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Extrasynaptic NR2B and NR2D subunits of NMDA receptors
shape ‘superslow’ afterburst EPSC in rat hippocampus
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and Oleg A. Krishtal
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In conditions of facilitated synaptic release, CA3/CAl synapses generate anomalously slow
NMDA receptor-mediated EPSCs (EPSCyypa). Such a time course has been attributed
to the cooperation of synapses through glutamate spillover. Imitating a natural pattern
of activity, we have applied short bursts (2-7 stimuli) of high-frequency stimulation and
observed a spike-to-spike slow-down of the EPSCyypa kinetics, which accompanied synaptic
facilitation. It was found that the early component of the EPSCyyvps and the burst-induced
late component of the EPSCyyvps have distinct pharmacological properties. The competitive
NMDA antagonist R-(—)-3-(2-carboxypiperazine-4-yl)-propyl-1-phosphonic acid (D-CPP),
which has higher affinity to NR2A than to NR2B subunits and lowest affinity at NR2D
subunits, significantly slowed down the decay rate of the afterburst EPSC while leaving the
kinetics of the control current unaffected. In contrast, ifenprodil, a highly selective NR2B
antagonist, and [Z]-cis-1-[phenanthren-2yl-carbonyl]piperazine-2,3-dicarboxylic acid
(PPDA), a competitive antagonist that is moderately selective for NR2D subunits, more
strongly inhibited the late component of the afterburst EPSCyypa. The receptors formed
by NR2B and (especially) NR2D subunits are known to have higher agonist sensitivity
and much slower deactivation kinetics than NR2A-containing receptors. Furthermore,
NR2B is preferentially and NR2D is exclusively located on extrasynaptic membranes. As
the density of active synapses increases, the confluence of released glutamate makes EPSC
decay much longer by activating more extrasynaptic NR2B- and NR2D-subunit-containing
receptors. Long-term potentiation (LTP) induced by successive rounds of burst stimulation
is accompanied by a long-term increase in the contribution of extrasynaptic receptors in the

afterburst EPSCyypa.
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The spillover of synaptically released Glu described in
numerous studies is important in the understanding
of information processing in the hippocampus. The
reason for this is straightforward. Since spillover implies
intersynaptic cross-talk, the question is, whether
such a highly cooperative synaptic system is capable
of retaining address specificity in the processing
of information. When studied in vitro, cooperative
behaviour of CA3/CAl synapses is displayed by the
generation of the slow NMDA receptor-mediated EPSCs
(EPSCnmpa) with kinetics dependent on the number of
activated synapses. When this number is increased (or,
alternatively, Glu uptake inhibited), EPSCnyypa becomes
progressively slower, reaching durations in the range of
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seconds (Lozovaya et al. 1999; Arnth-Jensen et al. 2002).
Interpreted in terms of spillover, such a duration implies
the diffusion of released Glu well beyond immediately
neighbouring synapses and its cooperative confluence on
distant postsynaptic and extrasynaptic sites, which results
in much delayed activation of receptors (Arnth-Jensen
etal. 2002).

CA1 pyramidal cells express mRNA for three different
NR2 NMDA receptor subunits: NR2A, NR2B and NR2D.
This has been shown in adult humans (Scherzer et al. 1998)
and in juvenile rats (Kirson etal. 1999; Hrabetova et al.
2000). Co-expression of NMDARI1 with one or more of
the NR2 subunits generates receptors with distinct
functional and pharmacological properties (Kutsuwada
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etal. 1992; Monyer etal. 1994; Vicini etal. 1998).
Thus, deactivation times for diheteromeric NMDARs
differ in a 50-fold range, following the sequence:
NR2A < 2C =2B « 2D. The deactivation time constant
for the macroscopic current mediated by NR1/NR2A
assemblies comprises tens of milliseconds, compared
to hundreds of milliseconds for NRI1/NR2B and
several seconds for NR1/NR2D receptors (Monyer
etal. 1994; Vicini etal. 1998; Wyllie eral. 1998;
Cull-Candy etal. 2001). The subunit composition of
extrasynaptic and synaptic NMDA receptors in mature
hippocampal neurones is asymmetrical: synaptic NMDA
receptors contain NR2A (predominantly) and NR2B
subunits, whereas extrasynaptic NMDA receptors contain
mostly NR2B subunits (Tovar & Westbrook, 1999).
Native NR2D subunit-incorporated receptors have been
identified only extrasynaptically. There is no evidence
so far for NR2D-containing receptors at any central
synapse (Momiyama et al. 1996; Cull-Candy et al. 1998;
Cull-Candy et al. 2001). It has been shown recently that
NR2D-containing receptors are clearly present in the
adult hippocampus (Thompson et al. 2002). Importantly,
NR2D subunit-like immunoreactivity is evident in the
dendrites of CA1 pyramidal cells. Pharmacological data
indicate that several NMDA receptor blockers have
differential selectivities among the various subunits of this
receptor. Since the extrasynaptic receptors are expected to
be much slower than the postsynaptic ones, their increased
activity (as a consequence of spillover) should contribute
to the ‘superslow’ kinetics of the EPSC. Using available
pharmacological agents, we have tested this hypothesis.

