
was the snge  base pair deletion found in amn, sug- 
gesting that random sequence polymorph~sms are 
rare or absent in t hs  reading frame 

21 A. M~yata e: a1 , Biochem Biophys. Res. Commun. 
164, 567 (1989); K. 0 g 1 ,  C Kimura, H. Onda, A. 
Arimura, M. Fujno, ibid 173, 1271 (1 990); C K i m ~ r a  
et a1 , ib!d 166, 81 (1 990). 

22. Drosophla appears to possess several ieuropep- 
tides iiomologous to mammaan pelstides [R. Ni- 
chols, S. A Schneuvdly, J E. Dixon. J Blol Chem 

263, 121 67 (1 9881: T. Lundqust and D R Nassel, J 
Comp. Neuro 294. 161 (1990), D R Nassel, T. 
Lundquist, A Hoog, L Grimelius, Braln Res 507, 
225 (1990)!. and an amn homolog may occur in 
mammals (M B Feany, unpubshed obsewatons). 
Ths homoog may not be Identical to PACAP gven 
the restricted homolog~es of the two proteins. Dro- 
so,ohi/a contains a h g h y  related PACAP homoog 
that IS distinct from amn r'/ Ziiong and L. A. Peria, 
iVeuron, 14, 527 (1995) 

Control of Proton Sensitivity of the NMDA 
Receptor by RNA Splicing and Polyamines 

Stephen F. Traynelis,* Melissa Hartley, Stephen F. Heinemann 

The function of the N-methyl-D-aspartate (NMDA)-preferring glutamate receptor can be 
regulated by extracellular pH, a process that may be important during ischemia in the brain 
or during seizures. Protons inhibit NMDA receptor function by 50 percent at pH 7.3 through 
interactions with the N R I  subunit, and both polyamines and N R I  exon 5 potentiate 
receptor function through relief of the tonic proton inhibition present at physiological pH. 
A single amino acid (lysine 21 1) was identified that mediates the effects of exon 5 in the 
rat brain. Electroneutral substitutions at this position restored pH sensitivity and, conse- 
quently, polyamine relief of tonic inhibition. This effect, together with the structural simi- 
larities between polyamines and the surface loop encoded by exon 5, suggest that exon 
5 may act as a tethered pH-sensitive constitutive modulator of NMDA receptor function. 

NMDA recentors serve inanv functions 111 

the  d e ~ e l o ~ l i ; ~  and adult cektral nervous 
svstein ( 1 ) .  However, actlr7atlon of these re- , , 

ceptors also can contribute to the pathophys- 
iology of epilepsy (2)  and stroke (3). O n e  
way the brain protects itself from the potell- 
tiallv harmful actions of N M D A  recentors is 
to tightly regulate their filnction, indeed, 

NMDA receptors are controlled by inany 
elldogeno~ls substances as well as second 
messenger systems (1 ). Of the effects of en- 
dogenous lolls o n  N M D A  receptor f ~ ~ n c t i o n ,  
inhibition by extracellular protons (4, 5 )  is 
particularly interesting for three reasons. 
First, ion-selective electrodes have provided 
inforlnation that describes changes in extra- 

23. M.B F tiianks M S Li\,ngstone and W W. Bender 
for tiieir generous intellectual and mater~al support of 
t hs  work. We thank W W Bender and E Folkers for 
comments on the manuscript L"V GG.. was suppori- 
ed by grants BNS-9021698 and BNS-9410934 from 
NSF, and L"V W Bender by a grant from NIH. B. 
Hamilton, T. Sciivdarz, iu Brown, and G. Rubin gen- 
erously donated cDNA braries. 
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cellular pH d~lring normal brain function 
(6). For example, the acidic and alkaline 
transients associated with synaptic transmis- 
sion are sufficient to alter synaptlc N M D A  
receptor activation (6). Second, the acidifi- 
cation of the interstitial spaces that occurs 
during both seizures and ischemia (7) w111 
inhibit N M D A  receptors. Beca~lse N M D A  
recentor activation is critical to both seizure 
development and stroke-induced neuronal 
damage, receptor inhibition by falling pH 
should serve as negatir7e feedback (5 ,  8). 
Third, the  sensitivitv of N M D A  receDtors to 
physiological concentrations of protons sug- 
gests that N M D A  receptors are tonically 
inhibited at physiological p H  (5).  

