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Among integrative neurons displaying long-term synaptic plasticity, adult Purkinje cells seemed to be an exception by lacking functional
NMDA receptors (NMDA-Rs). Although numerous anatomical studies have shown both NR1 and NR2 NMDA-R subunits in adult
Purkinje cells, patch-clamp studies failed to detect any NMDA currents. Using more recent pharmacological and immunodetection tools,
we demonstrate here that Purkinje cells from adult mice respond to exogenous NMDA application and that postsynaptic NMDA-Rs carry
part of the climbing fiber-mediated EPSC (CF-EPSC), with undetectable contribution from presynaptic or polysynaptic NMDA currents.
We also detect NR2-A/B subunits in adult Purkinje cells by immunohistochemistry. The NMDA-mediated CF-EPSC is barely detectable
before 3 weeks postnatal. From the end of the third week, the number of cells displaying the NMDA-mediated CF-EPSC rapidly increases.
Soon, this EPSC becomes detectable in all the Purkinje cells but is still very small. Its amplitude continues to increase until 12 weeks after
birth. In mature Purkinje cells, we show that the NMDA-Rs contribute to the depolarizing plateau of complex spikes and increase their
number of spikelets. Together, these observations demonstrate that mature Purkinje cells express functional NMDA receptors that
become detectable in CF-EPSCs at �21 d after birth and control the complex spike waveform.
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Introduction
The NMDA receptor (NMDA-R) has unique properties that un-
derlie its roles in developmental, physiological, and pathological
processes in the brain (for review, see Dingledine et al., 1999;
Cull-Candy et al., 2001; Mori and Mishina, 2003). NMDA-Rs are
expressed in almost all principal neurons, but, so far, they seemed
to be absent from adult Purkinje cells. Thus, these cells are often
used as experimental model neurons lacking NMDA-Rs. Al-
though immature rodent Purkinje cells express NR1/NR2-D-
containing NMDA-Rs (Dupont et al., 1987; Rosenmund et al.,
1992; Cull-Candy et al., 1998), there are numerous contradictory
findings regarding the actual expression of functional NMDA-Rs
by adult Purkinje cells. Using patch clamp, electrophysiologists
concluded that Purkinje cells no longer express functional
NMDA-Rs after the first postnatal (PN) week (Konnerth et al.,
1990; Farrant and Cull-Candy, 1991; Llano et al., 1991). Discrep-
ancies remained, however, with previous studies using intracel-
lular or extracellular current-clamp techniques and showing that

adult rat or mouse Purkinje cells respond to ionophoretic appli-
cations of NMDA (Quinlan and Davies, 1985; Dupont et al.,
1987; Billard and Pumain, 1989; Krupa and Crepel, 1990) or
providing evidence for functional NMDA-Rs in adult guinea pig
Purkinje cells (Kimura et al., 1985; Sekiguchi et al., 1987). Immu-
nohistochemistry or in situ hybridization studies display contra-
dictions as well. Although the NR1 subunit is abundantly ex-
pressed by Purkinje cells throughout adulthood (Moriyoshi et al.,
1991; Monyer et al., 1992, 1994; Akazawa et al., 1994; Laurie and
Seeburg, 1994; Petralia et al., 1994a; Watanabe et al., 1994; Naka-
gawa et al., 1996; Hafidi and Hillman, 1997), the expression of
NR2 in the adult remains unclear: some authors found signal for
NR2-A mRNA in rat and human Purkinje cells (Akazawa et al.,
1994; Scherzer et al., 1997), whereas others detected no messen-
gers for NR2 (Monyer et al., 1994; Watanabe et al., 1994). Simi-
larly, low immunoreactivity for NR2-A/B proteins was detected
in young rats (Petralia et al., 1994b) and adult mice (Yamada et
al., 2001), whereas Thompson et al. (2000) found clear NR2-B
labeling in Purkinje cells from adult rats and mice, as well as
NR2-A labeling in mice only. Beyond differences in the species
and techniques, the important remaining question is the age of
the animals, i.e., the temporal definition given to adulthood. In
the present study, we used mice older than 8 weeks to demon-
strate the expression of functional NMDA-Rs in mature Purkinje
cells and their contribution to the waveform of the complex spike
induced by the stimulation of the climbing fiber (CF). These
NMDA-Rs contain NR2-A and/or NR2-B subunits and partici-
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pate in the synaptic currents mediated by the CF in Purkinje cells
(CF-EPSCs). We show that the NMDA-mediated CF-EPSC de-
velops with maturation of Purkinje cells, being hardly detectable
before postnatal day 21 (P21). In addition, we show that the
NMDA-mediated CF-EPSC is half blocked by 10 �M 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX). These observations ex-
plain the apparent lack of NMDA-Rs in Purkinje cell of pre-adult
rodents, as observed by some authors, and indicate that
NMDA-Rs are important to control the mature CF to Purkinje
cell connection.

Materials and Methods
Care and use of animals. Animal housing and all procedures were per-
formed in accordance with the guidelines of the French Ministry of Ag-
riculture and the European Community. A minimal number of animals
was used and handled with maximum care to minimize their suffering

Slice preparation. C57BL/6 mice (Mus musculus; Elevage Janvier, Le
Genest-St-Isle, France), aged between 12 d and 6 months, were used in
these experiments. Animals were first anesthetized with halothane and
then rapidly decapitated. The cerebellar vermis was immediately re-
moved and cooled to 4°C in oxygenated bicarbonate buffered solution
(BBS) (see below). Parasagittal 180-�m-thick slices were cut with a vi-
bratome (VT-1000S; Leica, Wetzlar, Germany). Slices were then incu-
bated for at least 1 h at room temperature (RT) in the following BBS (in
mM): 130 NaCl, 2.5 KCl, 2.0 CaCl2, 1.0 MgCl2, 26.0 NaHCO3, 1.3
NaH2PO4, and 10.0 glucose, pH 7.4 (when bubbled with 95% O2 and 5%
CO2).

Whole-cell recording procedure. The recording chamber was contin-
uously superfused with oxygenated BBS at a rate of 1–2 ml/min, at
room temperature. In some experiments indicated in the text, the
perfusion solution was warmed to near physiological temperatures
(32–35°C) in the recording chamber. Purkinje cells were visually
identified from their position, size, and shape using Nomarski differ-
ential interference contrast optics [40� water-immersion lens (Zeiss,
Oberkochen, Germany) plus a 2.25� Nikon (Tokyo, Japan) zoom
mounted on an upright Zeiss Axioskop-FS microscope]. Whole-cell
voltage- and current-clamp recordings were made with an Axopatch-
200A amplifier (Molecular Devices, Union City, CA). Signals were
filtered at 2 or 5 kHz (low-pass) and usually sampled at 25–37 �s.
Data acquisition and storage were performed on a personal computer
running the ACQUIS1 software (Bio-Logic, Orsay, France). Patch
pipettes were made of borosilicate glass capillary tubing pulled on a
horizontal puller (Sutter Instruments, Novato, CA) and fire polished
(MF-830; Narishige, Tokyo, Japan) to a final resistance of 2–5 M�
depending on the internal solution used. The internal solutions used
were as follows (in mM): 144.0 K gluconate, 6.0 KCl, 4.6 MgCl2, 10.0
HEPES acid, 10.0 EGTA (or 1.0 for complex spike recordings), 1.0 (or
0.1 in 1 mM EGTA solutions) CaCl2, 4.0 ATP-Na, and 0.4 GTP-Na, pH
7.3 adjusted with KOH. In some experiments, including current–
voltage ( I–V) curve protocols, the solutions contained the following
(in mM): 150 Cs-gluconate, 4.6 MgCl2, 10.0 HEPES acid, 10.0 EGTA,
1.0 CaCl2, 4.0 ATP-Na, and 0.4 GTP-Na, pH 7.35 adjusted with
CsOH. In some experiments, we added 1 or 3 mM of (5R,10S)-(�)-
5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5, 10-imine
hydrogen maleate (MK801) to this internal solution to block postsyn-
aptic NMDA-Rs; no differences were detectable between the two con-
centrations. Series resistances were partially compensated (70 –75%).
Holding potential was set at �70 mV, and liquid junction potential
was not corrected (except when otherwise specified). When used,
Mg 2�-free BBS external solutions were supplemented with 25 �M