Methods
Preparation of hippocampal slices

This study was carried out on Wistar rats (21 days
old, WAG/GSto, Moscow, Russia). All experiments
were performed in accordance with the guidelines of
the Institutional Animal Care and Use Committee
(protocol no.2/0204). After decapitation, rat brains
were immediately transferred to a chilled (4°C) solution
of the following composition (mm): 120 NaCl, 5KCl,
26 NaHCO;, 2MgCl,, 0.5CaCl, and 20 glucose. The
solution was constantly equilibrated with a gas mixture
of 95% 0,-5% CO, to maintain a pH of 7.4. During
the pre-incubation, the slices (300-400 um thick) were
kept fully submerged in the extracellular solution (mm):
135NaCl, 5KCl, 26 NaHCO;, 1.5 CaCl,, 1.5 MgCl, and
20 glucose (pH 7.4, equilibrated with 95% O,-5% CO,).
The experiments were conducted in a similar solution,
but containing 2 mm CaCl, and 1 mm MgCl,, at 32-34°C.
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Picrotoxin (50 um) and (2S)-(+)-5,5-dimethyl-2-
morpholineacetic acid (SCH 50911) (10 um) were added
to the extracellular solution to suppress inhibitory activity
of interneurones.

Electrophysiological recordings in hippocampal slices

A standard whole-cell patch clamp technique
was used to record EPSCs from CAl pyramidal
neurones in situ in response to stimulation of the Schaffer
collateral-commissural pathway. To prevent the spread
of electrical activity from area CA3, mini-slices were
prepared by making a cut orthogonal to the stratum
pyramidale and extending to the mossy fibres layer.
Intracellular solution for patch pipettes contained (mm):
100 TrisPO, or CsF, 40 NaH,PO,, 10 Hepes-CsOH and
10 Tris-Cl (pH7.2). pH was adjusted with Tris OH
or CsOH N-(2,6-dimethyl-phenylcarbamoylmethyl)-
triethylammonium bromide (QX-314; 2-3 mMm) was
routinely added to the intracellular solution to block
voltage-gated sodium conductance. Patch pipettes
were pulled from soft borosilicate glass on a two-stage
horizontal puller. When fire polished and filled with
the intracellular solution, they had a resistance of
2-3 MSQ. Currents were digitally sampled at 400 us
intervals by a 12-digit ADC board and filtered at
3kHz. Access resistance was monitored throughout
the experiments and ranged typically from 6 to 9 M.
When the access resistance was changed by more than
25% during the experiment, the data were discarded. To
stimulate the Schaffer collateral-commissural pathway,
a bipolar Ni—-Cr electrode was positioned on the
surface of the slice. The current intensity of test stimuli
(25-50 wA) was set to produce half-maximal EPSPs.
Current pulses were delivered through the isolated
stimulator HG 203 (Hi-Medical, London, UK) at
0.066-0.2 Hz. Student’s unpaired ttest was used for
statistical analysis. Data are expressed as means =+ s.E.M.
Field potential recordings were conducted using
tungsten electrode. Population spikes were measured in
stratum pyramidale and field EPSPs were measured in
stratum radiatum. Pharmacologically isolated EPSPxypa
was recorded in a modified extracellular solution
containing 0.5 mm Mg*" and 2.5mwm Ca?" in the pre-
sence of 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo(f]
quinoxaline-7-sulphonamide (NBQX).

NR subunit expression in Xenopus oocytes

cDNA encoding the NMDARIa subunit was a generous
gift of Dr Shigetada Nakanishi (Kyoto, Japan). cDNA
encoding the NR2A, NR2C and NR2D were kindly
provided by Dr Peter Seeburg (Heidelburg, Germany)
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and the NR2B [5'UTR] cDNA was the generous gift of
Drs Dolan Pritchett and David Lynch (Philadelphia, PA,
USA). Plasmids were linearized with Not I (NR1a), EcoR I
(NR2A, NR2C and NR2D) or Sall (NR2B) and trans-
cribed in vitro with T3 (NR2A and NR2C), SP6 (NR2B)
or T7 (NRla and NR2D) RNA polymerase using the
mMessage mMachine Transcription Kits (Ambion, Austin,
TX, USA).

Oocytes were removed from mature female Xenopus
laevis (Xenopus One, Ann Arbor, MI, USA) under
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anaesthesia as previously described (Buller efal. 1994).
The frogs were humanely killed after the final collection.
NMDA receptor subunit RNAs were dissolved in sterile
distilled H,O. NR1a and NR2 RNAs were mixed in a molar
ratio of 1:3. Fifty nanolitres of the final RNA mixture
was microinjected (15-30ng in total) into the oocyte
cytoplasm. Oocytes were incubated in ND-96 oocyte
culture medium (96 mm NaCl, 2 mMm KCI, 1-8 mm CaCl,,
1 mm MgCl,, 5mm Hepes) at 17°C prior to electro-
physiological assay (1-5 days).