W e  studied the proton sensitivity of re- 
combinant rat N M D A  receptors expressed 
in Xenopus lnevis oocytes (9) and in HEK 293 
cells (10). Similar to native N M D A  recep- 
tors (5) ,  rat hoinoilleric NR1 (1 1 )  f ~ ~ n c t i o n  is 
strongly inhibited by physiological concen- 
trations of protons (Table  1) .  This observa- 
tlon suwests that the NR1 subunit contains "- 
molecular entities that r eg~~la te  receptor 
function in a pH-sensitive manner. 

A t  least three exons (Fig. 1 A )  can be 

Fig. 1. Control of NMDA receptor proton lnhlbtlon A NRI alternat~vely spl~ced exons 
by NRl exon 5 (A) NRl IS constructed from 22 I 2 4 5 6 7 8 9 10 11 12 13 1415 16 17 18 1920  2122r r 

exons four of wh~ch can be alternat~vely sp~ced  I l l  I I I 1  I I t  t 1 
3' 

(bold) to form nne soforms (1 1 21). stop codons 
are shown as arrowheads The th~rd exon, wh~ch 162 191 -b 211 232 

contans a stop codon IS not shown Many of the 1 1 1 1  i d 2  e j  a c a i - l e r l l  e l  S ~ S K K # U Q ~ ~ I ~ ~ L S V ~ U X ~ : G ? X ~  l a  a p ~ r i i ,  a t  n +++ - - - ++ + 
amno ac~ds  encoded by exon 5 (uppercase let- I F - (  7 -- -- 4 !3 I-------(- 
tersi Dossess s ~ d e  chans that conta~n a molecular 
orb~tal systems (-) Hel~x and P sheet reglons mmmmm'- 

---u-7---- -llm-- 

shown were predcted (12) accordng to Rost and ~ ~ ~ ~ l , , y  
Sander, accuracy was <7Z06 f t h s  reglon of NRI 
behaved as a soluble prote~n. Other algor~thms 
pred~ct hel~ces at Alaq74 to SerqSg, Valzz5 to Arg23S 
(Chou and Fasman)  HIS'^' to Lysig3 and Valzz5 B C D 
to Leu2"' (Garn~er et a / )  w~th an est~mated accu- NRI - exon 5 

racy of about 50 to 5556 P sheets were predlct- 
ed at Lys"" to Phe21g (Chou and Fasman) and 
Glu213 to PheaE (Garner et a / )  Nearly dentcal 
results were obtaned for NRI - exon 5 The 
surface probab~l~ty Index was calculated from 
the amno a c ~ d  surface probab~l~t~es (12) Down- 
ward denotes the lncreaslng l~kel~hood that res- 
 dues are access~ble to water (B) Current re- 
sponses at -60 mV In Ba2+ to glutamate + 7.6 6.8 0 01 

glyc~ne (pH 6 8 and pH 7 6) are shown from 50 s pH H+ (pM) activity 

oocytes Injected w~th NRI - exon 5 and NRI 
- exon 5 Scale bars are 10 nAand 50 s (C) Mean agon~st-nduced responses phys~olog~cal pH (7 3) and error bars are SEM (whenever larger than the sym- 
were determ~ned for NRI + exon 5 dentcal quantt~es of spl~ce var~ant cRNA bol) (D) The compos~te Hf lnhlbt~on cuwes for NRI 2 exon 5 are shown as a 
(from four preparatons) were Injected nto oocytes parwse (n = 19 cells per percent of the f~tted maxmum (see Table 1 for C,, values) The phys~olog~cal 
po~nt the aster~sk denotes P < 0 05) For all f~gures veri~cal arrows mark range IS supermposed as a box Data are from 77 oocytes 

SCIEhCE VOL 26s 1 2  blAY 1995 873 



alternatively spliced to produce eight differ- 
ent NR1 proteins ( 1  1). Two of these alter- 
native exons encode many charged amino 
acid residues and are predicted ( i 2 )  to exist 
as flexible loous on the surface of the NR1 
protein (Fig. 1A). Because the extracellular 
(5) pH sensitivity of the NMDA receptors 
implies that the proton sensor is accessible 
to H,O+, we tested ~ h e t h e r  the above- 
mentioned exons influence the pH regula- 
tion of receptor function. 

