
J Physiol 569.1 (2005) pp 209–221 209

Functional NR2B- and NR2D-containing NMDA receptor
channels in rat substantia nigra dopaminergic neurones
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NMDA receptors regulate burst firing of dopaminergic neurones in the substantia nigra
pars compacta (SNc) and may contribute to excitotoxic cell death in Parkinson’s disease
(PD). In order to investigate the subunit composition of functional NMDA receptors in
identified rat SNc dopaminergic neurones, we have analysed the properties of individual NMDA
receptor channels in outside-out patches. NMDA (100 nM) activated channels corresponding
to four chord conductances of 18, 30, 41 and 54 pS. Direct transitions were observed
between all conductance levels. Between 18 pS and 41 pS conductance levels, direct transitions
were asymmetric, consistent with the presence of NR2D-containing NMDA receptors. Channel
activity in response to 100 nM or 200 µM NMDA was not affected by zinc or TPEN
(N,N,N ′,N ′-tetrakis-[2-pyridylmethyl]-ethylenediamine), indicating that SNc dopaminergic
neurones do not contain functional NR2A subunits. The effect of the NR2B antagonist ifenprodil
was complex: 1 µM ifenprodil reduced open probability, while 10 µM reduced channel open
time but had no effect on open probability of channels activated by 100 nM NMDA. When the
concentration of NMDA was increased to 200 µM, ifenprodil (10 µM) produced the expected
reduction in open probability. These results indicate that NR2B subunits are present in SNc
dopaminergic neurones. Taken together, these findings indicate that NR2D and NR2B subunits
form functional NMDA receptor channels in SNc dopaminergic neurones, and suggest that they
may form a triheteromeric NMDA receptor composed of NR1/NR2B/NR2D subunits.
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Dopamine neurones of the substantia nigra pars compacta
(SNc) provide a dopaminergic projection to the striatum
that is crucial to the normal physiology of the basal ganglia
and is lost in Parkinson’s disease (PD). Excitatory afferents
to SNc dopaminergic neurones activate NMDA glutamate
receptors (Mereu et al. 1991; Wu & Johnson, 1996) to
induce burst firing (Johnson et al. 1992). NMDA receptors
may contribute to excitotoxic death of dopaminergic
neurones in PD (Sonsalla et al. 1998; Doble, 1999;
Blandini et al. 2000), and NMDA receptor antagonists have
therapeutic potential in PD (Hallett & Standaert, 2004).

The functional and pharmacological properties of
NMDA receptors are determined by their subunit
composition (Stern et al. 1992; Wyllie et al. 1996; Vicini
et al. 1998; see Cull-Candy & Leszkiewicz, 2004 for
review). Although NR1 subunits consist of different
alternatively spliced isoforms, NR2 subunits are the main
determinants of NMDA receptor functional diversity.
Four NR2 subunits are known, NR2A–NR2D, each with
different properties. For example, cloned NMDA receptors
containing the NR2D subunit have high affinity for

glutamate, deactivate slowly, and show low sensitivity
to blockade by magnesium ions (Monyer et al. 1994;
Momiyama et al. 1996; Cull-Candy & Leszkiewicz, 2004;
Qian et al. 2005). Triheteromeric NMDA receptors
composed of NR1 subunits and more than one type of NR2
subunit show some unique properties (Cheffings &
Colquhoun, 2000; Chazot et al. 2002; Brickley et al.
2003; Cull-Candy & Leszkiewicz, 2004; Hatton &
Paoletti, 2005) providing scope for further diversity of
function. A combination of single channel recording
and pharmacological approaches can be used to infer
the subunit composition of native NMDA receptors by
comparison with recombinant receptors.

Although SNc dopaminergic neurones express
functional NMDA receptors (Mereu et al. 1991; Wu
& Johnson, 1996; Lin & Lipski, 2001), their subunit
composition is not known. NR2D subunit mRNA
(Monyer et al. 1994) and protein (Dunah et al. 1996)
is expressed in the developing and adult rat brain,
particularly in brainstem and diencephalon, and NR2D
protein is present in SNc (Dunah et al. 1996). If
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NR2D-containing NMDA receptors are functional in SNc
dopaminergic neurones and contribute to excitotoxicity,
they could provide a novel therapeutic target in PD.
The presence of functional NR2B subunits in SNc
dopaminergic neurones is also an important question,
because NR2B-selective NMDA receptor antagonists
protect SNc dopaminergic neurones against neurotoxicity
in experimental models of PD (Blanchet et al. 1999; Nash
et al. 1999, 2000; Steece-Collier et al. 2000; Hallett &
Standaert, 2004). NR2A and NR2B subunit proteins are
present in low levels in the SNc of adult rats (Albers et al.
1999).