Figure 1. Superslow EPSCywmpa elicited by short trains
of stimulation applied to the Schaffer
collateral-commissural pathway

The transferred charge depends on the number of stimuli
within a short train. A, EPSCnmpa Was induced by a single
pulse (EPSC3MY® | trace a) and by 7 pulses at 200 Hz
(EPSC}J,?}I’E)A, trace b). Trace ¢ was obtained at a lower
stimulus intensity (50% of control) than trace b. Holding
voltage +50 mV. Here and hereafter, stimulation protocols
are schematically represented over the traces; the peak
amplitude of the EPSCnmpa has been measured as the
mean over a 10 ms window around the peak. B, the
averaged charge transferred by the EPSCin9%, and
EPSCH,?}PDA both normalized to the corresponding current
peak amplitude. Here and hereafter, charge normalized to
the peak amplitude is indicated as Q = charge/amplitude.
The value obtained for the EPSCER,?I'DQA is taken as 100%. C,
the EPSCHﬁ}I”DA elicited by a progressively increasing number
of stimuli (from 1 to 9). Larger and slower traces correspond
to a larger number of stimuli. D, charge transferred by the
EPSCIain  as a function of stimuli number. £, representative
traces of the EPSCympa induced by a single pulse (a) and by
7 pulses at 200 Hz (b) recorded at a holding potential of
—45 mV. Traces on left are normalized.
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Electrophysiological recordings in Xenopus oocytes

Electrophysiological responses were measured using
a standard two-microelectrode voltage clamp as pre-
viously described (Buller & Monaghan, 1997). The
recording buffer contained (mm): 116 NaCl, 2 KCl,
2BaCl, and 5Hepes, pH7.4 (adjusted with NaOH).
Response magnitude was determined by the steady
plateau response elicited by bath application of 10 um
L-glutamate plus 10 uMm glycine at a holding potential of
—60 mV. Response amplitudes for the four heteromers
were generally between 30 and 100nA. Attempts
were made to keep response magnitudes within this
range to minimize activation of the endogenous Cl~
current. The presence of a plateau response was taken
as an indication of the lack of significant activation
of the endogenous Cl~ current by Ba?* in these cells.
Antagonist inhibition curves were fitted (GraphPad
Prism, ISI Software, San Diego, CA, USA) according
to the equation, [ =1.x — Ima/[1+ ICs0/A)"],
where I is the current response in the absence
of antagonist, A is the antagonist concentration and
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ICsy is the antagonist concentration producing half-
maximal inhibition. Apparent K; values were determined
by correcting for agonist affinity according to the

equation, ICsy =1Cs(obs)/1 + ([agonist]/ECsy), as
described by Durand etal (1992). ANOVA with
a Newman-Keuls multiple comparison test was

used for statistical analysis. Data are expressed as
means & S.E.M.

Drugs

Sodium bicarbonate and CsF were obtained from Merck
(Darmstadt, FRG); lidocaine QX-314 and picrotoxin were
purchased from RBI (Natick, MA, USA); and 6-nitro-
7-sulphamoylbenzo[f]quinoxalin-2,3-dione (NBQX) was
obtained from Tocris Cookson (Bristol, UK). All other
chemicals were from Sigma (St Louis, MO, USA).

Results

The NMDA receptor-mediated component of the EPSC
was measured in CAl pyramidal cells in response to
Schaffer collateral-commissural pathway stimulation in
the presence of NBQX (10 um). We applied short bursts
(2-9 stimuli) of high-frequency stimulation that imitate

A Control D-CPP natural stimulus patterns (Dobrunz & Stevens, 1999).
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Figure 2. Delayed component of the afterburst EPSC
displays lower sensitivity to D-CPP

A, the late component of the EPSC‘,\F,\}'E)A was inhibited by
D-CPP much less than the current at the peak. The
EPSCnmpa Was evoked by a single pulse (trace a, control; b,
with D-CPP), and by a 7 pulse train (trace ¢, control; d, with
- D-CPP; 200 Hz). Holding voltage was +50 mV. Lower line:
corresponding traces normalized and superimposed; ¢ and
d, the subtraction of currents before and after application of
D-CPP (normalized after subtraction). D-CPP does not alter
the kinetics of the EPSCER/?IIDeA, but slows down the kinetics of
the EPSC{iain . B, the charge transferred by the EPSCﬂR/?I'fA
and the EPSCH{2n , normalized to the corresponding peak
current amplitude recorded in control solution and in the
presence of D-CPP. The value of Q obtained for the control
EPSCSN9® was taken as 100%. C, the ratio of normalized
to the peak amplitude charges transferred by the EPSCnnmpa
recorded with and without D-CPP; calculated as M

Control *
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+50 mV (Fig. 1A-D). In parallel, the experiments were
performed at a holding voltage of —45 mV with similar
results (Fig. 1E).

The strength of the stimulus was adjusted to maintain
the EPSC amplitudes in the range of 100-500 pA. In
previous studies (Diamond, 2001; Arnth-Jensen et al.
2002) such amplitudes of current were shown not to be
connected with major failures of voltage clamp that could
at least qualitatively distort the changes in the EPSC time
course.