We compared txvo NR1 isoforms that 
differ only by the presence or absence of 
exon 5. The presence of exon 5 increased 
both the 50%- inhibition concentration 
(IC,,) and the Hill slope for proton inhibi- 
tion (Fig. 1, B through D). The sum of these 
effects is a change in the proton sensitivity of 
exon 5-containing receptors within the 
physiological pH range (superimposed as a 
box in Fig. ID). This relief of tonic inhibi- 
tion by physiological concentrations of H+ 
doubled the current (Fig. 1C), which could 
explain reports of increased current ampli- 
tudes for splice variants that contain exon 5 
(1 1). Both proton inhibition and its modu- 
lation by NR1 exon 5 n-ere insensitive to 
changes in voltage (P  > 0.2; n = 40 oo- 
cytes), ~ h i c h  distinguishes this regulation 
from the effects of pH on membrane surface 
charge. Examination of the proton sensitiv- 
ity of receptors encoded by each of the eight 
alternatively spliced NR1 complementary 
DNAs (cDNAs) indicated that only exon 5 
controls H+  inhibition 11 3 ) .  . . 

Coexpression studies suggest that the rat 
NR1 and NRZ subunits assemble to form 
heteromeric receptor complexes ( 14). Be- 
cause the exmession of NR2 subunits is 
widespread, n.e also examined exon 5-medi- 
ated control of the pH sensitivity of hetero- 
lneric NMDA receptors. Coexpression of 
NR1 and NR2 (Table 1) revealed that exon 
5 relieved pH inhibition for heteromeric re- 
ceptors comprised of NR1 plus NR2A, 
NRZB, and NR2D but not NRZC 115). The ~, 

effects of exon 5 were unrelated to agonist 
concentration (1 6), Ca2+ concentration (9), 
or potentiation ( 1  1 ) by 1 pM Zn2+(P < 0.1; 
n = 6). Recombinant non-NMDA receptors 
were insensitive to pH (1 7). 

Holv does exon 5 modulate the pH sen- 
sitivity of NMDA receptors? Exon 5 could 
uerturb the NR1 tertiary structure and alter 
;he partial charge distl'ibution within the 
ionizable residues that may comprise the pH 
sensor. Alternatively, amino acids encoded 
by exon 5 might be close enough to the 
proton sensor to either directly shield or 
alter access to it. 

Although evaluation of potentially subtle 

S. F .  Traynel~s, Deoariment oiPharmacolcgy, Emory Unl- 
versty, Atlanta, GA 30322, USA. 
M. Hariey and S. F. He~nemann, Molecular Neuroboogy 
Laboratob~, Salk Institute, La Jola, CA 92037, USA, 

'To whom correspondence should be addressed 

rearrangements requires currently unavail- ferent secondary structure prediction algo- 
able structural data, there are three testable rithms all suggest that the inclusion of exon 
predictions of the shielding hypothesis. First, 5 into NR1 expands a surface loop located 
if exon 5 directly shields a surface proton near the splice site (Fig. 1A). Second, the 
sensor, it should not perturb the underlying Debye length describing the spatial effect of 
secondary structure. Results from three dif- electric fields produced by individual ions is 

Table 1. Oocytes were injected with NMDA receptor cRNA, and currents were recorded under voltage 
clamp in response to glutamate + glycine. The expression 

Response = (maximum - minimumj/{l + ([H']/IC,,)"} + min~mum 

was fitted (least squares) to the averaged data. C,, values are given n pH un~ts and concentration to the 
nearest 5 nM (with the use of an activty coefficent of 0.8); n is the Hill slope. Measurements were made at 
5 to 10 pH values from 235 oocytes. Exon 5 Increased C5, values n all cases (P < 0.002) (27). The H+ 
sensitvty was Identical in NRl and NRI + NR2 receptors (P > 0.01). Equivalent results were obta~ned for 
NRI + NR2A or - 6  subun~ts coexpressed in HEK 293 cells (n = 28 cells). Heteromeric receptors that 
contained NR2C were nsens~tive to pH (15) regardless of the exon confguration of NRI (P < 0.2; n = 27 
oocytes). 