glycine. Bicuculline methiodide (10 or 20 �M; Sigma, St. Quentin
Fallavier, France) was always added to block GABAA-mediated cur-
rents. In the current-clamp mode, a few cells that were spontaneously
more depolarized than �50 mV and that needed large current injec-
tion to maintain their membrane potential at �70 mV were consid-
ered to be damaged and were discarded. For ionophoresis experi-
ments, when filled with 10 mM NMDA, ionophoretic pipettes had a
final resistance of 40 –50 M�. NMDA was ejected using negative

square current pulses ranging from 100 to 250 nA. To limit diffusion
of NMDA in the BBS, a small positive retention current (usually
10 –15 nA) was continuously applied to the ionophoresis pipette be-
tween ejections. Extracellular stimulation of CFs or parallel fibers
(PFs) was performed with a constant voltage isolated unit (0.1 ms
square voltage pulses; 1–90 V) through a glass pipette filled with
external solution. This pipette was moved around in the granular
layer or white matter in the vicinity of the recorded Purkinje cell until
the climbing fiber all-or-nothing response was obtained.

Glycine, MK801, 1,2,3,4-tetrahydro-6-nitro-2,3-[f]-quinoxaline-7-
sulfonamide (NBQX) were from Sigma. NMDA, tetrodotoxin (TTX),
CNQX, (RS)-1-aminoindan-1,5-dicarboxylic acid (AIDA), D-(�)-2-
amino-5-phosphonopentanoic acid (D-APV), and DL-threo-�-
benzyloxyaspartic acid (DL-TBOA) were from Tocris Bioscience (distrib-
uted by Fisher Bioblock Scientific, Illkirch, France).

To estimate whether a cell displays a detectable D-APV-sensitive
NBQX-resistant EPSC, the amplitudes of the NBQX-resistant EPSCs in
control and their amplitudes during bath application of D-APV were
compared using a Mann–Whitney one-tailed statistical test. If the two
populations of amplitudes (control and D-APV) were statistically differ-
ent ( p � 0.05), D-APV was considered as having an effect, and the per-
centage of blockade induced by D-APV was calculated.

For analysis of complex spikes, spikes and spikelets were first identified
with a threshold detection protocol (usually 20 mV). Spike or spikelet
latencies were estimated by calculating the time between the stimulation
and the occurrence of the spike or spikelets.

Immunohistochemistry. Parasagittal 60 �m slices were prepared as de-
scribed previously in a slicing sucrose BBS (in mM: 1 CaCl2, 5 MgCl2, 10
glucose, 4 KCl, 26 NaHCo3, 248 sucrose, and 1.3 NaH2PO4, pH 7.35)
cooled to 4°C and bubbled with 95% O2 and 5% CO2. Immediately after
slicing, the slices were fixed with 4% paraformaldehyde in PBS for 2 h.
They were then rinsed three times with PBS. Permeabilization and satu-
ration were performed during 1 h on free-floating sections with PBS
containing 0.25% Triton X-100 and 0.25% fish gelatin (PBS-G-T). Three
types of anti-NR2 antibodies were used: (1) rabbit anti-NR2-D raised
against amino acids 268 –386 of human NR2-D; (2) goat anti-NR2-C/D
raised against a peptide mapping at the C terminus of NR2-D of mouse;
it also recognizes NR2-C (sc-1471; Santa Cruz Biotechnology, distrib-
uted by Tebu, Le Perray en Yvelines, France); and (3) rabbit anti-NR2-
A/B raised against the C terminus of the rat NR2-A subunit. It recognizes
both NR2-A and NR2-B mouse proteins equally (AB1548; Chemicon,
Temecula, CA, distributed by Euromedex, Mundolsheim, France). The
anti-NR2-C/D or anti-NR2-D antibodies were used only in single-
labeling experiments and were revealed with Alexa Fluor 546 rabbit anti-
goat or goat anti-rabbit antibodies (10 �g/ml; Invitrogen, Carlsbad, CA),
following the procedure detailed hereafter. For NR2-A/B immunodetec-
tion, slices were divided into three batches and incubated overnight at
room temperature in the following combinations: batch 1 with only the
rabbit anti-NR2-A/B antibody (1 �g/ml); batch 2 incubated with NR2-
A/B, mouse anti-calbindin-D28k (1:10000; Swant, Bellizona, Switzer-
land), and guinea pig anti-vesicular glutamate transporter 2 (VGluT2)
(1:3000; Chemicon) antibodies; and batch 3 incubated with PBS-G-T
only (control). Slices were then incubated 2 h with the fluorescent sec-
ondary antibodies (at 10 �g/ml; Invitrogen): Alexa Fluor 546 goat anti-
rabbit (batches 1–3), Alexa Fluor 633 goat anti-mouse and Alexa Fluor
488 goat anti-guinea pig (batches 2 and 3). In some experiments, sheep
anti-rabbit IgG cyanine 3-coupled (Cy3) (Sigma) was also used as a
secondary antibody to reveal NR2-A/B. The labeled slices were mounted
in Vectashield medium (Vector Laboratories, Burlingame, CA) and
viewed with a confocal laser-scanning microscope (SP2; Leica, Manheim,
Germany) using a 63� objective. In multiple-labeling experiments, ac-
quisition of the signal was systematically performed in sequential mode.
Alexa Fluor 488 was excited at 488 nm (argon laser), Alexa Fluor 546 and
Cy3 dye at 543 nm (helium–neon laser), and Alexa Fluor 633 at 633 nm
(helium–neon laser).

Three-dimensional reconstructions were performed using the
Imaris-4 software (Bitplane, Zurich, Switzerland).

Statistics. Averages are given as mean � SEM. Mann–Whitney or Wil-
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coxon’s tests were used for statistical comparisons, and p is given as the
probability of the null hypothesis.

Results
Bath or ionophoretic applications of NMDA induce currents
in Purkinje cells
Purkinje cells from animals older than 8 weeks were voltage
clamped at �70 mV in the whole-cell patch-clamp configura-
tion (see Materials and Methods). NMDA was applied in the
bath for 1 min in the presence of NBQX (10 �M), TTX (1 �M),
and bicuculline (20 �M). In these conditions, NMDA elicited
inward currents in all the Purkinje cells tested (n � 16), with a
mean amplitude of 38 � 6.4, 110 � 20.8, and 115 � 56.1 pA
for 20, 50, and 100 �M NMDA, respectively (Fig. 1 A). NMDA
was also applied locally using the ionophoresis technique, al-
ways in the presence of NBQX, TTX, and bicuculline at the
same concentration as above. Applications at the level of the
upper third part of the dendrites generally elicited no response
unless using long-lasting ejections (for instance 1 s). Applica-
tions at the level of the lower two-thirds of the Purkinje cell
dendrites generated large inward currents of 349.9 � 54.9 pA
(n � 8) that were completely abolished by D-APV (n � 4) (Fig.
1 B) or by external Mg 2� (n � 4). These currents could reach
�800 pA by increasing the ejection time. We preferred, how-
ever, working on smaller responses to limit diffusion of the
NMDA. Thus, all tested Purkinje cells of adult mice respond to
exogenous application of NMDA.