When measured after a short train of stimuli
(typically 7stimuli applied at 200 Hz), the EPSCympa
(EPSCyin, ) was considerably facilitated, while its decay
was dramatically slowed down. (Fig. 1A, traces a and b).
This observation isin complete agreement with earlier data
(Arnth-Jensen et al. 2002). The time course of alterations
in the EPSCfn  were quantified by normalizing the
charge transfer with the peak amplitude of the EPSCyypa
(measured as mean over 10 ms window around the peak).
A larger charge transfer corresponds to slower decay
kinetics and vice versa. Normalized charge transfer of the
EPSCIain  was 240 £ 32% (P<0.001, n=32, Fig. 1B)

A

Figure 3. Delayed component of the EPSC3in |

higher sensitivity to PPDA than the EPSCf\,i",V,‘-’,;fA

A, Upper traces: the EPSCnwmpa evoked by a single pulse
(traces a and b) and by a train 7 pulses long (traces c and d,
200 Hz) in control conditions (traces a and ¢) and with (£)
cis-1-(phenanthren-2yl-carbonyl) piperazine-2,3-dicarboxylic
acid (PPDA) (traces b and d). The late component of the
EPSC}\"%A has a higher sensitivity to PPDA compared to the
peak. Holding voltage was +50 mV. Lower traces:
corresponding traces normalized and superimposed. B, the
charge transfer of the EPSCE’,:,?SEA and the EPSC{ain |
normalized to the corresponding peak current amplitude;
recordings in control solution and in the presence of PPDA.
The Q value for the control EPSCf\"r,Q/?[‘fA was taken as 100%.
C, the contribution of the PPDA-sensitive component
(Qcontrol — Qpppa) to the EPSC?\;R%GA and the EPSC}\RWDA
(calculated as 1 — Qopﬁ)

Control **

has
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of the same parameter for the EPSCyypa induced by a
single stimulus (EPSCips;s). Correspondingly, the half-
decay time of EPSCISS, was 124 +20ms, while the
same value of the EPSCI:it | was 428 + 73 ms. The mean
ratio of these parameters was 400 + 96%, P < 0.002,
n=32.

For a given number of stimuli, the larger the stimulus
applied, the greater this effect becomes (Fig. 1A traces b
and ¢). Such behaviour is consistent with the spillout of
L-glutamate from the synaptic cleft (Asztely etal. 1997;
Diamond, 2001; Arnth-Jensen et al. 2002).

In many functional and behavioural states, natural
spiking patterns in the brain are composed of relatively
short periods of high-frequency activity. Specifically in
hippocampus, pyramidal cells frequently have two to nine
action potentials fired at frequencies up to 200 Hz (Kandel
& Spencer, 1961; Rank, 1973; Suzuki & Smith, 1985).
How significant is every spike within this small number?
To address this question, we analysed the changes in the
time course of EPSCs by varying the number of stimuli in
the 200 Hz train. Figure 1C demonstrates that the gradual
change in the EPSCympa kinetics becomes notable, starting
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even from the second stimulus. The dependence of the
charge transferred by EPSCymps on the number of spikes
in the short presynaptic burst is demonstrated in Fig. 1D.
The saturation of the effect is observed after seven to
nine stimuli. This indicates that a further increase in the
number of stimuli would have negligible impact on NMDA
receptor-mediated calcium signalling in a postsynaptic
neurone.

Binary complexes of NMDA receptors composed of
NR1 and NR2D subunits have been shown to display
unique electrophysiological behaviour, including highest
affinity for both glutamate and glycine (Ikeda et al. 1992),
as well as extremely slow current deactivation (Monyer
et al. 1994; Vicini et al. 1998), which fits well the time scale
of decay of the afterburst EPSC. We therefore hypothesized
that the extremely slow time course of the facilitated EPSC
is due to the spillover of Glu and the subsequent activation
of slowly deactivating extrasynaptic NR2B-containing
receptors and NR2D-containing receptors. To check this
hypothesis we used agents which preferentially block
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various NMDA receptor subunits. Thus, NR2D subunit-
incorporating NMDA receptor can be distinguished by the
competitive NMDA receptor antagonist D -CPP, which has
ahigh preference for NR2A/B over NR2D subunits (Beaton
etal. 1992; Buller etal. 1994). D-CPP K; values were
evaluated for recombinant NR2 subunits coexpressed with
NR1a subunits in Xenopus oocytes. The corresponding
K; values were: NR2A, 41 + 3 nm; NR2B, 270 420 nm;
NR2C, 630 + 50 nm; and NR2D, 1990 + 200 nm. NR2D
affinity was statistically different from each of the other
heterodimers by P < 0.001, n=>5.

