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Synaptic Desensitization of NMDA Receptors 
by Calcineurin 

Gang Tong," Dawn Shepherd, Craig E. Jahr? 

Desensitization is a phenomenon that is common to many ligand-gated ion channels but 
has been demonstrated only rarely with physiological stimulation. Numerous studies de- 
scribe desensitization of the N-methyl-D-aspartate (NMDA) subtype of glutamate receptor 
by exogenous agonists, but whether synaptic stimulation causes desensitization has been 
unknown. Synaptic stimulation of NMDA receptors on rat hippocampal neurons resulted in 
desensitization that was prevented by intracellular 1,2-bis(o-aminophenoxy)ethane- 
N,N,N',Nr-tetraacetic acid (BAPTA), adenosine-5'-0-(3-thiotriphosphate) (ATP-y-S), or in- 
hibitors of phosphatase 2B (calcineurin), but not by inhibitors of phosphatases 1 and 2A or 
of tyrosine phosphatases. Synaptic NMDA receptors may fluctuate between phosphoryl- 
ated and dephosphorylated forms, depending on the rate of synaptic stimulation and the 
magnitude of the associated influx of calcium through NMDA receptors. 

T h e  magnitude of Ca2+ influx through syn- 
aptically activated NMDA receptor chan- 
nels not onlv affects the am~li tude and life- 
time of lonLterm synaptic $asticity at cer- 
tain central svnaDses, but also is a factor in 
whether subsequent synaptic strength is in- 
creased or decreased ( 1-3 ). Several suecies of . . 
protein phosphatases cause diminished 
NMDA channel activity (4-6), which may 
result in decreased Ca2+ influx during syn- 
aptic stimulation. In addition, calcineurin 
activity stimulated by brief elevations of in- 
tracellular Ca2+ concentration (7) causes 
the development of a gl~cine-insensitive 
form (8, 9) of NMDA receptor desensitiza- 
tion. Because NMDA receptor channels are 
very permeable to Ca2+ ( lo) ,  synaptic acti- 
vation mav enable this form of desensitiza- 
tion and may result in a negative feedback of 
NMDA receptor synaptic activation. If de- 
sensitization is enhanced by synaptic stimu- 
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lation, the decrease in ion flux will result in 
smaller intracellular Ca2+ transients that 
could shift the balance between long-term 
potentiation (LTP) and long-term depres- 
sion (LTD) of synaptic strength (1-3). 

Isolated cultured rat hippocampal neu- 
rons make synapses onto themselves (1 1) 
and were used to measure NMDA receptor 
desensitization induced by synaptic stimula- 
tion. The synapses were conditioned by 
stimulating them four times within 75 ms 
(12) and were tested wlth a single stimulus 
after a variable interval (0.8 to 7.5 s). The 
depression of the test excitatory postsynaptic 
current (EPSC) relative to the first condi- 
tioning EPSC could result from a combina- 
tion of a lower presynaptic release probabil- 
ity (synaptic depression or presynaptic inhi- 
bition) and a decreased sensitivitv of 
postsyAaptic receptors (desensitization).' The 
amount of depression resulting from NMDA 
receptor desensitization was estimated by 
comparing the amplitudes of test EPSCs 
conditioned by the four-pulse conditioning 
stimulus delivered in the presence or absence 
of the competitive antagonist of the NMDA 
receptor, D-2-amino-5-phosphonopentanoic 
acid (D-AP5, 100 FM) (Fig. 1A). In the 
presence of D-AP5, glutamate released by 
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conditioning stimuli will not bind to 
NMDA receptors, and thus agonist-in- 
duced desensitization will not occur. We  
rapidly removed D-AP5 from the synapse 
by switching to a solution without D-AP5 
after the last conditioning stimulus (13). 
Because the probability of release from 
individual release sites is about 0.5 or low- 
er (14), four conditioning stimuli were 
used to maximize the percentage of release 
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Fig. 1. Glycine-insensitive synaptic desensitization 
of NMDA receptors. (A) In the absence of extra- 
cellular MgB, four conditioning NMDA receptor 
EPSCs were evoked in rapid succession (12) in the 
presence (thick line) or absence (control; thin line) 
of 100 KM D-AP5; a test EPSC was evoked 1.5 s 
later (more than 1 s after switching to a solution 
without D-AP5). The top trace indicates the voltage 
command protocol used to stimulate the synapse. 
The holding potential was -70 mV. (B) Similar pro- 
tocol to that used in (A), but in the continuous 
presence of 1 mM extracellular Mg" and with 
voltage jumps to -40 mV (as shown in the upper 
trace) to allow partial relief of inhibition of NMDA 
channels during conditioning and test EPSCs. Re- 
sponses recorded in the continuous presence of 
D-AP5 were subtracted to remove voltage jump 
leak currents. (C) The time course of recovery from 
desensitization is plotted as the ratio of the test 
EPSCs evoked following conditioning stimuli that 
were delivered in the absence and presence of 
D-AP5, respectively. EPSC amplitudes were mea- 
sured from the base line value before delivery of the 
conditioning stimuli and thus underestimate the 
degree of desensitization. The two sets of re- 
sponses were interleaved in time to control for 
time-dependent changes in synaptic strength. 

sites (and thus NMDA receptors) that 
were activated. In saturating concentra- 
tions of glycine (20 pM),  the test EPSC 
evoked 1.5 s after delivery of the condi- 
tioning stimuli was 78.7 + 2.0% of the 
test EPSC evoked after the conditioning 
stimuli that were applied while D-AP5 was 
present. This observation indicates that 
synaptic activation of NMDA receptors 
results in receptor desensitization that is 
glycine-insensitive. 