With slow methods of agonist application, like bath applica-
tion, if the receptors involved are rapidly desensitizing, the result-
ing currents are very small. The fact that the NMDA current is
very small during our bath application experiments compared
with that induced by ionophoresis indicates strong desensitiza-
tion of the response. Thus, the NMDA-Rs demonstrated here are
unlikely to contain the neonatal NR2-D subunits that are known
to display particularly low desensitization (Misra et al., 2000).
Because of their biophysical features, NR2-D subunits are not
compatible with synaptic currents (Misra et al., 2000), whereas
other NR2 subunits are involved in NMDA-mediated synaptic
transmission. It was therefore of interest to test the participation
of the NMDA-Rs demonstrated here in the synaptic transmission
of adult Purkinje cells.

PF-EPSCs display no NMDA component
The participation of some NMDA-Rs in EPSCs of Purkinje cells
was examined in nominal Mg 2�-free solution to prevent
NMDA-R blockade by external Mg 2� ions. PF-EPSCs, elicited by
extracellular stimulation at 3 or 5 s intervals in the molecular
layer, were identified by their graded amplitude increasing with
stimulus intensity and by their characteristic paired-pulse facili-
tation in response to 30 ms interval paired stimulations (Kon-
nerth et al., 1990). PF-EPSCs were inhibited by 10 �M NBQX in
the bath (n � 7) (Fig. 1C). In a few cells (n � 4), a small EPSC
(�30 pA) persisted in the presence of NBQX but was not further
blocked by D-APV. Thus, low-frequency-evoked single PF-
EPSCs display no detectable NMDA component.

CF-EPSCs display an NMDA component
CF-EPSCs were elicited by 30 s interval extracellular stimula-
tion in the granular layer and could be identified by their
all-or-none nature, very large amplitude, and paired-pulse de-
pression (PPD) (40 ms interval) (Konnerth et al., 1990). CF-
EPSCs during control periods were acquired at �70 mV (liq-
uid junction uncorrected), in nominal Mg 2�-free solution

and in the presence of 100 or 500 nM NBQX to reduce voltage-
clamp escape attributable to the very large amplitude of CF-
EPSCs (Fig. 1 D). In contrast to PF-EPSCs, adding 10 �M

NBQX to the bath did not completely abolish CF-EPSCs. A
residual CF-EPSC of 228.9 � 25 pA persisted in 46 of 47 adult
Purkinje cells tested (Figs. 1 D, 2). This NBQX-resistant CF-
EPSC was all or none and displayed PPD. D-APV (50 �M) and
Mg 2� (1 mM), respectively, blocked 87 � 5.5% (n � 9) (Fig.
2 A) and 72.6 � 4% (n � 10) (Fig. 2 B) of this NBQX-resistant
EPSC. The washout of D-APV allowed this NBQX-resistant
CF-EPSC to fully recover (Fig. 2 A).

The NMDA-mediated CF-EPSC does not result from the
indirect activation of AMPA/kainate receptors, metabotropic
glutamate receptors type 1, GABAA receptors, or
glutamate transporters
Purkinje cells respond to exogenous application of NMDA in
the presence of NBQX, bicuculline, and TTX in the bath, i.e.,
when the contribution of polysynaptic NMDA currents is
strongly reduced. This suggests that, surprisingly enough,
these cells express NMDA-Rs. This is further supported by the
existence of an NMDA-mediated component in the CF-EPSC.
However, considerable previous evidence indicated that
NMDA-Rs are not, or very weakly, expressed by adult Purkinje
cells (Crepel et al., 1982; Garthwaite et al., 1987; Konnerth et
al., 1990; Krupa and Crepel, 1990; Farrant and Cull-Candy,
1991; Llano et al., 1991). If this is true, the NMDA-mediated
CF-EPSC evidenced here has to be of presynaptic origin. How
could presynaptic NMDA-Rs carry part of the CF-EPSC? One
possibility lies in the indirect activation of presynaptic NMDA
currents, located at both inhibitory and excitatory terminals.
The stimulation of a single climbing fiber causes the simulta-
neous release of multiple glutamate vesicles at numerous re-
lease sites (Wadiche and Jahr, 2001). The resulting spillover of
glutamate could activate some presynaptic NMDA-Rs, located
on parallel fibers (Petralia et al., 1994a,b) (but see Diez-Garcia
et al., 2005; Shin and Linden, 2005) or inhibitory interneurons
(Glitsch and Marty, 1999; Clark and Cull-Candy, 2002). These
presynaptic NMDA-Rs would then drive the release of gluta-
mate from parallel fibers or GABA from interneurons. GABA
mediates currents in Purkinje cells during bath applications of
NMDA (Llano et al., 1991; Glitsch and Marty, 1999). In the
present study, however, all applications of NMDA were made
in the continuous presence of TTX, bicuculline, and NBQX,
and thus, Na � action potentials, GABAA, and AMPA/kainate
receptor-mediated currents were blocked. In these conditions,
the contribution of polysynaptic NMDA-associated currents
is strongly reduced, if not completely eliminated. In addition,
during the application of exogenous NMDA, we never ob-
served any miniature inward currents, which, in summation,
could have accounted for the NMDA current (Llano et al.,
1991). Finally, the existence of GABAA-mediated currents in
Purkinje cells is very unlikely here, because, in addition to
bicuculline in the bath, recordings were made with low chlo-
ride concentration-based internal solutions. The total esti-
mated chloride concentrations were 5.6 and 15.4 mM, respec-
tively, for Cs- and K-based solutions. In these conditions, at
approximately �70 mV, chloride currents are either outward
or their driving force is low. Thus, in the Purkinje cell recorded
here, the contribution of GABA-mediated currents to the
NMDA inward current is either absent or strongly reduced.

Another possibility involves the contribution of NMDA-Rs
located at parallel fibers (see above). In this hypothesis, some
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presynaptic NMDA-Rs located at parallel fibers could drive the
release of glutamate that could, in turn, activate different targets
on Purkinje cells, such as AMPA/kainate receptors, metabotropic
glutamate receptors type 1 (mGluR1), and glutamate transport-
ers. Concerning the two first candidates, 50 �M NBQX (n � 4) or
the group I mGluR antagonist AIDA (100 �M; n � 3) (Fig. 2D)
have no effect on the NBQX-resistant CF-EPSC. Glutamate
transporters deserve specific attention because they have been
shown to mediate an NBQX-resistant CF-EPSC (Otis et al., 1997;
Auger and Attwell, 2000). Therefore, we blocked glutamate trans-
porters with DL-TBOA, a specific and nontransported glutamate
transporter blocker that does not induce glutamate release by
heteroexchange (Shimamoto et al., 1998). When applied to Pur-
kinje cells, DL-TBOA (100 �M in the bath) did not block but, in
fact, increased the amplitude of the NMDA-mediated CF-EPSCs
from 238.1 � 24.5 pA in the control period to 402.6 � 75 pA (n �
5, Wilcoxon’s test, p 	 0.05) (Fig. 2C). These potentiated re-
sponses were blocked by D-APV (50 �M), showing that they were
carried by NMDA-Rs (Fig. 2C). Thus, the NMDA-mediated CF-
EPSC does not result from the indirect activation of AMPA/kai-
nate receptors, mGluR1, or glutamate transporters in Purkinje
cells.