Figure 2A—C demonstrates that the delayed component
of the EPSCfin  is more weakly inhibited by D-CPP
than the current at the peak, while there is no change
in the kinetics of EPSCines,. In the presence of D-CPP
(1 um), normalized charge transfer for the EPSCin
comprised 125 7% of control values, versus 98 7%
for corresponding parameters for EPSCIn8<, (P < 0.02,
n=7, Fig. 2C). Correspondingly, D-CPP did not change
t, of EPSCi8C. (110£10% of control), while f),
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Figure 4. Increased contribution of
the ifenprodil-sensitive component to
the afterburst EPSCyvpa
A, ifenprodil accelerates the decay of the
EPSCHem, . Partial block by ifenprodil of
the EPSCnmpa induced by a single pulse
(traces a and b) and by 7 pulses at 200 Hz
(traces ¢ and d) with (traces b and d) and
without (traces a and ¢) ifenprodil.
Holding voltage was +50 mV (A). Lower
traces: the traces normalized and
superimposed. B, the charge transfer for
D the EPSC3e, and the EPSClfain
normalized to the corresponding current
peak amplitude; recordings were made in
control solution and in the presence of
ifenprodil. The Q value obtained for the
control EPSCER,?&A was taken as 100%.
C, contribution of the ifenprodil-sensitive
component (Qcontrol — Qlfenprodil) to the

EPSC,S\;RAQSA and the EPSC{ian | (calculated

as 1 — Jewodly p anhancement of the

ontrol
block indLCJCéd by ifenprodil at the peak of
the EPSC{{Z, . Effect of ifenprodil on the
peak value of EPSCnwvpa evoked by single
stimuli and trains.
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of EPSC{ain was increased up to 166 +20% (n=7;
P <0.02). These changes reflect much slower kinetics of
the EPSCIin  decay under the action of D-CPP. Since
the expression of NR2C-incorporating receptors has not
been detected in the hippocampus of rats at this age
(Kirson et al. 1999), this result could indicate the increased
contribution of NR2D receptors in conditions of enhanced
glutamate release. If this hypothesis is correct, then pre-
ferential inhibition of NR2D receptors over NR2A/B
receptors would result in the opposite effect, that is
acceleration of the EPSC{3in  decay. Although antagonists
highly selective for NR2D-containing receptors have
not been described, PPDA demonstrates a small, but
significant, preference for blocking NR2D-containing
NMDA receptors compared to NR2A- and NR2B-
containing receptors. PPDA K; values for inhibiting the
responses of recombinant NMDA receptors expressed in
Xenopus oocytes are (nm): 680 = 170 for NR1a/NR2A;
350 4 2 for NR1a/NR2B; 70 + 15 for NR1a/NR2C; and

NMDA receptor subunits in hippocampus 457

108 £ 32 for NR1a/NR2D receptors (Hrabetova et al.
2000).

We have found that PPDA (10 um) strongly accelerates
the decay rate of the EPSCIa | (Fig. 3). Correspondingly,
the normalized charge transfer produced by the PPDA-
sensitive component of the EPSCIn  was 51 & 6% of
control values, while the corresponding value for the
EPSC;I;%EA was only 7 & 2%, P < 0.004, n =7 (Fig. 3Band
C). PPDA did not alter #,, of EPSCgc, (101 + 22% of
control), while 1, of EPSCIi  was decreased to 29 & 9%
(n=>5; P <0.04). The concentration of PPDA used in
this set of experiments was higher than those that follow
from K; values for inhibiting the responses of recombinant
NMDA receptors expressed in Xenopus oocytes. The
concentration of PPDA used in these experiments was in a
good agreement with those that follow from K; values for
inhibiting the responses of recombinant NMDA receptors
expressed in oocytes, despite the fact that the K; values
obtained from oocyte data cannot be entirely extrapolated

Figure 5. The contribution of the
ifenprodil-sensitive component to the
EPSC}\,’,’;‘,}BA depends on the number of
spikes in a burst

A, the slow-down of the EPSCnmpa decay
rate on a spike-to-spike basis. Upper
traces: EPSCnmpa evoked by a single
pulse (traces a and b), 2 pulses (traces ¢
and d) and 7 pulses (traces e and f) of
200 Hz stimulation, recorded in control
solution (traces a, ¢ and e) and in the
presence of ifenprodil (traces b, d and f).
Holding voltage was +50 mV. Lower
traces: corresponding traces normalized
and superimposed. B, the charge
transferred by control EPSCywmpa and the
ifenprodil-sensitive component EPSCnwvpa
(Qcontrol = Qifenprodil) €voked by a 300 -
progressively increasing number of pulses 250 :
(from 1 to 7) in the train (200 Hz). The
value obtained for EPSC,S\T,QAQE‘)EA measured
in control is taken as 100%. C, the
contribution of the ifenprodil-sensitive 100
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to the slice experiments as the compound may possibly
exhibit limited penetration into the brain tissue. In some
experiments, the concentration of PPDA was empirically
chosen to induce a significant (~50%) block of the peak
EPSC.

The acceleration of EPSCI3n ~decay by PPDA may
be mediated at least partly by the inhibition of NR2B
subunit-containing receptors. However, elimination of
the superslow (of the order of seconds) component of
EPSCrain  (see Fig. 3A, traces ¢ and d) further indicates
the involvement of NR2D receptors.

Recently it has been demonstrated that in hippocampal
pyramidal neurones NMDA receptors containing the
NR2A subunit localize preferentially at synaptic sites,
while the distribution of NR2B receptors is mostly
extrasynaptic (Tovar & Westbrook, 1999). Both types of
receptors are activated by stimulation of the Schaffer
collateral-commissural pathway in hippocampal slices
of adult mice (Kirson & Yaari, 1996). The non-
competitive antagonist ifenprodil effectively inhibits
NR1/NR2B channels (ICsy =0.34 um), whereas the
NR1/NR2A channels are inhibited with 400-fold lower
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affinity (ICsp = 146 um) (Williams, 1993). Another
NR2B-containing NMDA receptor, NR1/NR2A/NR2B,
demonstrates intermediate affinity to ifenprodil (Kew et al.
1998).

