
Methods 

NMDA receptors are glutamate-gated ion channels that 
mediate excitatory neurotransmission in mammalian central 
nervous system. They are heterotetramers of two GluN1 and 
two GluN2 subunits. They produce large Ca2+ currents that 
mediate critical physiologic functions. The present work seeks 
to delineate mechanisms of channel regulation by the 
ǊŜŎŜǇǘƻǊΩǎ intracellular domains. We substituted 9 serine 
residues on the cytoplasmic domain (CTD) of the GluN1 with 
alanine residues (9S/9A) to prevent their phosphorylation by 
endogenous kinases. Relative to wild type (WT) receptors, the 
phosphodeficient receptors had larger unitary conductance: 

WɹT = 59 ± 4 pS vs. 9ɹS/9A = 72 ± 3 pS, p < 0.05, which suggests 
that phosphorylation of GluN1 residues may reduce channel 
currents. Physiologically occurring splice variants of GluN1, 
which include or that lack the C1 cassette within the CTD, also 
had distinct unitary conductances: GɹluN1-1a = 75 ± 1 pS vs. 

GɹluN1-2a = 79  ± 2 pS , p<0.05; and GɹluN1-3a = 75  ± 1 pS vs. 

GɹluN1-4a = 84 ± 3 pS p<0.05. Taken together, these results 
suggest that phosphorylation sites within the C1 cassette may 
control the ŎƘŀƴƴŜƭΩǎ unitary conductance and differential 
splicing may control the ŎƘŀƴƴŜƭΩǎ sensitivity to regulation by 
phosphorylation.  
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Conclusions 

Phosphorylation of GluN1 CTD may modulate receptor Ca2+ permeability 
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Future Directions 

Acknowledgements  

Å Ca2+ permeability is affected by post-translational 
modification of intracellular GluN1 C-terminal domain. 

Å WT and 9S/9D produce a shift in Erev toward positive 
membrane voltages indicating higher Ca2+ permeability.  

Å 9S/9A produce a shift in Erev to more negative values, 
indicating lower permeability for Ca2+ rather than Na+ 

Å GluN1-3a splice variant has similar reversal potential as 
the 9S/9D non-physiological mutant  

Å GluN1-4a exhibits an interesting contrasting pattern in 
the Erev shift from 0 mM to 0.5 mM CaCl2. 

Å Elucidate differential effects of Threonine (Thr) 
phosphorylation on Ca2+ permeability and receptor 
characteristics  

Å Quantify changes in pore size as a result of 
phosphorylation and splicing by assessing the permeation 
of various sized cations.  

Å Investigate physiological roles for individual 
phosphorylation sites in the CTD.  
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GluN1 CTD splicing modulates receptor 
conductance 

Regulation of NMDA receptor unitary properties by intracellular residues on the 
GluN1 subunits 
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Figure 1: (A) HEK293 cells, passages 26 ς 32, were cultured 
in DMEM media, transiently transfected using the calcium 
phosphate method, with a 1:1:1 ratio of rat GluN1-1a, 
GluN2A, and GFP expressing plasmids. After the two hour 
incubation period, the cells were washed with PBS and 
maintained in DMEM media supplemented with 2 mM 
MgCl2. After 24 hours, the cells were washed and maintained 
in a high K

+
 bath solution. This high K

+
 bath was used to bring 

the resting membrane potential from -20 mV to 0 mV, and 
allow better control of the experimental membrane 
potential in cell-attached measurements. Borosilicate glass 
pipettes were fire-polished to create a fine smooth tip; they 
were filled with extracellular working pipette solutions 
containing (in mM) 2.5 KCl, 10 HEPBS, 0.1 Glycine, 1 
Glutamate, 10 EGTA and CaCl2 as indicated. These pipettes 
were used to record cell-attached one-channel currents at 
several voltage-potentials, as indicated. All data were 
recorded and analyzed in QuB. (B) The current traces were 
idealized using the SKM algorithm fitted to a two-state 
model. The SKM determines average current amplitudes 
with standard deviations, and durations for open and closed 
events. 
 

Figure 2 (A) In WT receptors, increasing CaCl2 from 0 mM 
to 0.5 mM in the working pipette solutions decreased the 
conductance values from 65 ± 0.9 pS  to 46 ± 2 pS. (B) For 
9S/9A receptors, 5.0 mM CaCl2 decrease conductance 
from 60 ± 1.5 pS to 44 ± 1 pS. (C) For 9S/9A receptors 
followed a similar pattern, decreasing from 60 ± 5 pS to 
44 ± 5 pS , as the levels of CaCl2 increased from 0 mM to 
5 mM in the pipette solution. (D) For GluN1-C0C1 
mutant, increasing the CaCl2 concentration from 0 mM to 
5 mM caused the conductance values to decrease from 
61 ± 2 pS to 55 ± 8 pS. Relative to WT receptors in 5 mM 
CaCl2 conductance was larger: 46 ± 2 pS for WT and 55 ± 
8 pS for GluN1-C0C1. This is intriguing because the WT 
receptor contains the hypothesized inhibitory C2 
cassette. Further, the absence of this C2 cassette in the 
GluN1-C0C1 mutant may be attributed to the observed 
variation in conductance values. (E) Bar graph presents a 
summary of these data, values are mean ± SEM; *p < 
0.05 (relative to WT within equivalent Ca2+), #p < 0.05 
(relative to mutant at 0 mM). 
 

