ,  and the  report that 
lnost of the  EL%ilT4 current is due to 
anion f lus  ( 5 ) .  CF  elicited EPSCs (Fig. 

qAA), a11J S T C s  (Fig. 4B) \\ere recorded 
with graiiients of pernleallt anio11s identi- 
cal to  those used tor the  oocyte thlx mea- 
surements (1 7 ) .  T h e  normali-.eJ 1-1- curve 
for STCs recoriied \\'it11 this pipette sohl- 
t ion (Fig. 3 ,  filled clrcles; i1 = 4 to 3) 
matche,i t he  1-1. curves tiom ooci-tes e s -  
pressing EAAL%T4 (Fig. 3L%, open clrcles; 
71 = 8)  and EAqL%T3 (Fig. 3B, open clrcles, 
71 = 7). STCs  were integrated ti3 yield a 
meal1 charge of 1.5 + G.? p C  (11 = 1G). 
T h e  charge/tlilx measi~rements obtaineii 
for ELqAAT3 and  EAAAAT4 p e r m ~ t  ilpper ani1 
lon.er estimates, respecti\-ely, of the  nilm- 
her of glutamate molecules translxirteii 
Jurlng the  STC, If  t he  STC is mediated 
solely 137. EAAL%T4, then  2.8 x l?' f G.3 X 

18' ph~ tamate  molecules are transported. 
If EAAL%T3 I >  the  sole transporter type, 
then  3.7 x 1G" 2 G.4 X 1G" gliltamares art. 
transporteii ( i ~  = 1G). i i l t h o ~ ~ y h  these e s -  
perlments cannot  Lietermme the  relative 
c ~ n t r i ~ i l t i o n a  of any transporter >uhtT-pe 
precisely, the  estimate of charge transfer/ 
glutamate flux for EAL%T4 places a lo\ver 
lilllit 011 the  nilmber o t  ylutainate mole- 
cules transporteil into the  P C  cluriny C F  

Fig. 3. Detern-11at1on of A 3 B 
tne number of cliarges 25 I,M [3H1i-glu A - 

25 p M  [ 3 H ] ~ - g l ~  2 t  per gI,rtan-ate n-olecLtle - - "'.Bo mv 
transoorted 13) EkkTL or :' L 

EMT3. (A; Norn-azed z'~ 
I-V plots for EMT4-ln- I - /&' 

-- 

jetted oocytes ncu- 
a'= 

bated In 36 mM NO1-. 
(,I I-V relat~on In tile 
i-~~gii-[NO,-]-,; ncuba- 80 

mV mV 
tron solut~on, Fadlola- 
beed ~ L I X  tneas~tretmet-~ts -1- -1 - 
,*/ere trade t ~ ~ t i  a sol~r- 
ton conta nlny permeant anon concentrat~ons dent c a  to t,iose crsed in tile bran slice exper~ments, and 
the I-Vcun,e for EMT4-expressng oocytes In this sol~rton $2, 1; = 81 matches the i-\/cLIn!e for the peaK 
of the STC (8. 1: = 4 to 81, ilnset' Men-brane current recorded iron- an EMT4-njected Xe!lop~s oocyte 
i8otage-can-ped at -55 ti-V In response to 25 11114 [:H]L-gutatrate. (BI I-Vcuves for EMT3-express~ng 
oocytes and the peak STC as r:i ik, (17 = 71. (Inset1 Membrane current In an EMT3-1:ijected Xe/~o ,o~~s  
oocyte 1:1 response to 25 ILM ['HIL-gutamate 

Fig. 4. Est~t-iat~on of CF q~lantal A EpSC 
content and uptake by the PC. (A' -; 
CF EPSC recorded at -25 mV t ~ l t h  ,' 
35 n-M N O ,  In the record~ng 131- 

i 

oette, iB'. The STC recorded in ti-e 
sarne cell at -60 t r V  n 25 1 ~ 1 1 4  1 . ,j,:,' , " 

I 
NBCX. 25 ILM GYK 52L66, and 2.5 400 pA I0 pA ' {:,i * I i '  

1 ,  1 \ bL 
11A4 CPP = 30C I L A ~  Thk. (Ci Three 25 ms I 

traces siio?vl:iq asvnchrono~rs re- 
lease of u n ~ t a i < ~ ~ S C s  aEPSCs1 in 
response to CF st~mulat~on in Sr2 EPSCS (SrP-) ' Averaged aEPSC 

(Dl Average of 188 aEPSCs collect- - 
, ,/---- 

ed f r o ~  10C st~tnul~ del~wered to t ie  i 

CF synapse ti I C  Ititegr~ton yeld- 
ed 2i2 pC 1,/,,, = 8 5  mV 

I 

synaptic transmission. 
T h e  11rulnher ot glutamate molecule> re- 

leased n-as estimated hy measuring the  
quanta1 content  of the  CF  EPSC corre- 
sponL1ing to each S T C .  Charye m o ~ ~ e m e n t  
associated n.ith a L ~ L I ~ I I ~ L I I T I  of trallslnltter 
was measureil by recording asynchronoils 
iluantal events (aEPSCs) after C F  EPSCs 
el-oked in  a s o l ~ l t ~ o n  c o n t a ~ n i n g  G CaCl, ,  
G.5 111h4 SrCl? ,  3.3 111M MgCl? (11 = 3 
PCs)  (Fig. 4 ,  C anii D) (18) .  Quanta1 
content  of C F  EPSCs 1t7as estimateil to be 
385 + 57 (11 = 1G). AAss~~ming that  4?GG 
molecilles of transnlitter are co~l ta i~leci  in  
each vesicle (19) ,  these Ja ta  predict that 
postt'ynal3tic t r a n s ~ o r t  hy EAAL%T4 n-oulil 
be expected to remove 8Y? molecules per 
active release site or 22 f 4 %  (n = 1G) of 
g l~l tamate  released a t  the  CF  synapse. 