NRI - exon 5 NRI + exon 5 
Subunit Agon~st 

lCjo (nM) C5, (pH) Slope IC,, (nM) Cjo (pH) Slope 

NRl Aspartate 65 7.3 1 .0 220 6.8 1.9 
NR1 NMDA 60 7.3 1.1 225 6.7 1.9 
NRI Gutamate 50 7.4 1.2 305 6.6 1.6 
NRl + 2A Glutamate 80 7.2 1.5 270 6.7 2.3 
NRI + 2 6  Glutamate 60 7.3 1.2 270 6.7 1.6 
NRl + 2D Glutamate 65 7.3 1 .0 285 6.6 1.6 

Fig. 2. Structural determl- 
nants of the control of pro- 
ton sens~t~v~ty by exon 5 in 
NRI.  (A) S~te-d~rected mu- 
tagenes~s (19) was used to 
convert the indicated 
codons (right) to glyc~ne 
codons (21). We examined 
H+ inhibit~on by record~ng 
homomer~c receptor-medl- 
ated currents at pH 6.8, 7.6, 
and 8.4 (In Ba2+). A re- 
sponses are shown as a 
percent of that at pH 8.4 (n 
= 49 oocytes). These muta- 
t~ons had e~ther no effect 
(K190G, K192G, K193G, 
and R194G; P > 0.2) orvery 
sl~ght effects (K192-K193- 
R194; P < 0.02) on pH sen- 
sit~vity. S o d  n e s  are f~tted 
H+ n h b t o n  cuwes for w ~ d -  
type responses (n = 40; see 
Table 1 for equat~on). (B) 
Mutant receptors were € 1 -  

ther Identical n sens~t~vity to 
pH as w~ld-type receptors 
were (D200A and D205A; P 
> 0.05) or less sensit~ve 
(El97 and E197-D200- 
D205A; P < 0.05) (data from 
42 oocytes), (C) Mutants 
P210G, K214G, K207G, 
and R208G had m~nmal  ef- 
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fects on H+ sensitiv~ty (P < 
0.02). By contrast, the mutant K207-R208-K211G completely restored pH senstivty (P < 0.001). Data 
are from 56 oocytes. (D) The srngle mutaton K211G largely restored pH senstivity, and the rank order of 
effectveness w~ th  which amino acids at this pos~tion relieved proton inhibition (K > R > Q > G; P < 0.01 
for all) matched the expected proton exchange rates for side chain functional groups for these amino 
acids in free solution (-NH,- > -NHC(NH,),- > C O N H ,  >> a-CH,). Data at pH 6.8 are expanded (n 
= 41); the open symbol is the wd-type response. 
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inversely proportional to the square root of 
the ionic strength ( I )  of the solution. Con- 
sequently, alterations in I can be used to 
probe the degree of shielding at the proton 
site. If the relief of proton inhibition by N R l  
exon 5 involves intraprotein shielding, then 
the exon 5-mediated increase in the IC,, 
value for protons should be greater when I is 
reduced and attenuated bv larger values of I. 
Consistent with these predictions, xire found 
that ionic strength was significantly correlat- 
ed with the ability of exon 5 to relieve H f  
inhibition (18). 

Third, if any of the charged amino acids 
within exon 5 act to shield the pH sensor, 
then replacement of the determinant ammo 
acids by less electronegative residues should 
decrease this shielding. We used site-direct- 
ed mutagenesis ( 19) to alter 12 amino acids. 
Only substitut~ons for LysU1 markedly re- 
duced the effects of exon 5 on pH sensitivity 
(Fig. 2). For instance, exchanging three 
charged ammo acids that included Lys2'' 

completely restored the proton sensitivity of 
NR1 + exon 5 ~vithout altering fundamental 
receptor properties (20). Furthermore, the 
individual mutation K2 11 G (2 1 ) restored 
most of the pH sensitivity to receptors con- 
taining exon 5, whereas more electronega- 
tive substitutions (K211Q and K211R) were 
less effective (Fig. 2D). These results are 
consistent with the idea that exon 5 increas- 
es the shielding of the proton sensor. 