These experiments were repeated in an 
extracellular solution containing 1 mM 
MgZ+ because, at this physiological concen- 
tration, MgZ+ blocks more than 95% of the 
NMDA receptor current (and thus Ca2+ 
influx) at a holding potential of -70 mV 
and about 80% of the current at -40 mV 
(15). When the membrane potential was 
held at -40 mV for 100 ms after delivery of 
the conditioning stimuli to approximate 
normal synaptic transmission, the test 
EPSC evoked 1.5 s after delivery of the 
conditioning stimuli was 84.4 + 3.2% of 
the test EPSC evoked after the condition- 
ing stimuli that were applied while D-AP5 
was present (paired t test, P < 0.005, n = 
5 )  (Fig. 1B). Therefore, the amount of 
calcium influx in physiological conditions 
is sufficient to  densensitize NMDA recep- 
tors. However, when the membrane po- 
tential was held at -70 mV continuously, 
the test EPSCs in the presence and ab- 
sence of D-AP5 were indistinguishable 
(100.8 + 3.0%, n = 8) .  Therefore, partial 
relief of MgZ+ inhibition of NMDA chan- 
nels is necessary for synaptic activation of 
NMDA receptor desensitization. 

The time course of recovery from desen- 
sitization (Fig, 1C) was very similar to that 
in outside-out patches (8, 9); complete re- 
covery required more than 7.5 s, Periods 
between conditioning and test EPSCs 
shorter than 0.8 s were not tested because of 
the slow decay of synaptic current evoked 
by the conditioning stimuli, which inter- 
fered with the measurement of desensitiza- 
tion, and because of the finite time required 
to completely wash away D-AP5. Because 

Fig. 2. Activation of NMDA receptors does not 
alter presynaptic release, The same stimulation 
protocol as in Fig. 1A was used in the absence of 
AMPA receptor blockers. Test EPSCs are super- 
imposed. The interval between the first condition- 
ing stimulus and the test stimulus was 1.5 s; the 
gap in records is 1.3 s .  
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desensitization in outside-out patches is 
greatest at much shorter intervals (8, 9), it 
is likely that shortly after the conditioning 
stimuli were auulied, desensitization was .. , 

more profound than it was 0.8 s later. 
We  also monitored (S)-a-amino-3-hv- . . 

droxy-5-methyl-4-isoxazolepropionic acid 
(AMPA) receptor EPSCs to control for pos- 
sible effects of NMDA receptor stimulation 
on presynaptic release probability-for ex- 
ample, through the action of retrograde 
transmitters (3). Conditioning stimuli were 
applied in the presence and absence of D- 
AP5, as described above, but in the absence 
of AMPA receutor blockers. The test stim- 
ulus was given in the presence of D-AP5 so 

Fig. 3. Synaptic desensitization is prevented by 
internal BAPTA and calcineurin inhibitors. (A) The 
same protocol as that used in Fig. IA, with an 
intracellular solution containing 20 mM BAPTA in- 
stead of EGTA. The small current that developed 
after washout of D-AP5 (dotted line is base line) 
was seen in 37 of 85 recordings and was caused, 
at least in part, by an increased frequency of spon- 
taneous EPSCs (23). (B) EPSCs recorded with 
200 nM cyclosporin A in external and internal so- 
lutions. (C) Graph of the ratio of the amplitudes of 
test EPSCs recorded after conditioning stimuli 
were applied in the absence or presence of D- 
AP5. The interval between the first conditioning 
stimulus and the test stimulus was 1.5 s. The 
number of cells in each category is printed above 
the bars. Asterisks indicate significant differences 
(P < 0.01) from the 0.5 mM EGTA condition (anal- 
ysis of variance). Error bars represent SEM. 



that the AMPA receptor EPSC could be 
recorded in isolation (Fig. 2). Activation of 
NMDA receptors by the conditioning stim- 
uli had no effect on the amplitude of the 
AMPA receptor test EPSC (100.1 2 1.6%, n 
= 6). AMPA receptor EPSCs recorded in 
the presence of 2 mM extracellular Mg2+ to 
block NMDA receptor currents were not 
affected by 100 pM D-AP5 (n = 4). 