The objective of this study was to characterize
functional NMDA receptor subtypes present in SNc
dopaminergic neurones, and to determine whether
NR2D and NR2B subunits form functional NMDA
receptors, using single channel analysis of recordings
from outside-out patches. The results support the idea
that NR2B- and NR2D-containing NMDA receptors are
present in SNc dopaminergic neurones, but demonstrate
that they are not typical of diheteromeric recombinant
receptors and are likely to be triheteromeric receptors
composed of NR1, NR2B and NR2D receptors.

Methods

Preparation of brain slices

Sprague-Dawley rats (aged 14–16 days) were decapitated
in accordance with the Animals Scientific Procedures Act,
UK (1986) and the brain removed into ice-cold oxygenated
slicing solution containing (mm): sucrose 206; KCl 2.5;
CaCl2 1.0; MgCl2 1.0; NaHCO3 25; NaH2PO4 1; glucose
25 (all from BDH, UK). Coronal brain slices (300 µm
thick) were prepared using a Dosaka DTK-1000 Vibroslicer
(Kyoto, Japan). Slices containing the midbrain substantia
nigra region were kept in oxygenated solution containing
(mm): NaCl 125; KCl 2.5; CaCl2 1.0; MgCl2 1.0; NaHCO3

26; NaH2PO4 1.25; glucose 25 at room temperature for
1–6 h before use.

Recording single NMDA receptor channels

Slices were placed in a recording chamber on the stage of an
Olympus upright microscope with Nomarski-DIC optics.
Slices were continuously bathed in the same solution
used for storing the slices (without magnesium), at room
temperature. Patch pipettes were made from thick-walled
borosilicate glass (GC150F, Harvard Apparatus, Kent,
UK), fire polished to a final resistance of 10–15 M� and
filled with solution containing (mm): CsCl 140; Hepes 10;
EGTA 10; pH 7.2. Recordings were made from visually
identified neurones in the SNc of the midbrain that had a
clear time-dependent, hyperpolarization-activated inward
current in whole-cell mode in response to a voltage step
from −60 to −120 mV, typical of dopaminergic neurones

(Johnson & North, 1992; Lin & Lipski, 2001). Outside-out
patches were made from dopaminergic neurones and
voltage-clamped at −80 to −40 mV (routinely −60 mV).
NMDA 0.1 µm, 10 µm, or 200 µm (Tocris, UK) and glycine
10 µm were added to the solution perfusing the recording
chamber in order to activate NMDA receptors. Patches
showing spontaneous channel activity in the absence of
NMDA and glycine were discarded. In seven patches,
recordings were carried out in the presence of strychnine
(10 µm) to block inhibitory glycine receptors, and no
significant difference in channel open probability (Popen)
was observed between control and strychnine patches.
Single channel currents were amplified using an Axopatch
200B patch clamp amplifier (Axon Instruments, USA),
filtered at 10 kHz by an 8 pole Bessel filter, and stored on
tape (Biologic DAT recorder) for later analysis.

Data analysis

Acquired data were replayed from the DAT tape, filtered at
2 kHz and digitized at 20 kHz using a Micro1401 interface
(Cambridge Electronic Design, Cambridge UK) and stored
to computer using CONSAM, a continuous sampling
program (Colquhoun & Sigworth, 1995). Single NMDA
channel activity was analysed using SCAN (Colquhoun
& Sigworth, 1995), a time course fitting programme
(available at: www.ucl.ac.uk/Pharmacology/dc.html) and
distributions for the channel current amplitudes, open
times and shut times produced using EKDIST (Colquhoun
& Sigworth, 1995). Amplitude distributions were made for
openings longer than 2 filter rise times (T r = 332 µs) and
open time and shut time distributions for intervals longer
than 100 µs. Amplitude distributions were fitted with
the sum of 3–4 Gaussian components by the maximum
likelihood method. Open and shut time distributions were
fitted with a mixture of exponential components using
the maximum likelihood method; mean open and shut
times were calculated by integration of the mixture of
exponential components. At low agonist concentration
Popen was calculated by dividing the mean open time by the
sum of the mean open time and mean shut time. Stability
plots of channel amplitudes, mean open time, mean shut
time and mean Popen were checked to ensure that data were
stable throughout the recordings (Weiss & Magleby, 1989).
At high NMDA concentrations (10 µm and 200 µm),
multiple superimposed channel openings were common
and so channel Popen was estimated assuming individual
receptors behave independently, and fitting the binomial
relation (assuming the number of channels in the patch to
be one more than the maximum number of superimposed
openings observed) to the relative areas of Gaussian
components fitted to all-point amplitude distributions
(Colquhoun & Sigworth, 1995).