Figure 3: Summary of measured Erev. for GluN1-1a Erev 
changed from -5 ± 2 mV to 4 ± 1 mV. This shift to positive Erev 
values upon increasing the Ca2+ concentration (in constant 
Na+ concentration) indicates that the GluN1-1a receptor has 
larger permeability for Ca2+ relative to Na+ (PCa/PNa). In 
contrast, for GluN1-9S/9A Erev shifted to more negative 
values, from -0.5 ± 1.2 mV to -9.8 ± 0.5 mV, and for 
GluN1-9S/9D Erev change from -4 ± 2 pS to 20 ± 2 pS, a much 
larger change than observed for WT, indicating that the 
GluN1-9S/9D receptor has a higher relative permeability for 
Ca2+ than the WT receptor. Values are mean ± SEM, *p < 0.05 
(relative to WT within equivalent Ca2+), #p < 0.05 (relative to 
mutant at 0 mM). The GluN1-1a-C0 splice variant exhibits 
conductance values that decrease from 73 ± 3 pS to 63 ± 3 
pS, as the level of CaCl2 is increased from 0 mM to 0.5 mM in 
the working pipette solution.  

Figure 4 (A) The GluN1-2a variant, containing the C0 and 
the hypothesized inhibitory C2 cassette, exhibits a 
decreased conductance when comparing 0 mM to 0.5 mM 
CaCl2; 80 ± 2 pS to 67 ± 2 pS. The GluN1-3a, containing the 
C0, C1 and C2Ω cassette, exhibits similar patterns of 
decreased conductance; 80 ± 5 pS to 73 ± 2 pS. The 
GluN1-4a variant displays a conductance trend similar to 
the other splice variants; the conductance decreases from 
89 ± 3 pS to 54 ± 2 pS as the CaCl2 concentration increases 
from 0 mM to 0.5 mM. Data represents mean ± sem. *p < 
0.05 (relative to WT at 0 mM) 
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(B) The GluN1-1a and GluN1-2a splice variants both show 
similar tendencies in terms of Erev shift from 0 mM to 0.5 
mM CaCl2; -2 ± 2 mV to 3 ± 2 mV and -5 ± 2 mV to 0.9 ± 0.7 
mV for GluN1-1a and GluN1-2a respectively. However, the 
GluN1-3a splice variant, in which the inhibitory C2 cassette 
is absent, displays a larger shift in Erev when the level of 
CaCl2 is increased from 0 mM to 0.5 mM. The Erev changes 
from -5 ± 2 mV to an extremely high positive value of 22 ± 5 
mV. Further, this trend is also observed in the GluN1-9S/9D 
non-physiological mutant, which may have a larger pore 
compared to other non-physiological mutants. This pattern 
in Erev shift is hypothesized to occur because of changes in 
pore size. Contrastingly, the Erev shift for the GluN1-4a splice 
variant is the opposite; the values change from 18 ± 7 mV 
and decrease to 2 ± 2 mV when the CaCl2 levels increase 
from 0 mM to 0.5 mM in the working pipette solution. The 
Erev shift displayed by the GluN1-1a-C0 variant differs from 
all other variants and does not increase to positive values as 
seen in other variants; a shift from -6 ± 3 mV to -0.4 ± 4.3 
mV. Data represents mean ± SEM, *p < 0.05 (relative to WT 
at 0 mM) 

2  ms 

0.5  pA 

-100 mV 

-80 mV 

-20 mV 

-100 -80 -60 -40 -20 

-8 

-6 

-4 

-2 

Membrane Potential (mV) 

GluN1-1a /GluN2A 

5mMCaCl2 

-1 
0.0 

0mMCaCl2 

-8 

-7 

-6 

-5 

-4 

-3 

-2 

-1 

-20 

0.5mMCaCl2 

5mMCaCl2 

0mMCaCl2 

-100 -80 -60 -40 

0.0 

GluN1-1a (9S/9A)/GluN2A 

GluN1-1a (900 stop) /GluN2A 

-100 -40 -20 

-8 

-5 

-2 

-1 

0.0 

5 mM CaCl2 

-80 -60 

-7 

-6 

-4 

-3 

-100 -80 -40 -20 

-8 

-7 

-6 

-5 

-4 

-3 

-2 

-1 

0.0 

-60 

Membrane Potential (mV) 

Membrane Potential (mV) 

Membrane Potential (mV) 

0 mM CaCl2 

GluN1-1a (9S/9D)/GluN2A 

-1 

-1 

-1 

0.5mMCaCl2 

0.5mMCaCl2 

5mMCaCl2 

0mMCaCl2 

0.5 mM CaCl2 

*  

*  

*  

*  
*  

*  

*  
*  

*  

*  

# 

*  

# *  

# 

*  
*  

C
u

rre
n

t A
m

p
litu

d
e
 (p

A
) 

C
u

rre
n

t A
m

p
litu

d
e

 (p
A

) 
C

u
rre

n
t A

m
p

litu
d

e
 (p

A
) 

C
u

rre
n

t A
m

p
litu

d
e

 (p
A

) 

2  ms 

0.5  pA 

-100 mV 

-80 mV 

-60 mV 

-40 mV 

-20 mV 

-100 mV 

-80 mV 

-60 mV 

-40mV 

-20 mV 

2  ms 

0.5  pA 

2  ms 

0.5  pA 

-100 mV 

-80 mV 

-60 mV 

-40 mV 

-20 mV 

-60 mV 

-40 mV 