In outside-out patches, the fast phase of 
development of glycine-insensitive desensi- 
tization is blocked by internal BAPTA, by 
ATP-y-S, and by inhibitors of calcineurin 
(7). We used the same manipulations to 
block the synaptic form of desensitization, 
Although there was no difference in the 
amount of desensitization in recordings with 
0.5 to 20 mM internal EGTA, 20 mM in- 
ternal BAPTA blocked desensitization (Fig. 
3, A and C) ,  Addition of the specific inhib- 
itors of calcineurin, cyclosporin A (200 to 
500 nM), FK506 (200 to 500 nM), or cal- 
cineurin inhibitory peptide (270 pM) (1 6) ,  
blocked synaptic desensitization after 4 to 7 
min of recording (Fig. 3, B and C) .  Synaptic 
desensitization was not prevented by calycu- 
lin A (200 nM), a phosphatase 1 and 2A 
inhibitor (17); by intracellular vanadate (1 
mM), a tyrosine phosphatase inhibitor (18); 
or by phalloidin (1  pM), which stabilizes 
filamentous actin (19) and has been shown 
to prevent Ca2+-dependent rundown of the 
NMDA receptor (20) (Fig. 3C). However, 
inclusion of 1 mM ATP-y-S in the internal 
solution blocked desensitization within 4 to 
6 min of the start of recordings (Fig, 3C). 

These results indicate that the phos- 
phorylation state of the NMDA receptor, or 
of an associated protein, alters NMDA re- 
ceptor desensitization. Because synaptic de- 
sensitization is dependent on Ca2+ influx 
through NMDA receptor channels and sub- 
sequent activation of calcineurin, synaptic 
NMDA receptor complex may be dephos- 
phorylated with each quantum of released 
transmitter. Inhibition of the effect of Ca2+ 
influx by chelation required the extremely 
fast binding properties of BAPTA (21); 
EGTA at concentrations that result in 
smaller amounts of free Ca2+ at equilibrium 
did not block synaptic desensitization. This 
observation suggests that the site of action 
of Ca2+ is very close to the cytoplasmic face 
of synaptic NMDA receptor channels, Cal- 
cineurin is reported to be associated with 
postsynaptic densities (22); this provides 
the spatial specificity for this mechanism. 

Because recovery from desensitization re- 
quires several seconds, regulation of NMDA 
receptor function by this mechanism may be 
strong enough to significantly alter Ca2+- 
dependent processes invoked by repetitive 
synaptic activity. The balance between ho- 
mosynaptic LTD and LTP in the hippocam- 
pus depends in part on the magnitude of the 
increase of intracellular Ca2+ concentration 

as a result of influx through NMDA chan- pM glycine, 5 pM 2,3-dihydroxy-6-n1tro-7-sulfa- 

nels (1-3). Low-frequency stimulation (1 moyl-benzo(F)qu~noxaline (NBQX), and 50 to 100 
pM plcrotoxin, adjusted to pH 7.4 with NaOH. Au- 

Hz) increases the intracellular Ca2+ concen- t a ~ t l c  EPSCs were evoked with voltaae i u m ~ s  to 
tration sufficiently to induce a calcineurin- 2 0  or 0 rnVfrorn a holding potential o G 6 0  td 9 0  

rnV (durations of 0.3 to 2 ms). Currents were sent homosynaptic LTD (2), whereas 
through a low.pass filter at 0.5 to 10 kHz 

high-frequency stimulation (100 Hz) raises and were digitally sampled at I to 50 kHz. Series 
Ca2+ to concentrations at which other resistance compensation (80 to 100%) was used 

in all experiments. All experiments were performed at Ca2+-de~endent reactions predominate and 
220 to 24°C Data are expressed as 2 SEM, 

produce LTP (3). Thus, inhibition of indue- 12, The first two stimuli of the conditlonina train were 
tion of LTD by calcineurin blockers (2) may delvered 35 ms apart to allow for accurate measure- 

in part be a result of decreased NMDA re- ment of the amplitude of the first EPSC. The second 
to fourth stmuli were delivered 20 rns apart. 

ceptor desensitization leading to greater in- 13. Solut~on changes were made with gravity-fed flow 
tracellular Ca2+ concentrations during low- tubes (7, 9). 
frequency stimulation, 
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Storage of 7 k 2 Short-Term Memories in 
Oscillatory Subcycles 

John E. Lisman* and Marco A. P. ldiart 

Psychophysical measurements indicate that human subjects can store approximately 
seven short-term memories. Physiological studies suggest that short-term memories are 
stored by patterns of neuronal activity. Here it is shown that activity patterns associated 
with multiple memories can be stored in a single neural network that exhibits nested 
oscillations similar to those recorded from the brain. Each memory is stored in a different 
high-frequency ("40 hertz") subcycle of a low-frequency oscillation. Memory patterns 
repeat on each low-frequency (5 to 12 hertz) oscillation, a repetition that relies on activity- 
dependent changes in membrane excitability rather than reverberatory circuits. This work 
suggests that brain oscillations are a timing mechanism for controlling the serial pro- 
cessing of short-term memories. 

Some  forms of short-term memory appear trical activity in neuronal loops. We  now 
to be stored by neurons that continue to fire demonstrate the feasibility of an alternative 
after they are excited by a brief input (1). mechanism that is based on known proper- 
Hebb and others (2) proposed that such ties of hippocampal and cortical neurons: 
firing is sustained by reverberation of elec- Firing is sustained by an increase in mem- 
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