For analysis of direct transitions, an amplitude-based
separation of unitary currents was obtained by calculating
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critical amplitude values (Acrit) producing an equal
percentage of misclassified events between the Gaussian
components fitted to the amplitude distribution (Howe
et al. 1991). Each amplitude level had a duration longer
than 2.5 filter rise times (415 µs), without intervening
closures longer than the shut time resolution (100 µs).

Data are shown as mean ± standard error (s.e.m.).
Statistical significance was determined using paired t tests
unless otherwise stated.

Results

To determine the subunit composition of NMDA
receptors in rat SNc dopaminergic neurones, recordings
of NMDA-activated single channels were made in 24
outside-out patches in slices from 15 rats. Dopaminergic
neurones were identified by the presence of a
slow hyperpolarization-activated cation conductance.
Recordings were routinely performed at −60 mV,
although the relationship between channel amplitude and
membrane potential was determined in five patches (not
shown) and found to correspond to that for NMDA
receptor channels.

Figure 1. Large and small-conductance NMDA receptor channels in SNc dopaminergic neurones
A, example currents recorded from outside-out patches from SNc dopaminergic neurones at a membrane potential
of −60 mV in the presence of a, 100 nM NMDA and 10 µM glycine showing four different current amplitudes
corresponding to the four conductance levels; b, 10 µM NMDA and 10 µM glycine; and c, 200 µM NMDA and
10 µM glycine. B, stability plot of channel amplitudes for one patch throughout the duration of the recording.
C, amplitude distribution for the patch illustrated in B, fitted with the sum of four Gaussian components. The
standard deviations were constrained to be the same (0.205 pA) for each component. The mean amplitude and
relative area of each component are shown on the histogram, and correspond to chord conductances of 16.7 pS,
30.5 pS, 39.8 pS and 51.2 pS. The amplitude distribution contains current amplitudes for all openings that were
longer than two filter rise-times.

NMDA activates channels with four distinct
conductance levels in SNc dopaminergic neurones

Application of NMDA (100 nm) and glycine (10 µm) to
outside-out patches (n = 17) from rat SNc dopaminergic
neurones activated individual NMDA receptor channels of
four different amplitudes: 1.06 ± 0.04 pA, 1.83 ± 0.08 pA
(in 15 patches), 2.48 ± 0.11 pA and 3.23 ± 0.12 pA. An
example recording of NMDA receptor channel openings
to all four amplitudes is shown in Fig. 1A, and the stability
of channel openings to these four amplitudes throughout
a recording is shown in Fig. 1B. In 17 patches, in the
presence of 100 nm NMDA, the mean opening frequency
was 12.8 ± 3.8 openings s−1, the mean open time was
2.83 ± 0.36 ms and the mean open probability (Popen)
was 0.027 ± 0.006. The distribution of channel amplitudes
activated by 100 nm NMDA in 15 of 17 patches was
fitted with the sum of four Gaussian components (in two
patches, only three components were evident). In addition
to there being two patches where the 30 pS component of
the amplitude distribution was not detected, in a further
three patches the area of this component was less than 1%,
while there were two patches where the area was greater
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than 50%. This makes it unlikely that the receptors are
homogeneous between all patches. The measured channel
amplitudes correspond to chord conductances (and
relative areas) of 17.6 ± 0.74 pS (13.3 ± 4.0%, n = 17),
30.4 ± 1.30 pS (18.1 ± 6.2%, n = 15), 41.4 ± 1.76 pS
(26.2 ± 4.8%, n = 17) and 53.9 ± 2.00 pS (43.0 ± 7.2%,
n = 17). The distribution of amplitudes for the recording
illustrated in Fig. 1B is shown in Fig. 1C, with the super-
imposed fit of the four Gaussian components. Channel
activity in response to 10 µm and 200 µm NMDA is
illustrated in Fig. 1A.

NMDA receptors in SNc dopaminergic neurones
contain NR2D subunits

The 41 pS and 18 pS conductance levels are characteristic
of small-conductance NMDA channels (composed of
NR1/NR2C or NR1/NR2D), while 54 pS and 41 pS
are characteristic of large-conductance NMDA channels

Figure 2. NMDA receptors in SNc dopaminergic neurones contain NR2D subunits
A, examples of direct transitions between 18 pS and 41 pS and 41 pS and 54 pS, with percentage occurrence
observed in this patch indicated for each transition. Transitions were identified using Acrit values of 1.45 pA,
2.12 pA and 2.90 pA, calculated from the fit to the amplitude distribution shown in Fig. 1C. B, plot of channel
amplitudes before and after direct transitions from the same patch illustrated in A. Each point on the graph
represents a single direct transition. The density of points illustrates that direct transitions between 41 pS and
54 pS occur with equal frequency, while transitions between 18 pS and 41 pS are asymmetric, occurring more
frequently from 41 pS to 18 pS than from 18 pS to 41 pS. C, Three-dimensional plot of the same data shown in B.