Given that the amino acids encoded by 
exon 5 are predicted to comprise a surface 
loop with structural similarities to poly- 
arnines, we wanted to knoxi: if this exon acts 
in a manner analogous to that of poly- 
amines (22, 23). Two previous reports are 
consistent with this idea. First, only NMDA 
receptors that lack NR1 exon 5 (that is, 
only Ht-sensitive receptors) are potentiat- 
ed by the endogenous polyamine spermine; 
second, polya~nlnes Increase the median ef- 
fective concentration (EC,,) for glutamate 
to the same extent as the fifth exon itself 

[Spermine] (pM) 

F 

PH lp~6.a11p~7.6 (%I [sperminel (PM) 

Fig. 3. Relief of tonic proton inhbition by polyamines. (A) Composite pH inhibition curves are shown for 
( N R I  - exonS)NR2B receptors in the absence and presence of 100 FM spermine. This submaximal 
concentration of spermine increases the IC,, value 2.5-fold (P < 0.001 ; n = 53 oocytes). The thin lhne 
indicates the inhibtion curve for (NR1 + exon 5)NR2B. For all panels, experments were performed at 
-40 mV in Ba2+ with 20 to 50 p,M glutamate plus 5 pM glycine. (8) Spermne (100 pM) has minimal 
effects (P < 0.05) on the H' sensitivity of (NR1 + exon 5)NR2B (n = 44). (C) Spermine relleves H- 
inhibltion of (NR1 - exon 5)NR2B receptors wlth an EC,, value of 163 pM (Hill slope = 1.5): 1 mM 
spermine also relleves the slight H'inhbition of ( N R I  + exon 5)NR2B receptors (n = 66 oocytes). (D) 
Potentiation of current responses by 100 pM spermine varies with pH for ( N R I  - exon 5)NR2B and (NR1 
+ exon 5)NR2B receptors harboring mutations that restore H +  sensitivity (n = 71). Only NR1 + exon 5 
receptors that contain substitutions for Lys2" are potentiated by 100 FM spermine at pH 7.2 to pH 7.6 
(n = 205 oocytes; not shown in figure) (23 ,  although K190G also had a sllght effect (P < 0.05; n = 7). (E) 
There is a strong correlation (r = 0.95; P < 0.02) between the restoration of pH inhibition and spermlne 
potentiation at pH 7.2 in (NRl exon 5)NR2B. Each point represents data from 10 to 35 oocytes (total 
= 108). (F) Spermine dose-response curves are shown for the reilef of H-  inhibition at pH 6.8 for wild-type 
(NR1 - exon 5)NR2B (open symbols) and [NRl + exon 5(K211 G)]NR2B (filled symbols); relief of H +  
inhiblt~on by concentratons below 1 mM (solid lines) is insenstive to voltage (24). Spermine potentiaton 
of glutamate-nduced currents is expressed as (I,,,, - l,On)/(lax - I,,,) x 100, where I,,,, is the current 
In the absence of spermine, I,,, is the current in the presence of 1 mM Spermine, and I,,,, is the test 
current. The concentration-effect curve for K207-R208-K211 G (n = 5: not shown in figure) was similar 
(28) to that for the w~ld-type receptor + exon 5. EC,, values were not determined given'the potentla1 
receptor block by spermine at concentratons greater than 1 mM. Data are from 30 oocytes. 
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(23). Because heterolneric receptors con- 
taining the NR2B subunit are far more sen- 
sitive to s~ermine  than other NR2-contain- 
ing receptors (24), we tested the effect of 
polyamines on proton inhibition using this 
receptor combination. Further~nore, al- 
though spermine inhibits native NMDA 
receptors in a voltage-dependent manner 
(22), NR1-NR2B receptors exhibited no 
inhibition at -40 mV by 1 mM spermine 
(24). If sperrnine relieves the tonic inhibi- 
tion of NMDA receptors by protons at  
physiological pH, then (i) spermine should 
increase the IC,, values for oroton inhibi- 

_1U 

tion only for receptors lacking exon 5,  (ii)  
spermine potentiation should be greater a t  
reduced pH, and (iii) spermine potentia- 
tion should be partially restored by rnuta- 
tions that inactivate exon 5. 