The large potentiation of the NMDA-mediated CF-EPSCs
observed in the presence of DL-TBOA shows that glutamate
transporters limit the amplitude of these currents, raising the
possibility that the NMDA-mediated CF-EPSC would be
strongly reduced or even absent at physiological temperatures
(because of enhanced glutamate uptake). To test this, we
raised the temperature of the bath to 32–35°C and estimated
the relative contribution of the NMDA-mediated current to
the total NBQX-resistant CF-EPSC by adding D-APV at the
end of the recordings. To calculate the true NMDA-mediated
CF-EPSC, the amplitude of the CF-EPSC recorded in NBQX
plus D-APV was subtracted from the CF-EPSC in NBQX alone.
As illustrated in supplemental Figure 1 A (available at www.
jneurosci.org as supplemental material), the mean NBQX-
resistant CF-EPSC was increased in amplitude (397.6 � 58.8
pA; n � 5) when compared with RT (usually 25°C) experi-
ments (261.6 � 45.3; n � 8 pA). However, the relative NMDA-
dependent component remained the same at both tempera-
tures (supplemental Fig. 1 B, available at www.jneurosci.org as
supplemental material) (196.6 � 80.1, n � 5 at 32–35°C vs
212.5 � 44.3 pA, n � 8 at RT). The remaining NBQX-resistant
CF-EPSC that is potentiated at 32–35°C and that is not medi-
ated by NMDA-Rs probably corresponds to the CF-EPSC car-
ried by glutamate transporters (Otis et al., 1997; Auger and
Attwell, 2000; Huang et al., 2004). Thus, even at more physi-
ological temperature, CF-EPSCs display a clear and constant
NMDA-mediated current, which indicates that glutamate
transporters do not prevent the activation of NMDA-Rs lo-
cated at climbing fiber to Purkinje cell connections.

These observations indicate that some NMDA-Rs of Purkinje
cells are located relatively close to climbing fiber terminals. In
addition, because of the potentiating effect of DL-TBOA, there
might also be additional NMDA-Rs at some distance from the

Figure 1. NMDA currents recorded in adult (�8 weeks) mouse Purkinje cells and their
contribution to the climbing fiber EPSC. A, Bath application of 50 �M NMDA performed in the
presence of NBQX (10 �M), bicuculline (20 �M), and TTX (1 �M). B, Inward currents induced by
ionophoretic applications of NMDA (left) are completely blocked by 50 �M D-APV (right). Re-

4

cordings made in the presence of NBQX, bicuculline, and TTX in the bath (same concentrations as
in A). C, PF-EPSCs are blocked by NBQX. Averaged PF-EPSCs from one cell in control conditions
(left) and in the presence of 10 �M NBQX (right). D, CF-EPSCs display an NMDA-mediated
component. Averaged CF-EPSCs recorded in control conditions (bicuculline only, left), after
addition of 10 �M NBQX (middle), and in the presence of NBQX plus 50 mM D-APV (right). Inset,
Superimposed scaled control-mediated (black) and NMDA-mediated (gray) CF-EPSCs.
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releasing sites. This raises the possibility that, under conditions of
saturation of glutamate transporters (i.e., sustained or repetitive
glutamatergic synaptic transmission), NMDA receptors near CF
terminals could be massively recruited.

In conclusion, there is no detectable contribution of indi-
rect/polysynaptic NMDA currents to the NMDA-mediated
CF-EPSC in our conditions. However, other neurotransmit-
ters and/or mechanisms cannot be ruled out from a complex
model of possible indirect NMDA currents. For this reason, it

Figure 2. Most of the NBQX-resistant CF-EPSC is carried by NMDA-Rs in the absence of
Mg 2�. A, D-APV (50 �M) reversibly blocks the NBQX-resistant CF-EPSC. A1, Averaged CF-EPSCs
recorded in one cell before, during, and after the application of D-APV (as indicated on the
traces). A2, Same cell as A1. Amplitude of the CF-EPSCs plotted over time; note the washout of
D-APV. B, Effect of Mg 2� on the NBQX-resistant CF-EPSC. Superimposed averaged NBQX-
resistant CF-EPSCs recorded before and after addition of 1 mM external Mg 2� (as indicated on

Figure 3. NMDA-mediated CF-EPSCs are postsynaptic. A, Internal MK801 blocks the NBQX-
resistant CF-EPSC. Left, Averaged total CF-EPSCs recorded in one cell with standard K-based
internal solution in the presence of 200 nM NBQX to reduce voltage-clamp escape and after
addition of 10 �M NBQX. Right, Another cell recorded in the same conditions but with 3 mM

MK801 added to the intracellular medium. Note that the infusion of MK801 in the Purkinje cell
illustrated in the right blocks the NBQX-resistant CF-EPSC. B, Left, NBQX-resistant CF-EPSCs
recorded from one cell at different holding potentials (indicated on the left) to establish their
I–V curve. Top traces, In the presence of external Mg 2�; bottom traces, in nominally Mg 2�-
free BBS. Right, Corresponding I–V curve established with the mean � SEM peak amplitude of
three successive EPSCs recorded at a given potential, in the presence (filled circles; standard
BBS) or in the absence of external Mg 2� (open circles; Mg-free).

4

the traces) are shown. Additional application of 50 �M D-APV does not further block the re-
sponse. C, Blocking glutamate transporters with 100 �M of DL-TBOA potentiates the NMDA-
mediated CF-EPSC. C1, Averaged NBQX-resistant CF-EPSCs (trace 1, black) are potentiated by
TBOA (trace 2, dark gray). These potentiated responses are blocked by the final addition of 50
�M D-APV (trace 3, light gray) showing that they are carried by NMDA-Rs. C2, Mean � SEM
amplitude (n � 5 cells) of the NMDA-mediated CF-EPSCs in control (NBQX at 10 �M), after
addition of TBOA (100 �M), and after further addition of D-APV (50 �M). Numbers correspond to
C1. D, Blocking group 1 mGluRs with AIDA (100 �M) has no effect on the NBQX-resistant
CF-EPSC. D1, Averaged NBQX-resistant CF-EPSCs in control (NBQX alone) and during bath ap-
plication of AIDA (NBQX � AIDA). Sweeps are merged for comparison (right). D2, Amplitude of
the NBQX-resistant CF-EPSC plotted over time before and during the application of AIDA (as
indicated).
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was important to clarify the presynaptic or postsynaptic origin
of the NMDA-mediated CF-EPSC with more direct
approaches.

Blocking postsynaptic NMDA-Rs inhibits the
NMDA-mediated CF-EPSC
Postsynaptic NMDA-Rs were blocked specifically in the recorded
Purkinje cell by adding MK801 to the internal solution. MK801 is
a pore blocker of NMDA-Rs that has been used successfully in the
internal medium to block postsynaptic NMDA responses in sin-
gle cells (Berretta and Jones, 1996; Humeau et al., 2003; Massey et
al., 2004; Samson and Pare, 2005). MK801 was added to the in-
ternal medium (1 or 3 mM with no detectable differences), the
climbing fiber was stimulated, and 10 �M NBQX was added to the
bath. The mean amplitude of the NBQX-resistant CF-EPSC was
then estimated. With MK801 in the pipette, it was of 50.6 � 7.5
pA (n � 9) on average, whereas it was of 228.9 � 25 pA in
controls (Fig. 3A) ( p 	 0.001). This remaining MK801-resistant
current of 50.6 � 7.5 pA was not further blocked by D-APV (50
�M). Thus, postsynaptic MK801 has blocked all the NMDA com-
ponent of the CF-EPSC.

These experiments show that the NMDA-mediated CF-EPSC
is postsynaptic with no detectable presynaptic component. This
conclusion, based on pharmacology, was further confirmed by
analyzing the I–V relationship of the NMDA-mediated
CF-EPSCs.