(composed of NR1/NR2A or NR1/NR2B) in recombinant
receptors (Stern et al. 1992; Wyllie et al. 1996). Direct
transitions between conductance levels were analysed
in 12 patches where there was a sufficient number of
channel openings and sufficient distinction between the
Gaussian components of the amplitude distribution to
reliably determine critical amplitude values (Acrit) used to
identify direct transitions between open channel states.
Analysis of the frequency of direct transitions between
the small-conductance states showed that transitions
from 41 pS to 18 pS levels occur more frequently than
transitions from 18 pS to 41 pS (Fig. 2). While 35.7 ± 7.8%
of direct transitions were from 18 to 41 pS, 64.3 ± 7.8%
were from 41 to 18 pS (P < 0.05, n = 12). This asymmetry
of direct transitions is unique to NR2D-containing
NMDARs (Wyllie et al. 1996; Chen et al. 2004), indicating
that SNc dopaminergic neurones contain NR2D subunits.
In the patch illustrated in Fig. 2, 53% of direct transitions
between 54 and 41 pS levels were from 54 to 41 pS while
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47% were from 41 to 54 pS. In contrast, 78% of transitions
between 18 and 41 pS levels were from 41 to 18 pS while
only 22% were from 18 to 41 pS (Fig. 2B and C).

NMDA receptors containing NR2A subunits were not
detected in SNc dopaminergic neurones

Cloned NMDA receptors composed of NR1 and
NR2A subunits give large-conductance openings that
are tonically inhibited by low levels of zinc present
in extracellular solutions (Paoletti et al. 1997; Rachline
et al. 2005). NR2A-containing NMDA receptors
can therefore be potentiated by addition of the
zinc chelating agent, TPEN (N,N,N ′,N ′-tetrakis-
[2-pyridylmethyl]-ethylenediamine). In the presence
of NMDA, prior to addition of TPEN (1 µm),
opening frequency (10.6 ± 4.5 s−1), mean open time
(2.96 ± 0.77 ms) and Popen (0.025 ± 0.008) were not

Figure 3. Large-conductance NMDA receptor channels in SNc dopaminergic neurones are unaffected by
TPEN
A, stability plots of Popen, mean open time and mean shut time for single-channel currents in the presence of a,
100 nM NMDA and 10 µM glycine and b, in the presence of NMDA, glycine and 1 µM TPEN show that TPEN did
not affect the NMDA channel kinetics. Bar graphs summarizing data (mean ± S.E.M.) from four patches showing
that TPEN had no significant effect on Popen (B), opening frequency (C) or open (D) and shut (E) times.

significantly different from activity in the presence of
TPEN (opening frequency 11.4 ± 5.1 s−1, mean open time
2.65 ± 0.72 ms, Popen 0.027 ± 0.009; n = 4). These data
are summarized in Fig. 3. Furthermore, the proportion of
large-conductance channel openings was not increased
(control: 49.8 ± 8.1%, TPEN: 46.7 ± 11.4%, n = 4). These
data suggest that either NR2A subunits are not present, or
that zinc is not present in our extracellular solutions. In
the same patches, when the concentration of NMDA was
increased to 10 µm to increase channel activity, addition
of zinc (50 nm) to the bath did not significantly reduce
the Popen (control, 0.093 ± 0.029; Zn2+, 0.142 ± 0.043;
n = 4) (Fig. 4), indicating that NMDA receptors in SNc
dopaminergic neurones do not contain NR2A subunits.
In order to ensure that an inhibitory effect of zinc was
not being masked by an increase in receptor affinity
(Chen et al. 1997; Paoletti et al. 1997; Zheng et al. 2001),
a second set of experiments was carried out using a
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saturating concentration of NMDA (200 µm). In these
experiments, Popen in the presence of 200 µm NMDA and
1 µm TPEN was 0.1071 ± 0.032 (n = 6). Addition of zinc
(200 nm; no TPEN present) did not significantly reduce
Popen (0.1195 ± 0.018; n = 6; P = 0.685) (Fig. 4). TPEN
had no significant effect on channel activity in response
to 200 µm NMDA (P = 0.47).