According to the spillover hypothesis, the contribution
of predominantly extrasynaptic NR2B subunit-containing
receptors to the aftertrain EPSC should increase in the
same manner as for NR2D subunit-containing receptors.
Indeed, the delayed component of the EPSCIn — was
inhibited by ifenprodil (30 um) much stronger than
the current in the peak (Fig.4 traces ¢ and d). The
normalized charge transfer produced by the ifenprodil-
sensitive component of the EPSCin  was 39 £ 3% of
control values, while the corresponding value for the
EPSCIhe, was 11£2% (P < 0.001, n =7, Fig. 4B and
C). Correspondingly, ifenprodil only slightly altered #1, of
EPSCin8°, (91 4 5% of control), while 7, of EPSCin
was decreased to 45 £ 5% (n=7; P < 0.02).

It should be specifically noted that the non-competitive
antagonist ifenprodil inhibits the peak of the EPSC{ain
more strongly than EPSCing’, (40 2% for EPSCUin
77 +4% for EPSCLES,, P < 0,001,

versus n=17,
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Figure 6. Increased contribution of
the ifenprodil-sensitive component at
theta-

frequency stimulation A, the
slow-down of EPSCnmpa ON a
spike-to-spike basis. Upper traces:
EPSCnmpa evoked by a single pulse
(traces a and b), 2 pulses (traces ¢ and d)
and 7 pulses (traces e and f); 5 Hz
stimulation recorded in control solution
(traces a, c and e) and in the presence of
ifenprodil (traces b, d and f). Holding
voltage +50 mV. Lower traces:
corresponding traces normalized and
superimposed. B, the charge transferred
by the control EPSCnwvpa and the
ifenprodil-sensitive component EPSCnmpa
(Qcontrol = Qlfenprodil) evoked by a
progressively increasing number of pulses
(from 1 to 7) in the train (5 Hz). The
control Q value for the EPSCf\r,:,ﬂ';A was
taken as 100%. C, contribution of the
ifenprodil-sensitive component to the
EPSCnmpa evoked by progressively
increasing the number of pulses (from 1
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Fig.4D). This indicates the increased contribution of
ifenprodil-sensitive receptors to the peak of the afterburst
EPSC.

Thus, the increase in the transmitter release by a
short train of 200 Hz stimulation (which imitates the
natural burst pattern) results in the involvement of ‘slow’
NR2B and ‘superslow’ NR2 D extrasynaptic receptors in
the EPSCympa. Figure 5A demonstrates the increase in
the contribution of NR2B-containing receptors with the
number of stimuli; saturation of the effect was observed
after five to seven pulses (Fig. 5B and C).

For a given number of stimuli in the train, the higher the
frequency used, the greater are both the slow-down of the
EPSCnwmpa decay and the contribution of the ifenprodil-
sensitive component. Short trains of 5Hz stimulation
induced much weaker, but detectable slow-down of
EPSCnmpa decay (Fig. 6). However, in contrast to high-
frequency stimulation, the major change was detectable
after the second stimulus applied at a frequency of 5 Hz.

In a separate set of experiments, pharmacologically iso-
lated NMDA receptor-mediated field EPSPs (EPSPxypa)
were induced by short trains of 5 Hz stimulation. We have
found that the contribution of the ifenprodil-sensitive
component increases with stimulus number in the train
(Fig.7). The extent of inhibition of EPSP produced
by ifenprodil for the first stimulus was 52+9% as
compared to 71 £10% for the seveth stimulus (n =4,
P < 0.05). Ifenprodil only slightly altered £, of EPSC;I;%A
(102 £13% of control), while £, of EPSCIt — was
decreased to 75 = 14% of control values (n = 4; P < 0.04).

For hippocampus and cortex, high-frequency bursts
are believed to be associated with information processing
and memory consolidation. Imitation of these natural
stimulus patterns is known to result in robust long-
term potentiation (LTP; Dobrunz & Stevens, 1999). Some
data indicate that the LTP phenomenon is accompanied
by presynaptic changes, which include an increase in
release probability and in the number of effective release
sites (Malinow & Tsien, 1990; Bolshakov & Siegelbaum,
1995; Sokolov etal. 2002), but for comparison see
Nicoll & Malenka (1995) and Diamond etal. (1998).
We produced LTP in the CAl hippocampal region by
using a high-frequency stimulation (HFS) protocol (6
trains of 7 pulses each, 200 Hz). Mean post-tetanic
changes comprised 210+42% (P<0.01, n=4) for
the amplitudes of field potential (data not shown)
and 161 +21% (P<0.02, n=5) for the amplitude of
EPSCin8¢. (Fig. 8A and D). In this set of experiments,
EPSCnmpa were measured in the presence of NBQX, while
field potential recordings were conducted without NBQX.
Pharmacologically isolated NMDA receptor-mediated