The I–V relationship of the NMDA-mediated CF-EPSCs
displays the typical j-shape of postsynaptic NMDA-Rs
If the NMDA-mediated CF-EPSC is actually postsynaptic, its I–V
relationship is expected to display a negative slope between �70
and �20 mV in the presence of external Mg 2� (the I–V curve is
“j-shaped”). Changing the holding potential of Purkinje cells will
relieve the Mg 2� block of postsynaptic but not of presynaptic
NMDA-Rs. To address this issue, I–V curves of the NMDA-
mediated CF-EPSCs were recorded in the presence or absence of
external Mg 2�.

Because of their very large and fully developed dendrites, it is
not possible to accurately voltage clamp adult Purkinje cells
(Llano et al., 1991). The situation is even worse at depolarized
potentials, at which voltage-dependant ionic channels open, in-
creasing voltage-clamp escape. Thus, one expects that the EPSCs
recorded at positive potentials would be rather small and that
their reversal potential would be above the theoretical value of 0
mV. In these experiments, it was not possible to reduce this prob-
lem by pharmacologically blocking voltage-dependent Na� or
Ca 2� channels: (1) the diffusion of internal channel blockers in
the distal dendrites was not sufficient to prevent voltage-clamp
escape, and (2) we could not use external blockers because they
also inhibit neurotransmitter release. We therefore started the
I–V curve protocols at 0 mV, letting the voltage-dependent cur-
rents inactivate, and then progressively repolarized the cell to
�60 mV (liquid junction estimated at �12 mV and corrected),
focusing on the effect of external Mg 2� ions on the shape of the
I–V curve at these potentials. In standard 1 mM external Mg 2�,
for all cells tested, the I–V curves displayed the typical j-shape of
NMDA-mediated currents at negative potentials (Fig. 3B). In
contrast, in nominally Mg 2�-free external solution, for all but
one of the Purkinje cells recorded (n � 15), the NMDA-mediated
CF-EPSCs displayed a linear I–V relationship, with a positive
slope between �50 and 0 mV (Fig. 3B). A slight blockade of the
NMDA-mediated EPSC was often still apparent at potentials be-
low �60 mV in the Mg 2�-free solution (Fig. 3B). This is probably

attributable to the presence of contaminating Mg 2� ions that
persist in slices.

These results confirm that the NMDA-mediated CF-EPSC is
carried by postsynaptic NMDA-Rs.

Immunolabeling reveals the presence of NR2-A/B subunits on
Purkinje cells
Our results imply the existence of functional NMDA-Rs on Pur-
kinje cell membranes, i.e., of NMDA-Rs composed of hetero-
meric NR1/NR2 subunits, particularly in the vicinity of climbing
fibers terminals. Although the expression of NR1 by adult Pur-
kinje cells is well documented, that of NR2 subunits is less clear
(for instance, see Yamada et al., 2001, as opposed to Thompson et
al., 2000). We thus performed immunolabeling of the NR2 sub-
units, along with that of calbindin and VGluT2 as markers of
Purkinje cells and climbing fibers terminals, respectively. Acqui-
sition of the fluorescent signal with a confocal microscope re-
vealed no labeling for NR2-C or NR2-D subunits in adult Pur-
kinje cells, with any of the antibodies used (see Materials and
Methods and data not illustrated). However, a clear and constant
labeling of NR2-A/B subunits was found in Purkinje cell soma
and proximal dendrites throughout the cerebellar vermis (Fig. 4).
In the molecular layer, cells and dendrites labeled by NR2-A/B
antibodies were almost exclusively calbindin positive (Fig.
4B,C). In the first two-thirds of the molecular layer, correspond-
ing to the zone of climbing fiber terminals, the NR2-A/B subunits
were clearly concentrated in the Purkinje cell dendrites (Fig. 4).
This NR2-A/B staining was homogenous throughout the lobules.
It was present in either NR2-A/B single- or multiple-labeling
experiments (Fig. 4), thereby excluding any interference from
cross-reactions attributable to multiple-staining procedures. Be-
cause of the rather diffuse labeling of NR2-A/B in the overall
Purkinje cells dendrites, nonconfocal images of the 60 �m slices
show a constant and diffuse staining of the molecular layer in
which only soma and large dendrites of Purkinje cells were dis-
tinguishable. Confocal images observed in 1-�m-spaced stacks
revealed clear NR2-labeled dendrites (Fig. 4B). Three-
dimensional (3D) reconstructions of confocal stacks show strong
labeling by NR2-A/B antibodies throughout the proximal den-
drites (Fig. 4C). In the proximal dendrites of Purkinje cells ob-
served at higher magnification, the labeling for NR2-A/B often
coincided with VGluT2 labeling (Fig. 4D).

A lighter and more diffuse labeling of NR2-A/B was also ob-
served in the distal dendrites of Purkinje cells, including in the
upper third of the molecular layer, a zone of contacts exclusively
between parallel fibers and Purkinje cells, as assessed by the ab-
sence of VGluT2 labeling in this zone (Fig. 4B,C). Although the
labeling was less intense in this zone, this observation opens the
possibility of the existence of some extrasynaptic NMDA-Rs on
Purkinje cells near parallel fiber synapses. Alternatively, it could
also correspond to some presynaptic NR2-A/B subunits. In the
granular layer, NR2-A/B and VGluT2 labeling also coincide. This
most probably corresponds to glomeruli, in which mossy fiber
terminals express VGluT2 (Hioki et al., 2003) and granule cell
dendrites NR2-A (as well as NR2-C that are not labeled by the
present antibody) in mature animals (Akaike et al., 1981; Cathala
et al., 2000). In agreement with the observation that mRNA for
NR2-A and NR2-B subunits is absent from stellate and basket
cells (Akazawa et al., 1994), no labeling was detected in these
neurons.

Adult Purkinje cells express high levels of NR1 subunits (Pe-
tralia et al., 1994a; Hafidi and Hillman, 1997; Thompson et al.,
2000). Thus, the description of some NR2 subunits in these cells
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is not surprising and confirms the presence functional NMDA-
Rs. In addition, supporting our data, the distribution of NR2-A/B
labeling described here exactly matches that of NR1 subunits in
Purkinje cells (Petralia et al., 1994a).

The NMDA component of the CF-EPSC appears at the end
of 3 weeks PN and progressively increases with Purkinje
cell maturation
Our data converge toward the presence of NMDA-Rs in mature
Purkinje cells from animals older than 8 weeks. Most of the au-

thors that did not detect NMDA-Rs in fact
worked with much younger animals. The
developmental profile of the NMDA-
mediated CF-EPSC was therefore investi-
gated by quantifying the effect of D-APV
on the amplitude of the CF-EPSC re-
corded in 10 �M NBQX from P12 to 12
weeks PN (see Materials and Methods). As
illustrated in Figure 5B, the NMDA-
mediated component of CF-EPSCs can
hardly be detected before P21. Both the
number of cells displaying NMDA-
mediated CF-EPSC (Fig. 5B) and the mean
amplitude of these NMDA currents in-
crease from P18 to P21 (Fig. 5C), at least in
the vermis, in which our recordings were
performed. From P22, all the cells tested
displayed significant NMDA-mediated
CF-EPSCs, but their amplitudes were still
rather modest and continued to increase,
reaching 69.5 � 4.8% (n � 7) 8 weeks after
birth (Fig. 5C). Taking into account cells
from animals ranging in age from 12 weeks
to 6 months, the mean blockade induced
by D-APV was 87 � 5.5% (Fig. 5C). Thus,
there is still a slight increase in the ampli-
tude of the NMDA-mediated CF-EPSC af-
ter 8 weeks PN. These data show that the
NMDA-mediated component of the CF-
EPSC appears by P21 but is still very small
at this age, probably explaining the diffi-
culty to detect these receptors in previous
studies.