NMDA receptors in SNc dopaminergic neurones
contain NR2B subunits

Ifenprodil is a non-competitive NMDA receptor
antagonist that acts by increasing proton-inhibition of the
receptor (Mott et al. 1998). Ifenprodil has approximately
350-fold higher affinity for NR2B-containing NMDA
receptors than for other NR2 subunits (Williams, 1993,
1995). The effect of 1 µm ifenprodil was investigated
in five patches. In the presence of 100 nm NMDA and
10 µm glycine in control conditions, open probability
(Popen) was 0.017 ± 0.005 (n = 5); open time was
3.16 ± 0.83 ms, opening frequency was 5.32 ± 1.03 s−1.
Ifenprodil (1 µm) reduced Popen to 0.0099 ± 0.003
(60.5 ± 6.8% of control, n = 5, P = 0.04). Mean open
time and opening frequency in ifenprodil were not
significantly different (3.69 ± 1.37 ms, 4.1 ± 1.66 s−1;
p = 0.65 and 0.15, respectively). Mean shut time was not
significantly different between control (166.6 ± 31.4 ms)

Figure 4. Large-conductance NMDA receptor channels in SNc dopaminergic neurones are unaffected by
zinc
A, example currents recorded in the presence of a, 200 µM NMDA and 1 µM TPEN; and b, 200 µM NMDA and
200 nM zinc, illustrating that zinc has no effect on channel activity. B, bar graph (mean ± S.E.M.) summarizes the
lack of effect of zinc on channel activity in response to a low (10 µM, 4 patches) or saturating (200 µM, 6 patches)
concentration of NMDA.

and ifenprodil 1 µm (426.5 ± 187.9 ms; P = 0.18): the
decrease in Popen is accounted for by a significant increase
in the time constant of the slowest component of the
shut time distribution in the presence of 1 µm ifenprodil
(1429 ± 345 ms) compared with control (536 ± 95 ms;
P = 0.04). No other individual shut time component was
significantly different in ifenprodil. Surprisingly, a higher
concentration of ifenprodil (10 µm) had no effect on Popen

in response to 100 nm NMDA (control 0.019 ± 0.004,
ifenprodil 0.015 ± 0.006, n = 7; P = 0.98), although
mean open time was significantly reduced (control
2.86 ± 0.67 ms, ifenprodil 1.48 ± 0.26 ms P = 0.05).
This was probably due to a non-significant increase in
opening frequency (control 17.5 ± 8.2 s−1, ifenprodil
26.8 ± 14.8 s−1; P = 0.12). Mean shut times were not
significantly different between control (134.5 ± 41.8 ms)
and 10 µm ifenprodil (134.3 ± 51.0 ms). The apparent
lack of effect of 10 µm ifenprodil is illustrated in Fig. 5A.
However, when a higher concentration of NMDA
(200 µm) was used, control Popen was 0.085 ± 0.034 and
ifenprodil reduced Popen to 0.019 ± 0.01 (a decrease of
77.9 ± 6.6%, n = 5). The effect of ifenprodil on 200 µm
NMDA is illustrated in Fig. 5A.

Neither 1 µm nor 10 µm ifenprodil significantly
decreased the proportion of 54 pS channel openings
observed in the amplitude distributions in response to
100 nm NMDA (control: 29.3 ± 9.5%, 1 µm ifenprodil:
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43.1 ± 5.6%, n = 5; control 42.5 ± 12.8%, 10 µm
ifenprodil: 47.1 ± 11.6%, n = 7), as would be expected if
a proportion of receptors were NR1/NR2B diheteromers
(Piña-Crespo & Gibb, 2002). The lack of effect of 10 µm
ifenprodil is illustrated in Fig. 6A. However, when a
higher concentration of NMDA (200 µm) was used,
ifenprodil significantly decreased the proportion of 54 pS
channel openings observed in amplitude distributions
(control: 21.2 ± 7%, ifenprodil: 3.2 ± 1.5%, n = 4;
P = 0.05) (illustrated in Fig. 6B). Ifenprodil caused a
non-significant decrease in the proportion of lower
conductance openings (control: 22.8 ± 7.9%, ifenprodil:
13.4 ± 6.0%, n = 4, P = 0.06). Together, these data suggest
that NR2B subunits are present in SNc dopaminergic
neurones.

Figure 5. Large-conductance NMDA receptor channels in SNc dopaminergic neurones contain NR2B
subunits
A, example currents recorded a, in the presence of 100 nM NMDA; b, in the presence of 100 nM NMDA and 10 µM

ifenprodil; c, in the presence of 200 µM NMDA; and d, in the presence of 200 µM NMDA and 10 µM ifenprodil,
showing that ifenprodil reduces channel activity in response to a higher but not a lower concentration of NMDA.
B, stability plots of Popen, mean open time and mean shut time for single-channel currents in 100 nM NMDA and in
the presence of 100 nM NMDA and 10 µM ifenprodil showing that, in this patch, in addition to decreasing channel
open time, ifenprodil also decreased Popen and channel shut time.