Pre~, lous  studies have s h o n ~ n  that  1n11~- 
bition of transporters prolongs the  Liecay 
of C F  EPSCs (14)  and EPSCs 111 o ther  
preparations ( 1  2, 2:). W e  have found that  
t r a~~spor te r s  located o n  Purkinje neilrolls 
remove a ~~11?stantial  ti.act1011 of the  glilta- 
mate released 1?y CF contacts. O the r  path- 
ways for glutamate remin.al incliliie diffil- 
slon, transport into Bergmann g11a (21) ,  
and possibly C F  terminals. T h e  transport- 
associated currents ohser~,ed in  response to 
C F  stimulation and 111 patches have sur- 
prisingly rapid kinetics, given the  s lon~ 
turnc>~,er rates of glutamate transporters 
(22,  23 ) .  T h e  idst rlse of these currents 
lnay reqult fro111 1ocali:ation of transporters 
near release sites allowing rapl~l ,  nearly 
si-nchroniiils b ~ n d i n g  of plutamate to the  
large f'ractiim of the  transporter papilla- 
t ion that  a t  negative meml?rane pi3tentials 
is already l?ounil by N a  (23) .  Silllilar 
svnchronoi~s  actlvatii>n of transporters has 
heen repc-rrteL1 at  serotoneryic synapses 111 

the  leech (24) .  T h e  rapiil activation iif 
these cilrrents also iniilcates that  the  an- 
1011 conductance asaociateii with gluta- 
lllate transporters opens so011 after gluta- 
mate hiniling. 

iissilming the  pulse ot glutamate in the  
cleft is too short to  result 111 mul t~p le  
transport cycles, at least 8811 EAAAT4 
transporter.; are reilulred to lie bounii per 
esocytotic event.  BecauKe EAAL%T3. \vhizh 
ha. a much lo\\.er anion flux per transport 
cycle than E A k 4 T 4 ,  is alto espressecl in 
P C <  ( I ) ,  the  number ot transl3orter.; acti- 
\,ateil by each iluantal event may l?e even 
hlgher. Given A4h1Pii receptor cllall~lel  
coniiuctancec (25)  and I ~ E P S C  arnpl1- 
rude, from this stuCIy, -52 I%X,lPAA r e c e ~ -  
tors are activated 1 ~ y  a vesicle of transmit- 
ter. Thus,  transporters actlvateii by the  
contents  of a single vecicle outnurnk?er 
activated receptors 1?y a ratiii of greater 
than  15 ti> 1. Such a large populaticin of 
trallsporter~ locateil near releaqe sites will 



both speed the  clearance and  help restrlct 
t he  spread of glutamate, first by b ~ n d l n g  
and  t h e n  transporting the  translnltter 
(26) .  
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Dynamic Molecular Combing: 
Stretching the Whole Human Genome for 

High-Resolution Studies 
Xavier Michalet," Rosemary Ekong," Franqoise Fougerousse, 

Sophie Rousseaux,-i- Catherine Schurra, Nick Hornigold, 
Marjon van Slegtenhorst, Jonathan Wolfe, Sue Povey, 

Jacques S. Beckmann, Aaron Bensimoni 

DNA in amounts representative of hundreds of eukaryotic genomes was extended on 
silanized surfaces by dynamic molecular combing. The precise measurement of hy- 
bridized DNA probes was achieved directly without requiring normalization. This ap- 
proach was validated with the high-resolution mapping of cosmid contigs on a yeast 
artificial chromosome (YAC) within yeast genomic DNA. It was extended to human 
genomic DNA for precise measurements ranging from 7 to 150 kilobases, of gaps within 
a contig, and of microdeletions in the tuberous sclerosis 2 gene on patients' DNA. The 
simplicity, reproducibility, and precision of this approach makes it a powerful tool for a 
variety of genomic studies. 

R e c e n t  develop~nents in  whole genome 
sequencing projects have all emphasized the  
importance of refined physical  napping 
tools that bridge the  gap between establish- 
ing genetic maps and sequence-ready clones 
( 1 ) .  Convel~t ional  approaches such as se- 
i l ~ ~ e n c e d  tagged sites (STS),  content order- 
ing of large insert clones [YAC or bacterial 
artificial chromosomes (BAC)]  ( 2 ) ,  and re- 
striction mapping of redundant sets of 
smaller clones ( 3 ) ,  used for the  building of , 

physical maps, are tedious and time con- 
suming. New techniques developed for the  
direct visualization of clones, such as optical 
mapping (4) or fiber-fluorescence in  situ 
hybriciization (FISH) approaches (5. 6),  

have either attempted to  speed up these 
physical mapping steps or resolve some arn- 
biguities of restriction mapping. However, 
none of these can be used routinely or 
independently from other methods. More- 
over, for the  purpose of genetic disease 
screening and molecular diagnostics, there 
is a need for efficient techniaues within the 
resolution range of a few kilobases (kb)  to a 
few hundred kilobases, a challenge ad- - 
dressed neither by polymerase chain reac- 
tion (PCR)-based approaches (7) nor by 
cytogenetics techniques (8). 

W e  describe a n  approach for physical 
mapping and ~nolecular diagnostics directed 
to  the  aforementioned resolution range. 
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