CNQX partly blocks the
NMDA-mediated CF-EPSC
The presence of functional NMDA-Rs in
Purkinje cells and the existence of
NMDA-mediated currents in CF-EPSCs
were investigated previously mostly in
immature animals (Perkel et al., 1990;
Farrant and Cull-Candy, 1991; Llano et
al., 1991); thus, the absence of detectable
NMDA currents is not surprising con-
sidering our results. However, a study
from Perkel et al. (1990) did not show
any NMDA component in the CF-EPSCs
of 4- to 6-week-old rats. Although spe-
cies differences cannot be completely ex-
cluded, examination of this study shows
that it was done using CNQX as a spe-
cific blocker of AMPA receptors. CNQX
has been widely described as being also

an antagonist at NMDA-Rs, in part by competing with glycine
at its modulatory site (Birch et al., 1988; Harris and Miller,
1989; Kessler et al., 1989; Pellegrini-Giampietro et al., 1989;
Lester and Jahr, 1990; Mead and Stephens, 1999) and also with
glutamate at its binding site (Lester and Jahr, 1990). In con-
trast, NBQX has no effect on NMDA currents (Sheardown et
al., 1990). We therefore studied the effect of CNQX on the
NMDA-mediated CF-EPSC in mice older than 8 weeks at con-
centrations commonly used in cerebral tissue slices (Fig. 5D).
At 10, 20, and 50 �M, the residual NMDA-mediated CF-EPSC

Figure 4. Distribution of NR2-A/B immunofluorescence on sagittal slices observed with confocal imaging. A1, Single NR2-A/B
immunolabeling showing the soma and primary dendrites of a Purkinje cell. A2, Same area observed in differential interference
contrast microscopy (DIC). Scale bar, 20 �m. ML, Molecular layer; IGL, internal granular layer. Note the presence of presumably
NR2-A at the level of glomeruli in the IGL. B, Successive 1-�m-spaced confocal sections showing NR2-A/B (red), calbindin (CaBP,
blue), as well as VGluT2 (green) labeling. Scale bar, 40 �m. C, Three-dimensional reconstruction of a stack of 30 successive
1-�m-spaced confocal sections displaying the NR2-A/B immunolabeling alone (left) and NR2-A/B (red) plus CaBP (blue) plus
VGluT2 (green) merged (right). Same zone as in B. Note that the merged 3D stack reveals that distal dendrites of Purkinje cell in the
upper third of the molecular layer displays less intense immunoreactivity for NR2-A/B. D, High-power image (4�) of CaBP-
positive (blue) dendrites showing NR2-A/B (red) and VGluT2 (green). Scale bar, 10 �m.
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was 105 � 10.4, 107.4 � 21.3, and 123.5 � 15.6 pA, respec-
tively, compared with 194.8 � 20.1 (n � 6), 256.4 � 40 (n �
5), and 270.5 � 16 pA (n � 4) in control periods. The residual
responses in 50 �M CNQX were partially reversed by 200 �M

glycine, as expected from the previously described competi-
tion between CNQX and glycine (Lester and Jahr, 1990). This
response was further blocked by D-APV (50 �M), showing that

it was indeed mediated by NMDA-Rs (Fig. 5D). In conclusion,
CNQX, a widely used AMPA/kainate antagonist, at usual
doses, blocks approximately half of the NMDA-mediated CF-
EPSC, probably by competing with glycine and possibly with
glutamate at their binding sites. Taking into account this in-
hibitory effect of CNQX on the NMDA current, together with
the still small amplitude of this EPSC in young animals, our
data predict that, in the presence of 10 �M CNQX and at 4
weeks PN, the CF-EPSC should have an amplitude of �60 pA.
This explains rather well why some authors, such as Perkel et
al. (1990), did not detect these NMDA-Rs. The study from
Krupa and Crepel (1990) is also interesting because they de-
tected NMDA-Rs in adult rat Purkinje cells (8 weeks PN). The
fact that only 25% of the Purkinje cells responded to NMDA in
adults whereas 100% responded during the first week PN un-
der the same experimental conditions is probably attributable
to the differences in subunit composition of the NMDA-Rs at
these two ages. The NR1/NR2-D NMDA-Rs is particularly
easy to detect with exogenous glutamate compared with NR1/
NR2-A/B of the adults. In 1990, these different subunits and
their properties were still unknown, and, compared with ju-
venile currents, the NMDA currents of the adults apparently
decline with age. Interestingly, the authors themselves already
proposed this hypothesis in their discussion (Krupa and Cre-
pel, 1990, their second to last paragraph). In addition, this
study was performed with intracellular voltage-clamp record-
ings, a technique that is less appropriate than patch clamp for
the recording of currents.

NMDA-Rs contribute to the complex spike in mature animals
The NMDA-mediated CF-EPSC is rather small compared with
the AMPA-mediated CF-EPSC, which raises the question of
the functional role of these receptors in Purkinje cell physiol-
ogy. First, in adults, it is important to note that dendritic
currents recorded at the soma are highly filtered and that
voltage is improperly controlled in dendrites, resulting in an
underestimation of the amplitude of the NMDA-mediated
CF-EPSC. Second, the physiological effect of an ionic conduc-
tance does not entirely depend on its amplitude; the location
of the channels may also be at least as important. To better
estimate the potential physiological relevance of the
NMDA-Rs of the adult Purkinje cell, we next switched to re-
cordings in the current-clamp mode and stimulated the
climbing fiber to record the characteristic response, the com-
plex spike. In this mode, we found two categories of Purkinje
cells: (1) silent cells (no spontaneous spiking activity) with a
resting potential at approximately �65/�70 mV; and (2) cells
with a resting potential at approximately �55 mV with inter-
mittent periods of spontaneous spiking activity. Spontaneous
activity complicated the estimation of the resting potential of
cells and of the shape of complex spikes over time. Therefore,
in spontaneously active cells, we injected a small negative cur-
rent through the recording pipette to maintain the Purkinje
cell membrane at approximately �70 mV and to prevent
activity.

As expected, the stimulation of the climbing fiber induced an
all-or-none complex spike that consisted of one large spike fol-
lowed by two to five shorter spikelets at the top of a fast depolar-
ization plateau (Eccles et al., 1966) (for review, see Schmolesky et
al., 2002) (see Fig. 7). This fast plateau was followed by a slow
afterdepolarization (ADP) (Schmolesky et al., 2005) (see Fig. 7A).
The duration of the plateau and the number of spikelets were
rather variable among cells, but, for each individual Purkinje cell,

Figure 5. Development of the NMDA-mediated CF-EPSCs and their blockade by CNQX. A,
Amplitude of the NBQX-resistant CF-EPSC over time, in Mg 2�-free external medium, in two
different Purkinje cells from P17 and P26 mice. Addition of 50 �M D-APV in the bath reversibly
blocks the NBQX-resistant CF-EPSC at P26, whereas it has no effect at P17. B, Proportion of
Purkinje cells displaying a detectable NMDA component, observed at different postnatal ages.
The total number of cells (n) recorded at each age is indicated above the bars. C, Percentage of
blockade of the NBQX-resistant CF-EPSCs induced by D-APV (50 �M) over the development.
Ages are indicated at the bottom of the graph. The total number of cells recorded at each age is
indicated above the bars. D, Mean � SEM peak amplitude of the NBQX-resistant CF-EPSCs in
control (10 �M NBQX alone) and after addition of three different concentrations of CNQX (10, 20,
or 50 �M as indicated). On the right, further application of 200 �M glycine tends to reverse the
blockade by CNQX. Final addition of D-APV blocks the response reduced by CNQX and partially
reversed by glycine, showing that it is carried by NMDA-Rs.
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at room temperature, the waveform of the complex spike was
remarkably stable over time, even for long recordings (up to 1 h).
In some cases, an antidromic spike preceded the complex spike
itself. The climbing fiber was stimulated at 0.1 Hz, and the exis-
tence of an NMDA-mediated CF-EPSP was first investigated in
magnesium-free BBS (Fig. 6). In this configuration, adding 10
�M NBQX to the bath while recording the complex spike sup-
pressed spikes and spikelets, leaving a large NBQX-resistant CF-
EPSP (Fig. 6). This EPSP was completely abolished by D-APV (50
�M) or Mg 2� (1 mM) in all the Purkinje cells tested (n � 7) (Fig.