NMDA receptors in SNc dopaminergic neurones
are composed of NR1/NR2B/NR2D subunits

Transitions between different conductance levels were
analysed to determine whether the four different
conductance levels are due to a single type of
NMDA receptor channel. Direct transitions between all
conductance levels were analysed in 12 patches. In 9 of
these 12 patches, direct transitions were evident between all
conductance levels. In one patch, no transitions between 18
and 30 pS levels were evident, and in two other patches no
transitions were observed between 18 and 54 pS. Examples
of direct transitions between all open states are shown
in Fig. 7, and the mean frequencies are summarized in
Table 1. A significant number of transitions were observed
between all conductance levels (Wilcoxon ranked sum
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test, P < 0.01). Only transitions between 18 and 41 pS
showed significant asymmetry (Fig. 2 and Table 1). The
observation that channel openings show direct transitions
between large- and small-conductance levels suggests
that both NR2B and NR2D subunits are present in the
same NMDA receptor complex in SNc dopaminergic
neurones.

Discussion

We have used single channel analysis to characterize
functional NMDA receptors present in SNc dopaminergic
neurones. Dopaminergic neurones were found to
contain both large- and small-conductance NMDA
receptor channels that do not exhibit properties of
a diheteromeric receptor. The data suggest that SNc
dopaminergic neurones express functional triheteromeric
NMDA receptors composed of NR1, NR2B and NR2D
subunits.

Figure 6. Ifenprodil reduces NMDA receptor channel activity in response to a high agonist concentration
in SNc dopaminergic neurones
A, amplitude distributions in the presence of a, 10 µM NMDA; and b, 10 µM NMDA and 10 µM ifenprodil, fitted
with the sum of four Gaussian components. The standard deviations were constrained to be the same (0.141 pA
and 0.189 pA, respectively) for each component. Ifenprodil did not change the mean amplitude and relative area
of each component. B, all-point amplitude distributions in the presence of a, 200 µM NMDA; and b, 200 µM NMDA
and 10 µM ifenprodil, showing that ifenprodil reduces the channel activity.

Four NMDA receptor channel conductances
are observed in SNc dopaminergic neurones

Functional NMDA receptors have previously been
described in midbrain dopaminergic neurones (Mereu
et al. 1991; Wu & Johnson, 1996; Lin & Lipski,
2001) although their subunit composition was not
investigated. Here we show NMDA receptor channels of
four different conductances are consistently observed in
SNc dopaminergic neurones, although the proportion
of 30 pS openings varied between patches suggesting
the receptor population is not homogeneous. NMDA
receptor properties are determined by the subunit
composition (Stern et al. 1992; Monyer et al. 1994;
Wyllie et al. 1996; Grant et al. 1997; Vicini et al. 1998;
Rumbaugh et al. 2000; see Cull-Candy et al. 2001 or
Cull-Candy & Leszkiewicz, 2004 for review). Recombinant
NMDA receptors composed of NR1/NR2A subunits
or NR1/NR2B subunits give rise to large-conductance
channels of 38 pS and 50 pS (Stern et al. 1992), similar
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to the large-conductance channels observed in SNc
dopaminergic neurones. Small-conductance channels are
formed from NMDA receptors composed of NR1/NR2C
subunits (19 pS and 36 pS; Stern et al. 1992) or
NR1/NR2D subunits (17 pS and 35 pS; Wyllie et al. 1996),
similar to the small-conductance channels observed in
SNc dopaminergic neurones. Our observations suggest
that functional NMDA receptors in SNc dopaminergic
neurones are composed of NR1 with either NR2A or NR2B
subunits, and NR1 with either NR2C or NR2D subunits,
or a triheteromeric receptor composed of NR1, NR2A or
NR2B and NR2C or NR2D.

Functional NMDA receptors in SNc dopaminergic
neurones contain NR2D subunits

Currently, no well-characterized pharmacological agent
is available that can distinguish between NR2C- and
NR2D-containing NMDA receptor channels. However,
NR2C and NR2D subunits can be distinguished by analysis
of direct transitions between conductance levels (Wyllie
et al. 1996, 1998; Cull-Candy & Leszkiewicz, 2004). In
SNc dopaminergic neurones, NMDA receptor channels
showed an asymmetry that is consistent with the presence
of NR2D rather than NR2C subunits.

Figure 7. Analysis of direct transitions between channel conductance levels
Examples of direct transitions between conductance levels, as indicated above each trace. Broken lines indicate the
boundaries of each conductance level, determined by the Acrit values calculated from the Gaussian components
in the amplitude distributions for each patch. There were a significant number of transitions (Wilcoxon rank sum
test, P < 0.01) for all 12 possible ways that four different current levels can be connected in pairs (see Table 1).