Figure 3 presents results that confirm 
these predictions. Submaximal concentra- 
tions of sperlnine shifted the proton inhibi- 
t ~ o n  curve to the right only for receptors 
that contained the proton-sensitive NR1 
-exon 5 s ~ b u n l t  (Fig. 3 ,  A and B). Further- 
more, the proton sensitivity of such recep- 
tors was abolished by extracellular spermine 
with an EC,, value (163 KM) (Fig. 3C)  
that is similar to the value reported for 
sperrnine potentiation of native neurona! 
receptors (22, 23). Sper~nine potentiation is 
greater for receptors inhibited by low pH 
(Fig. 3D), and mutations that restore pro- 
ton sensitivity to exon 5-containing recep- 
tors also restore their sensitivity to sperrnine 
(Fig. 3E). Mutations that fully restore pro- 
ton inhibition do not restore the level of 
spertnine potentiation to that of the wild- 
type receptor, which is consistent with the 
~ d e a  that the actions of spermme (but not of 
highly lnoblle H t )  might be hindered by 
the inactivated fifth exon in a complex 
manner (Fig. 3 ,  D through F) that involves 
more than direct comnetition. 

Our results-that proton inhibition of 
the NMDA receptor is determined by the 
presence or absence of exon 5 in the NR1 
subunit and that the relief of proton inhi- 
bition by exon 5 explains potentiation by 
extracellular polvarnines-have several irn- L ,  

plications. For example, the mechanism of 
polyamine potentiation of NMDA recep- 
tors that lack exon 5 (23) is siinply the 
relief of tonic inhibit~on present at physio- 
logical pH. In addition, the attenuation of 
proton inhibition by either polyamines or 
inclusion of N R l  exon 5 enhances neuronal 
excitability and also reduces the negative 
feedback of extracellular acidification sec- 
ondary to seizure or stroke on NMDA re- 
ceptor activation (5,  7, 8). It fo1lon.s that 
brain regions that express exon 5 (that is, 
the brainstem, thalamus, cerebellum, col- 
liculi, hippocarnpal CA3, pontine nucleus, 
sensorimotor cortex, and subthala~nic nu- 
cleus) (25) may be uniquely vulnerable to 



glutamate-induced neuropathologies (2, 3). 
Finally, our data raise the intriguing possi- 
bility that the predicted surface loop encod- 
ed by exon 5 acts as a tethered modulator of 
receptor function (26), binding near the 
polyarnine recognition site (14) to consti- 
tutively potentiate receptor function. If this 
hypothesis proves to be correct, then corn- 
pounds that competitively antagonize poly- 
amine potentiation of NMDA receptors 
rnay restore tonic pH inhibition by interfer- 
ing with the association of exon 5 with its 
binding site. 
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9 Xenopus oocytes were prepared and 1njeCted wlth 
complementary RNA (cRNA) as descr~bed (1 1). Be- 
cause of the many deslgnatons for NRI s p c e  varl- 
ants ( l ) ,  we refer explicitly to the configuration of 
exon 5. Our p ro to t~~pca  constructs correspond to 
splicing variants NRI -1 a and NRI -1 b (1 1), vihich 
include exons 21 and 22. Recording solutions con- 
taned 90 mM NaCl, 3 mM KCI. 1.5 mM CaCI, or 
BaCI,. and 10 mM Hepes. o n c  strength at pH 7.55 
(0 was 103 mM with the use of the net charge on 
Hepes [P. W. Atkins, Physical Chemistiy (Freeman, 
San Francisco. 1982)l. The internal solution was 0.3 
or 3 M K C .  Voltage-clamp recordngs (1 I )  were dig- 
it~zed (1 to 5 Hz), and sustaned current ampl~tudes 
were measured off-line Unless stated othewise. re- 
sponses are to 20 to 50 FM glutamate + 5 FM 
gycne (In Ca2+) apped  for 1 to 3 m n  at 3- to 5-min 
intenlas a'ier pre-wash at the new pH; responses 
are expressed as a percentage of the mean of the 
control and recovery. Unnjected or water-injected 
oocfles did not respond to glutamate NMDA, as- 
partate. kanate, or a-amno-3-hydroxy-5-methyl-4- 
~soxazoleprop~on~c a c d  (AMPA) (pH 5.6 to 9.2: P > 
0 l ;  n = 80). NMDA receptors were insens~t~ve to 
Hepes (2 to 50 mM; P < 0.6: n = 5). The actions of 
NRI + exon 5 were Independent of C a 2  concen- 
tration (0.5 to 2 5 mM: P > 0.5, n = 29) and internal 
BAPTA (1 nmol: P > 0.05: n = 10); exon 5 was 
sght ly less effective in B a 2  (P < 0.01; n = 201). 
Current-voltage (I-Vj relationships viere obtained 
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