6, right), showing that it is an NMDA-mediated CF-EPSP
(NMDA-EPSP). This NMDA-EPSP was all or none, with a mean
amplitude of 14 � 1.9 mV (n � 7) (Fig. 6, middle).

The contribution of this NMDA-EPSP to the complex spike
was then investigated in more physiological conditions, i.e., in the
presence of 1 mM Mg 2� in the bath (Fig. 7). We measured five
different parameters in the complex spike: the amplitude of the
fast depolarization plateau (plateau), the amplitude of the ADP,
the number of spikes and spikelets, their delays, and the mem-
brane potential over time (Fig. 7) (table in supplemental Fig. 1,
available at www.jneurosci.org as supplemental material). Eight
cells were recorded at room temperature (24 –26°C), and three
cells were recorded at 34°C. In all these 11 cells, D-APV (50 �M

added to the bath) had a significant effect on these parameters
(table in supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). However, when present, the delay of the
initial antidromic spike was not affected by D-APV, except for one
cell in which it disappeared in D-APV and reappeared during
washout. In all but one cell (n � 11), D-APV increased delays of
spikes and spikelets (Fig. 7) (table in supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental material). At room
temperature, the resting potential slightly but not significantly
increased during D-APV application (Fig. 7A2). At 34°C, this
effect was more prominent. Because modest changes in mem-
brane potential can significantly modify the complex spike wave-
form, we maintained the membrane potential at �70 mV during
the entire recording to reliably compare the complex spikes dur-
ing D-APV together with controls. In 7 of 11 cells, the increase in
spike and spikelet delay ultimately led to a reduction in their
number, thereby significantly changing the spike waveform (Fig.
7B). In five of these cells, this change of waveform was too im-
portant to estimate the effect of D-APV on the plateau and ADP
(table in supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). For the remaining six cells, D-APV re-
duced the amplitude of the depolarization plateau and of the
ADP (Fig. 7A) (table in supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). All these effects of
D-APV were fully reversible on washout, showing that they did
not result from rundown over time (Fig. 7B). In 5 of 11 cells, this
washout was accompanied by a rebound increase of the ampli-
tude of the fast plateau and of the number of spikelets in the
complex spike (as in example of Fig. 7B). The smaller the effects
of D-APV were, the larger this rebound was. This indicates that,
from the beginning of the experiment, some of the NMDA-Rs
were already desensitized/inactivated, suggesting that there
might be a tonic activation of the NMDA component, at least in
our conditions.

In conclusion, blocking NMDA-Rs reduces the amplitude of
the plateau and ADP, increases spike and spikelet latency, and, in
some cases, reduces their number. What might cause these ef-
fects? In the complex spike, the latency of spikes depends, among
other parameters, on the amplitude of the underlying potential:
increasing the potential amplitude reduces latency because the
threshold of discharge is reached faster. Thus, the magnitude of
the latency shift induced by D-APV likely depends on the ampli-
tude of the underlying NMDA potential. Furthermore, if the
NMDA potential is large, the latency shift in D-APV will also be
accompanied by the disappearance of some spikes or spikelets
because their threshold will no longer be reached during the com-
plex spike.

These results show that NMDA-Rs increase the depolariza-
tion induced by the complex spike and prolong its duration.
These effects are likely to favor calcium entry in the dendrites

Figure 6. Blocking the complex spike with NBQX reveals an NMDA-EPSP. Whole-cell current-
clamp recording of a Purkinje cell from a mature animal (6 months old) in the absence of
external Mg 2�. Complex spike illustrated before (control) and after addition of NBQX (10 �M).
NBQX suppresses spikes and spikelets of the complex spike and reveals an NBQX-resistant CF-
EPSP (top middle trace) that is completely inhibited by 50 �M D-APV (top right trace). Note the
kinetics of the complex spike and of NMDA-EPSP superimposed below.
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as well as their propagation, and, be-
cause they occur in the presence of phys-
iological concentrations of Mg 2� and
near physiological temperature,
NMDA-Rs are potent actors in the phys-
iology of adult Purkinje cells.

Discussion
We demonstrate that Purkinje cells from
adult mice respond to exogenous NMDA
applications in the presence of TTX, bicu-
culline, and NBQX. In agreement with
Sekiguchi et al. (1987), we show that Pur-
kinje cells respond to ionophoresis of
NMDA at their proximal but not their dis-
tal dendrites. Accordingly, we detect
NMDA-Rs by immunohistochemistry in
the lower two-thirds of the Purkinje cell
dendrites, i.e., near climbing fiber syn-
apses. Confirming these observations,
NMDA receptors carry part of the CF-
EPSC. In Mg 2�-free solution, the major
part of the NBQX-resistant CF-EPSC is
typical of NMDA currents, i.e., potentia-
tion by glycine and blockade by D-APV,
MK801, and external Mg 2� ions. Three
direct lines of evidence demonstrate that
the NMDA-mediated CF-EPSCs is
postsynaptic: (1) the immunolabelings of
NR2-A/B; (2) the blockade of NMDA-
mediated CF-EPSCs by internal MK801;
and (3) their voltage-dependent block at
hyperpolarized potentials in the presence,
but not in the absence, of external Mg 2�.

The NMDA-mediated CF-EPSC was
present in all but one of the mature Purkinje
cells tested in the study, showing that, in
adult mice, it is a consistent component of
climbing fiber to Purkinje cell synapses.
How can discrepancies between our results
and previous studies be explained? Differ-
ences among various species used cannot be
completely excluded. However, NMDA-Rs
have also been previously detected in guinea
pig, rats, and humans (Quinlan and Davies,
1985; Billard and Pumain, 1989; Krupa and
Crepel, 1990; Scherzer et al., 1997; Thomp-
son et al., 2000). In light of our data, the dif-
ficulty in finding NMDA currents mainly re-
sults from (1) differences in the age of the
animals, (2) the use of CNQX, and (3) the lack of information about
properties of the different NMDA subunits at the time of these stud-
ies. In fact, most of the groups that looked for NMDA currents in
adult Purkinje cells worked in animals younger than 3 weeks. How-
ever, we now show that the adult-type NMDA current is barely de-
tectable before 3 weeks PN and remains small until 6 weeks. In ad-
dition, as observed previously in other cell types, CNQX blocks half
of the NMDA-mediated CF-EPSC. Consequently, as long as the
NMDA current remains relatively small, CNQX leaves a hardly de-
tectable NMDA-mediated CF-EPSC. This probably explains why
Perkel et al. (1990), for instance, did not detect the NMDA responses
in their study performed using 4- to 6-week-old animals.