The presence of NR2D rather than NR2C subunits in
NMDA receptor channels in SNc dopaminergic neurones
is consistent with expression studies. NR2C mRNA was
detected in rat brain SNc, but NR2D mRNA levels were
much higher in the same study (Standaert et al. 1994).
Similarly, intense levels of NR2D mRNA, with low or no
levels of NR2C mRNA, were detected in human SNc post-
mortem (Counihan et al. 1998; Daggett et al. 1998). NR2D
subunit mRNA (Monyer et al. 1994) and protein (Dunah
et al. 1996) is expressed in the developing and adult rat
brain, with highest levels of expression in the brainstem
and diencephalon, peaking after the first postnatal week
and decreasing in adulthood. Our findings support the
idea that NR2D subunits form functional NMDA receptors
in SNc dopaminergic neurones. Thus, NR2D-containing
NMDA receptors could contribute to excitotoxicity, and
may provide a novel therapeutic target in PD.

Functional NMDA receptors in SNc dopaminergic
neurones do not contain NR2A subunits

The large-conductance channels in SNc dopaminergic
neurones were not affected by pharmacological agents that
interact with NR2A-containing receptors. Recombinant
NMDA receptors containing NR2A subunits are inhibited
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Table 1. Direct transitions between all conductance levels

Sequence (pS) % of total (total number) % in class

18–30 4.68 ± 3.21 (273) 52
30–18 4.13 ± 2.22 (238) 48

18–41 2.05 ± 0.45∗ (89) 36
41–18 3.81 ± 0.87∗ (144) 64

18–54 1.45 ± 0.59 (48) 41
54–18 2.29 ± 0.46 (57) 59

30–41 7.92 ± 1.75 (349) 49
41–30 6.88 ± 1.80 (293) 51

30–54 8.44 ± 2.56 (197) 49
54–30 7.53 ± 1.99 (200) 51

41–54 26.5 ± 3.51 (820) 48
54–41 24.9 ± 3.51 (769) 52

Left column shows direct transitions between conductance
levels. Middle column shows occurrence of specified transitions
expressed as a percentage of all transitions (mean ± S.E.M.,
n = 12 patches, ∗P < 0.05). A significant number of direct
transitions occurred between all levels (P < 0.01, Wilcoxon rank
sum test). Transitions between 18 and 54 pS and 54 and 18 pS
were not observed in two patches. The total number of the
specified transitions is given in parentheses. Right column shows
occurrence of specified transition expressed as a percentage
of all transitions occurring between the specified conductance
levels.

by nanomolar concentrations of zinc ions, and TPEN
selectively potentiates the response of NR2A-containing
NMDA receptor channels, whereas NR2B-containing
NMDA receptors are unaffected by these concentrations
of zinc ions and TPEN (Paoletti et al. 1997; Rachline
et al. 2005). Addition of zinc or the zinc chelator TPEN
had no effect on NMDA receptor channels activated by
100 nm or 200 µm NMDA in SNc dopaminergic neurones.
These data indicate that NR2A subunits are not present
in functional NMDA receptors in SNc dopaminergic
neurones. NR2A subunit protein is present at only low
levels in the SNc dopaminergic neurones of adult rats
(Albers et al. 1999), while NR2A mRNA was undetected
in the rat SNc (Standaert et al. 1994). NR2A protein is
not detectable in adult monkey SNc (Paquet et al. 1997),
and only low levels of NR2A mRNA are found in human
SNc (Counihan et al. 1998) suggesting that, like rats,
primate SNc dopaminergic neurones express few or no
functional NR2A-containing NMDA receptors. However,
it is possible that NR2A subunits are concentrated at
synaptic or dendritic sites that would not have been
detected in the present study.

Functional NMDA receptors in SNc dopaminergic
neurones contain NR2B subunits

Ifenprodil is a non-competitive antagonist of NR2B-
containing NMDA receptors that acts by enhancing

