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One of four bel-x=/~ mice at E12.5 and two E13.5
bel-x—/— mice were examined histologically and
showed autolytic changes throughout the embryon-
ic tissues indicative of intrauterine death. Careful ex-
amination of the three viable E12.5 bcl-x—/~ embry-
os showed no obvious gross fetal abnormality, and
histologic examination of two E12.6 bcl-x~/~ pla-
centas showed normal maternal and fetal compo-
nents. In the embryonic mouse, yolk-sac-derived
nucleated red blood cells begin to disappear from
the circulation around E12, when the liver becomes
the principal source of hematopoietic activity [M. H.
Kaufmann, The Atlas of Mouse Development (Aca-
demic Press, San Diego, CA, 1992), p. 128]. Be-
cause the bcl-x=/~ mice were paler, died at approx-
imately E13, and showed a marked increase in
TUNEL-labeled nuclei in the hematopoietic elements
of the liver, it is possible that a defect in hepatic
hematopoiesis, coupled with declining numbers of
yolk sac—derived red cells, produces hypoxic dam-
age to the embryo, resulting in death.

Thymocytes and BM and LN cells (1 X 108 cells
each) were prepared from wild-type and bcl-x=/~
B6 chimeric mice and were stained with anti-
Ly9.1-fluorescein isothiocyanate (FITC), and anti-
CD4-phycoerythrin (PE) and anti-CD8-biotin, or
anti-B220-PE and anti-immunoglobulin M (IgM)-
biotin (PharMingen). For RAG-2 chimeric mice,
cells were stained with anti-CD8-FITC and anti-
CD4-PE, or anti-lgM-FITC or anti-IgD-FITC
(Southern Biotechnology) and anti-B220-PE. Bi-
otin conjugate was revealed by RED 613-strepta-
vidin (Gibco BRL). Dead cells were excluded by
staining with propidium iodide (Boehringer Mann-
heim). Flow cytometric analysis was done on FAC-
Scan computer and software (Becton Dickinson).

Whole embryos were fixed in 4% paraformaldehyde
and embedded in paraffin, and 5-pm-thick sagittal
sections were cut at multiple levels. Sections were

1510

alternatively stained with hematoxylin-eosin and with
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scope.
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Synaptic Desensitization of NMDA Receptors
by Calcineurin

Gang Tong,* Dawn Shepherd, Craig E. Jahrf

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',N'-tetraacetic acid (BAPTA), adenosine-5'-O-(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.

The magnitude of Ca?™" influx through syn-
aptically activated NMDA receptor chan-
nels not only affects the amplitude and life-
time of long-term synaptic plasticity at cer-
tain central synapses, but also is a factor in
whether subsequent synaptic strength is in-
creased or decreased (1-3). Several species of
protein phosphatases cause diminished
NMDA channel activity (4—6), which may
result in decreased Ca?* influx during syn-
aptic stimulation. In addition, calcineurin
activity stimulated by brief elevations of in-
tracellular Ca?* concentration (7) causes
the development of a glycine-insensitive
form (8, 9) of NMDA receptor desensitiza-
tion. Because NMDA receptor channels are
very permeable to Ca?* (10), synaptic acti-
vation may 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 Ca?* 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 (11)
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 with 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 sensitivity of
postsynaptic 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 uM) (Fig. 1A). In the
presence of D-AP5, glutamate released by



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 Mg?*, four conditioning NMDA receptor
EPSCs were evoked in rapid succession (72) in the
presence (thick line) or absence (control; thin line)
of 100 wM D-APS5; 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 Mg2* 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-APS5, 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 wM), 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
Mg?* because, at this physiological concen-
tration, Mg?* blocks more than 95% of the
NMDA receptor current (and thus Ca?*
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 ¢ 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 Mg?* 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

+D-AP5

50 ms

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 inrecords 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 applied, desensitization was
more profound than it was 0.8 s later.

We also monitored (S)-a-amino-3-hy-
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 receptor blockers. The test stim-

ulus was given in the presence of D-AP5 so
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Fig. 8. Synaptic desensitization is prevented by
internal BAPTA and calcineurin inhibitors. (A) The
same protocol as that used in Fig. 1A, 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-
APS5. 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.
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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 * 1.6%, n
= 6). AMPA receptor EPSCs recorded in
the presence of 2 mM extracellular Mg?* to
block NMDA receptor currents were not
affected by 100 uM 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 uM) (16),
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 wM), which stabilizes
filamentous actin (19) and has been shown
to prevent Ca’*-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 Ca?* 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 Ca?*
influx by chelation required the extremely
fast binding properties of BAPTA (21);
EGTA at concentrations that result in
smaller amounts of free Ca?* at equilibrium
did not block synaptic desensitization. This
observation suggests that the site of action
of Ca?* 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 Ca?*-
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 Ca?* concentration
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as a result of influx through NMDA chan-
nels (1-3). Low-frequency stimulation (1
Hz) increases the intracellular Ca?* concen-
tration sufficiently to induce a calcineurin-
dependent homosynaptic LTD (2), whereas
high-frequency stimulation (100 Hz) raises
Ca?* to concentrations at which other
Ca’*-dependent reactions predominate and
produce LTP (3). Thus, inhibition of induc-
tion of LTD by calcineurin blockers (2) may
in part be a result of decreased NMDA re-
ceptor desensitization leading to greater in-
tracellular Ca?* concentrations during low-
frequency stimulation.
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Storage of 7 = 2 Short-Term Memories in
Oscillatory Subcycles

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

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