Many of the studies performed before 1990 in the “true adult”

support our present data by indicating NMDA responses in Pur-
kinje cells, although these studies provided only indirect evidence
attributable to technical and pharmacological problems. Inter-
estingly, some of them even provided evidence for the location of
NMDA-Rs at climbing fibers synapses (Kimura et al., 1985;
Quinlan and Davies, 1985; Sekiguchi et al., 1987; Billard and
Pumain, 1989). Examination of these studies shows that they
were not done with patch-clamp but with extracellular or intra-
cellular microelectrode recordings. The two latter techniques are
compatible with the use of adult animals, whereas patch-clamp
studies prefer immature cells to ensure proper voltage clamp.
Thus, the advent of patch-clamp technique in slices, by con-
straining authors to work in immature (“subadult”) animals,

Figure 7. NMDA-R contribution to the complex spike in standard (1 mM Mg 2�) BBS. Whole-cell recordings from mature
Purkinje cells in the presence of external Mg 2� (1 mM) at room temperature. A1, Complex spikes recorded in bicuculline only
(black trace) and in bicuculline plus D-APV (50 �M, gray trace). In this example, the ADP was measured at 70 ms after the
stimulation onset. Note that D-APV reduces both the fast depolarization plateau (top) and the ADP. A2, Same cell as in A1.
Amplitude of the ADP (bars) and resting potential (squares) plotted over time. B, Same type of recording in another mature
Purkinje cell. B1, Complex spikes before (1), during (2), and after (3) the application of D-APV (50 �M). In this cell, D-APV reduced
the plateau amplitude (arrows) and shifted the appearance of the spikelets (as in traces merged in bottom). B2, Same cell as B1.
Delay of spikes and spikelets of the complex spike plotted over time. Note the occurrence of a third spikelet in some trials during the
washout of D-APV (asterisk on the right trace of B1). This third spikelet occurred in the time window used to estimate the plateau
amplitude, therefore causing the presence of peaks in the plot of amplitude of the plateau over time.
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likely contributed to the conclusion that adult Purkinje cells do
not express functional NMDA-Rs.

Our data indicate that the NR2-A/B subunits of the adult
replace neonatal NR2-D in Purkinje cells (Cull-Candy et al.,
1998). Compared with NR2-A/B, NR2-D containing
NMDA-Rs are less sensitive to Mg 2� block, do not desensitize,
and slowly deactivate (Dingledine et al., 1999; Misra et al.,
2000), which make them easy to detect with exogenous gluta-
mate. Thus, the developmental switch from NR2-D to NR2-
A/B in Purkinje cells renders the detection of NMDA-Rs much
more difficult in adult Purkinje cells. This is probably why
NMDA-Rs were evident in young animals but comparatively
hard to detect in the same conditions later in the development
(Dupont et al., 1987; Krupa and Crepel, 1990). Finally, the
particular properties of NR2-D-containing NMDA-Rs make
them poorly suited for classical fast synaptic transmission,
contrary to NR2-A or NR2-B subunits. Accordingly, NR2-D
are not components of neonatal climbing fiber synaptic trans-
mission at P0 –P4 (Lachamp et al., 2005), whereas NR2-A/B
are expressed at mature climbing fiber connections. Thus, the
translocation of the NMDA-Rs to the synapses during the
development fits their respective biophysical characteristics.

What might be the role of these adult NMDA-Rs? Because
of their well known characteristics, they are likely to modulate
the integration or plasticity of Purkinje cells inputs and/or
outputs or to play a role in the maintenance of their connec-
tions. Purkinje cells no longer respond to NMDA after climb-
ing fiber deafferentation (Billard and Pumain, 1989). Con-
versely, we found adult NMDA-Rs at climbing fiber synapses
from P21 in mice, i.e., an age that coincides with the complete
regression of multiple climbing fiber innervation (Hashimoto
and Kano, 2005). Thus, NMDA-Rs of adult Purkinje cells
could play a role in the adjustment and/or maintenance of
mature climbing fiber to Purkinje cells connections. It is also
interesting to notice that P21 corresponds to the appearance of
a mature form of retrograde signaling in Purkinje cell (Levenes
et al., 2001; Crepel, 2007) and to the developmental transition
stage when the spontaneous activity of Purkinje cells switches
from tonic Na � spiking to a trimodal spiking pattern (com-
bining Na �-spikes, Ca 2�-spikes, and pauses) (McKay and
Turner, 2005). Thus, from both a morphological and physio-
logical point of view, the development of Purkinje cells of mice
and a fortiori of rats is definitely not completed at P21 (Altman
and Bayer, 1997; McKay and Turner, 2005).

Even in adults, NMDA currents are relatively small com-
pared with the total CF-EPSC. However, this does not neces-
sarily imply that NMDA-Rs have no physiological role. Exper-
iments in current-clamp reveal an NMDA-EPSC of 14 mV on
average, which is not negligible. The fact that the complex
spike displays an NMDA component in 1 mM Mg 2�-
containing BBS and at near physiological temperature indicate
that these receptors contribute to the complex spike in physi-
ological conditions. Importantly, this also demonstrates that
the depolarization induced by the complex spike itself is suf-
ficient to relieve the Mg 2� block of NMDA-Rs and to allow
them to be activated by a single climbing fiber discharge.

Despite extensive studies, the informational role of the
complex spike is still unclear (Simpson et al., 1996;
Schmolesky et al., 2002). Depending on the study and on the
research group, it is involved in real-time [like the “timing
device” proposed by Llinas’s group (Lang et al., 2006)], short-
term (modulation of the pause in fast spiking) (Simpson et al.,
1996), or long-term modulation of Purkinje cells activity

(“plasticity”). Whatever its role, the climbing fiber operates at
the level of dendritic integration (input) and/or axonal firing
patterns (output) of Purkinje cells. Looking at their contribu-
tion to the complex spike, NMDA-Rs may act at both levels.

The output of Purkinje cells after a complex spike consists
of a burst of forward-propagating action potentials in the axon
(Llinas and Sasaki, 1989; Khaliq and Raman, 2005). Propaga-
tion of the fast initial spike is highly reliable (Khaliq and Ra-
man, 2005), but that of individual spikelets is much less reli-
able and subject to modulation. Propagation probability
varies predictably with the spikelets waveform and can be de-
scribed as a saturating function of spikelet amplitude, rate of
rise, or preceding interspike interval (Khaliq and Raman,
2005). As we show, NMDA-Rs decrease the delay of the spike-
lets and, in most of the cells, increase their number, thereby
changing interspike intervals. Thus, according to Khaliq and
Raman (2005), the NMDA-mediated component of the com-
plex spike is likely to change the probability of propagating
spikelets in the axon.

Parallel fiber inputs to Purkinje cells display long-term de-
pression (LTD) or potentiation (LTP). Probability of LTD
versus LTP at parallel fiber inputs is under control of the
climbing fiber (Coesmans et al., 2004), which itself undergoes
calcium-dependent LTD (Hansel and Linden, 2000). As we
show here, NMDA-Rs increase the depolarization induced by
the complex spike and prolong its duration. These effects are
expected to favor calcium entry in the dendrites as well as their
propagation. Thus, NMDA-Rs are likely to be players in the
game of mature Purkinje cells plasticity. However, it is diffi-
cult to evaluate from previous studies whether this is the case,
because the molecular actors of Purkinje cell plasticity have
been primarily investigated in immature cerebellar slices, i.e.,
before the expression of NMDA-Rs at climbing fiber synapses.
Thus, it now remains to be established the exact role of the
NMDA-Rs of the Purkinje cells, provided that the basic cellu-
lar rules of plasticity are reappraised in the context of mature
cerebellar cortex.
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