© The Physiological Society 2004

NMDA receptor subunits in hippocampus 459

synaptic responses demonstrate robust LTP (Bashir et al.
1991; Asztely etal. 1992). When measured after HFS,
EPSCnmpa induced by a 5Hz train displayed significant
long-term slow-down of the decay, while the kinetics
of the EPSC;G?\%EA were only slightly altered or remained
unchanged (Fig. 8A). The effect persisted at least for 1.5 h.
In the control experiments (without HFS) no changes
of the EPSCWin =~ were observed for at least 90 min
(Fig. 8B). Correspondingly, 60 min after HES the relation
between normalized charge transfer for the EPSCIn,  and
EPSC;;?\%EA comprised 136 + 13% of the control values
(P<0.07, n=>5, Fig. 8C). The ratio of 1, of EPSC3n,
and #, 0fEPSC§ﬁ§A was 154 +25% (P < 0.05, n=5).

Discussion

We have found that pharmacological agents that
preferentially inhibit slowly deactivating NMDA receptor
subtypes speed up the kinetics of ultraslow afterburst
EPSCs, while D-CPP, which is most effective against
more rapid NR2A/B subunits, makes the afterburst
EPSC kinetics substantially slower. In all of these cases,
the kinetics of EPSCympa elicited by a single pulse
remained unaffected. Among other consequences, these
data indicate that the slow-down of the afterburst EPSC is
not connected to the increase in the current amplitude
and consequent voltage clamp and filtration problems;
while the afterburst EPSCyypa amplitude was inhibited
in all cases, the direction of the kinetics changes depended
on the pharmacological profile of the drug applied. This

A
o
I 1mv 100 ms ifenprodil
B CE——
L

Figure 7. Pharmacologically isolated field EPSPyypa measured
during the course of 5 Hz stimulation

A, the traces of the EPSPympa induced by a train 7 pulses long (5 Hz)
in control conditions and in the presence of 50 um ifenprodil
(superimposed). B, corresponding traces were normalized. The peak
values of individual EPSPs are marked with dashes to demonstrate a
gradual pulse-to-pulse increase in the contribution of
ifenprodil-sensitive component of the signal.
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observation seems to be especially important because our
data indicate that the use of slowly dissociating NMDA
receptor blockers for evaluating the fidelity of the voltage
clamp in the in situ pyramidal neurones is limited by their
NMDA receptor subtype specificity.

According to a recently suggested interpretation,
hippocampal ultraslow EPSCs reflect spatial/temporal
limitations of uptake mechanisms in conditions of
synchronized neuronal activity (Arnth-Jensen et al. 2002).
Cooperativity of densely packed CA3/CA1 synapses has
been suggested as the primary consequence of these
uptake limitations. Our data do not exclude a role of
synaptic cross-talk in the spillover phenomenology but
indicate that a substantial role in shaping the ultraslow
afterburst EPSCnypa belongs to the pharmacologically
distinct slowly deactivating NMDA receptor subunits.
Evidently, some of them become recruited very rapidly
after the massive synchronized release of Glu; the
contribution of the ifenprodil-sensitive component is
already increased at the peak of afterburst EPSC (Fig. 4).
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The following question arises: does the train stimulation
activate a pool of extrasynaptic receptors or lead to
the recruitment of synaptic receptors with different
properties? Experiments with low-affinity competitive
NMDA receptor antagonist p-aminoadipic acid (p-AA),
whose efficacy depends on the concentration of glutamate
(Clements etal. 1992) , allow distinguishing receptors
activated within active synapses from those activated by
spillover (Diamond, 1999) . It has been found that while
leaving the kinetics of EPSC;R%; A Practically unaltered, p-
AA markedly reduces the late component of EPSCIin |
(Grebenyuk et al. 2004). The present data demonstrate that
the same component is inhibited by ifenprodil and PPDA.

Although studies  suggest synaptic
localization for NMDA receptors, they are definitely
also present at extrasynaptic sites (Rosenmund et al. 1995;
Rao & Craig, 1997; Clark etal. 1997; Rao etal. 1998).
Importantly, ifenprodil blocks the EPSC less effectively
than the whole-cell current, which includes both synaptic
and extrasynaptic receptors (Tovar & Westbrook, 1999).

numerous

Figure 8. Long-term enhancement of the delayed
component of the afterburst EPSCyyvpa after HFS

A, left-hand traces: EPSCnmpa induced by single stimuli
(traces a and b) and by a 5 Hz train 7 pulses long (traces ¢
and d) before (traces a and c) and 60 min after HFS (traces b
and d). HFS stimulation protocol was as follows: train

7 pulses long (200 Hz) was applied 6 times with 20 s
intervals. Holding voltage was —45 mV. Right-hand traces:
corresponding EPSCnmpa scaled to the same amplitude and
superimposed as indicated. B, control experiment
demonstrating the lack of slow-down of the EPSCE?}R)A in
the course of long-term measurements (90 min) in the
absence of HFS. The EPSCnmpa induced by a train (5 Hz)