proton inhibition (Mott et al. 1998). Ifenprodil has a
higher affinity for recombinant receptors containing NR2B
subunits than those containing NR2A, NR2C or NR2D
subunits (Williams, 1993, 1995; Cull-Candy et al. 2001).
In SNc dopaminergic neurones, 1 µm ifenprodil reduced
the Popen of receptor channels activated by 100 nm NMDA
by selectively increasing the duration of the slowest
component of the shut time distribution. Interestingly, a
higher concentration of ifenprodil (10 µm) had no effect
on Popen, although it reduced the mean open time (the
change in open time being compensated for by an increase
in opening frequency). In addition to non-competitive
antagonism, ifenprodil can also increase the apparent
affinity of the receptor for the agonist, and potentiate
the response to low concentrations of NMDA in cortical
neurones (Kew et al. 1996; Zhang et al. 2000). Thus,
10 µm ifenprodil might have two opposing effects on
receptors activated by a low concentration of NMDA
(100 nm), both increasing proton inhibition and therefore
decreasing mean open time, while at the same time
increasing the apparent affinity of the receptor for NMDA,
thereby increasing opening frequency. To test this, we
used a saturating concentration of NMDA (200 µm), and
found that ifenprodil did selectively reduce the proportion
of the large-conductance openings. Our results indicate
that functional NMDA receptors in SNc dopaminergic
neurones contain NR2B subunits.

Interestingly, NR2B subunit protein is present in
low levels in the SNc of adult rats (Albers et al.
1999) and NR2B mRNA was not detected in rat SNc
(Standaert et al. 1994). NR2B protein is not detectable
in adult monkey SNc (Paquet et al. 1997), and only
low levels of NR2B mRNA are found in human SNc
(Counihan et al. 1998; Hallett & Standaert, 2004). The
presence of NR2B subunits in SNc dopaminergic
neurones is an important question, because
NR2B-selective NMDA receptor antagonists protect
SNc dopaminergic neurones against neurotoxicity in
experimental models of PD (Blanchet et al. 1999; Nash
et al. 1999, 2000; Steece-Collier et al. 2000; Hallett &
Standaert, 2004). Our finding that functional NMDA
receptors in SNc dopaminergic neurones contain NR2B
subunits is therefore of particular relevance to PD
research.

NMDA receptors in SNc dopaminergic neurones may
be triheteromeric receptors composed of NR1, NR2B
and NR2D subunits

Our data suggest that both NR2D and NR2B subunits
form functional NMDA receptors in SNc dopaminergic
neurones, and several of our observations support the
idea that NR2B and NR2D subunits form a triheteromeric
NMDA receptor. Firstly, these NMDA receptors do not
exhibit properties typical of diheteromeric NR1/NR2B
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receptors. For example, 1 µm ifenprodil would be expected
to reduce the proportion of large-conductance openings
by ∼75% in response to near-EC50 concentrations of
NMDA (5 µm NMDA; Piña-Crespo & Gibb, 2002),
but in SNc dopaminergic neurones, neither 1 µm nor
10 µm ifenprodil selectively reduced the proportion of
large-conductance openings in response to 100 nm or
10 µm NMDA (Fig. 6). Although ifenprodil affected
channel activity, these data suggest that ifenprodil
potency is not consistent with an action at diheteromeric
NR1/NR2B receptors (IC50, 300 nm; Williams, 1993).
However, the interaction of ifenprodil-type ligands with
the NMDA receptor is affected by the presence of
other NR2 subunits in the complex, including NR2A
(Chazot et al. 2002; Hatton & Paoletti, 2005) and
NR2D (Brickley et al. 2003). Secondly, all 17 patches
exhibited both large- and small-conductance openings.
In 9 out of 12 patches, direct transitions were observed
between all four conductance levels, including direct
transitions between the largest (54 pS) and smallest
(18 pS) conductance levels which although rare, were
consistently observed. The presence of 30 pS channels
may be characteristic of a triheteromeric receptor as
observed by Cheffings & Colquhoun (2000) in the case
of NR1/NR2A/NR2D receptors. It is known that native
triheteromeric NMDA receptors can form from NR2D
subunits with NR1 and NR2B subunits in rat brain
(Dunah et al. 1998; Brickley et al. 2003; Cull-Candy &
Leszkiewicz, 2004). Interestingly, triheteromers containing
either NR2A (Cheffings & Colquhoun, 2000: 49 pS) or
NR2B (Brickley et al. 2003: 53 pS) have large-conductance
openings of similar conductance to those observed with
diheteromeric NR1/NR2A or NR1NR2B receptors (Stern
et al. 1992). Taken together these observations support
the idea that NMDA receptors in SNc dopaminergic
neurones may be triheteromeric assemblies of NR1, NR2B
and NR2D subunits.

In summary, we have shown that NMDA receptors
in SNc dopaminergic neurones contain NR2D and
NR2B subunits, and exhibit properties consistent
with a triheteromeric molecular composition. NMDA
receptors mediate excitatory synaptic transmission (Mereu
et al. 1991; Wu & Johnson, 1996), induce long-term
potentiation (Bonci & Malenka, 1999), and determine
the firing properties (Johnson et al. 1992) in midbrain
dopamine neurones. Our study identifies specific NR2
subunits in SNc dopaminergic neurones that form a
relatively rare NMDA receptor.
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