7 pulses long before (trace e) and after 90 min of the
whole-cell recording (trace f). Both traces exactly coincide,
as seen in the normalized superposition at a higher sweep
speed (right-hand traces). C, train-to-single ratio of the
normalized charge to the peak charge transfer measured in
control conditions, immediately after HFS and successively at
30, 60 and 90 min after HFS (calculated as gs%\e)' D,
averaged amplitude of the EPSCnmpa induced by single
stimulus measured in control conditions, immediately after,
and at 30, 60 and 90 min after HFS.
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Non-synaptic NMDA receptor clusters have been reported
to be prominent in developing cortical tissue, some of
them remaining intracellular and some being associated
with the plasma membrane (Aoki efal. 1994; Johnson
etal. 2003). NMDA receptor clusters non-colocalized
with presynaptic markers were detected in numerous
studies using cultured hippocampal neurones and
immunocytochemical methods (Aoki etal. 1994; Liao
etal. 1999; Pickard et al. 2000). Recent evidence suggests
that NMDA receptors are highly dynamic and can move
laterally between synaptic and extrasynaptic pools (Tovar
& Westbrook, 2002). Distinct regulation of synaptic versus
extrasynaptic NMDA receptors has been reported (Li et al.
2002); Ca*™ and tyrosine phosphorylation differentially
regulate run-down of synaptic versus extrasynaptic
NMDA receptor-mediated current in rat hippocampal
pyramidal neurones, providing mechanisms for receptor
adaptation to a variety of stimuli. Furthermore, varying
cellular consequences of NMDA receptor activation
((cAMP response element binding protein) CREB
function, gene regulation and neurone survival)) were
specified for the synaptic versus extrasynaptic location of
the receptors activated in cultured hippocampal neurones
(Hardingham et al. 2002).

At present it is not known which di- and/or
triheteromeric NR2D-containing NMDA  receptor
assemblies are expressed in hippocampus in vivo
and how the inclusion of NR2D in such assemblies
affects distinct single-channel properties. Immuno-
histochemical data suggest that all NR2D-containing
receptors in the adult midbrain may be triheteromeric
(Dunah efal. 1998). The expression of NR1/NR2D and
NRI1/NR2B/NR2D assemblies has been demonstrated
recently in cerebellar Golgi cells (Brickley et al. 2003). The
triheteromeric NR1/NR2B/NR2D assembly generates
channels with properties distinct from NR2B and NR2D,
in particular, with intermediate sensitivity to ifenprodil.
Therefore, at present it is difficult to specify whether the
ifenprodil-sensitive component of EPSCyypa recorded
in our experiments corresponds to pure NR2B or
NR2B-containing receptor assemblies.

We demonstrate here that robust LTP, produced by
repetitive high-frequency stimulation, is accompanied by
a long-term increase in the contribution of extrasynaptic
NMDA receptors to the aftertrain EPSC. The increased
contribution of extrasynaptic receptors after HFS could
be a result of the long-term increase in glutamate
release that has been shown to occur in CA3/CAl
synapses after induction of LTP (Malinow & Tsien, 1990;
Bolshakov & Siegelbaum, 1995; Sokolov eral. 2002),
though modification in glutamate uptake machinery
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cannot be excluded. Plasticity involving extrasynaptic
NMDA receptors could be important for memory
consolidation processes, that, according to the ‘synaptic
re-entry reinforcement hypothesis, require multiple
rounds of NMDA receptor-dependent modification to
reinforce the synaptic changes initiated during memory
acquisition (Shimizu etal. 2000; Wittenberg & Tsien,
2002). Experiments with Ca’* imaging reveal that NMDA
receptors play a leading role in creating the postsynaptic
Ca?* signal (Kovalchuk et al. 2000). NR2B receptors have
a higher Ca®* permeability than NR2A (Dingledine er al.
1999). The enhancement of their activity on a spike-to-
spike basis may well account for the ability of bursts to
make synaptic transmission reliable and to cause plasticity
(Lisman, 1997). In particular, the NR2B subunit has been
suggested to have a critical role in spatial learning and LTP,
as evidenced by NR2B knockout and overexpressing mice
(Sprengel et al. 1998; Tang et al. 1999; Tovar et al. 2000).
Tang etal. (1999) showed that mice in which the NR2B
subunit of the NMDA receptor is overexpressed display a
striking increase in synaptic plasticity and learning ability.
A role for NR2D in hippocampal long-term depression
(LTD) has been recently proposed (Hrabetova et al. 2000).

In summary, our data indicate that the phenomenon
of ‘ultraslow’ EPSCympa comprises the recruitment of
ultraslow NMDA receptor subtypes. Their extrasynaptic
location indicates that spillover results in the activation
of non-synaptic routes of calcium entry into the
dendrite. Correspondingly, the stimulus dependence
of the EPSCympa Kkinetics can reflect a confluence
of transmitter over extrasynaptic spaces. Taking into
account independent compartmentalization of spines and
extrasynaptic intracellular calcium pools (Yuste & Tank,
1996; Sabatini et al. 2001), the kill as large as the loss of
synaptic specificity may become unnecessary . To answer
the question of how much genuine intersynaptic cross-
talk is involved, one needs more specific pharmacological
tools and/or other approaches. Evidently, as for the
consequences of spillover for synaptic plasticity, a more
‘complicated scenario’ (Diamond, 2002) is needed for their
interpretation; the role(s) of intradendritic calcium should
be considered.
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