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ABSTRACT 

In this thesis I have used patch-clamp single channel and whole-cell recordings to 

quantify the properties of NMDA receptors in pars compacta of the substania nigra (SNc) 

dopaminergic neurons. NMDA receptors are ubiquitously expressed in the central nervous 

system and are generally composed of two glycine-binding GluN1 subunits and two 

glutamate binding GluN2 subunits. While many receptors are diheteromers of GluN1 and 

a single type of GluN2 subunit, there is evidence for triheteromeric 

GluN1/GluN2B/GluN2D receptors in the midbrain and cerebellum. 

Responses to a high concentration (200 µM) of NMDA with 10 µM glycine in the 

presence of tetrodotoxin (TTX, 100 nM) were recorded before and after the application of 

the GluN2B-selective antagonist, ifenprodil. At -60 mV, 10 µM ifenprodil gave 56 ± 3% 

blockade of NMDA receptor-mediated whole-cell currents (n = 22 recordings). Using 

outside-out patch-clamp recordings the concentration-inhibition relationship for the action 

of ifenprodil on single channel charge transfer was fitted with a single-component Hill 

equation with IC50 = 0.239 µM with a predicted maximum inhibition of 84%. As 10 µM 

ifenprodil would be expected to block diheteromeric GluN1/GluN2B receptors by more 

than 90%, these data suggest that some other NMDA receptors are contributing to the 

patch NMDA receptor current, or suggest that some receptors are triheteromers as 

N-terminal domain ligands like ifenprodil have reduced inhibitory efficacy at 

triheteromeric NMDA receptors. 
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In order to examine the properties of single receptor activations, outside-out patch 

recordings (n = 14) were made in very low concentrations (20 nM and 100 nM) of 

NMDA plus 10 μM glycine. Analysis of single channel data demonstrated that SNc 

neurons express a mixture of large (52 pS and 41 pS) and smaller (30 pS and 17 pS) 

NMDA receptor channel currents and that direct transitions between small conductance 

(17 pS) and large conductance (52 pS) openings could be observed suggesting that 

GluN2B and GluN2D receptor subunits are present within a single receptor molecules: 

triheteromeric GluN1/GluN2B/GluN2D receptors. 1 μM ifenprodil reduced the NMDA 

receptor channel open probability (Popen) in these patches from 0.015 ± 0.002 to 0.011 ± 

0.002 (n = 7 patches, P < 0.05). Channel opening frequency was not affected (control 

6.42 ± 0.78 openings/s, ifenprodil 6.04 ± 0.81 openings/s; P > 0.05), but there was a 52% 

reduction in the mean open time of 52 pS openings (control 2.23 ± 0.18 ms; ifenprodil 

1.08 ± 0.13 ms, n = 6; P < 0.05) but no significant effects on the kinetics of 41, 30 and 17 

pS openings. As 17 pS openings are characteristic of GluN2D subunit-containing NMDA 

receptors, these results suggest that some receptors in the P7 substantia nigra are 

diheteromeric GluN2D receptors. 

Burst length distributions in presence of 20 nM NMDA (n = 5) showed that 1 μM 

ifenprodil produced a briefer intermediate burst component (1.43 ± 0.09 ms) compared 

with control (2.56 ± 0.26 ms), but no significant change in overall mean burst length 

(control, 6.67 ± 1.11 ms; ifenprodil, 6.63 ± 1.17 ms; P > 0.1, paired Students’ t-test) or in 

the slowest component of the burst length distribution (control, 26.0 ± 2.7 ms; ifenprodil, 

26.7 ± 3.2 ms; P > 0.1, paired Students’ t-test) that is likely to dominate the synaptic 
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current or response to an agonist concentration jump. Analysis of the total open time per 

burst showed a significant decrease in mean open time per burst (control, 2.26 ± 0.38 ms; 

ifenprodil, 1.46 ± 0.21 ms; P < 0.05, paired Students’ t-test). The time course of the 

macroscopic response to a brief 4 ms pulse of 1 mM NMDA could be best fitted with 

three exponential components with mean rise-time of 24.9 ms and decay time constants of 

57.5 ms (relative amplitude, - 6.2 pA) and 1996 ms (relative amplitude, - 0.11 pA) (n=7). 

1 μM ifenprodil inhibited the peak current by 63.7%, but neither the time constant 

describing the rising (16.7 ms) nor the 2 decay time constants (fast: 67.3 ms, relative 

amplitude: - 2.2 pA; slow: 2645 ms, relative amplitude, - 0.02 pA) was significantly 

changed. 

These results suggest NMDA receptor activation in SNc dopaminergic neurons produces 

bursts of channel openings, which combined with the first latencies to activation, generate 

the familiar slowly rising and decaying macroscopic NMDA response. A modification to 

a standard kinetic model of NMDA receptor activation (the Banke & Traynelis model) 

was found to adequately fit the low NMDA concentration single channel data and the rate 

constants from this fitting predicted a macroscopic response to a brief pulse of 1mM 

NMDA that was similar to that observed in concentration jump experiments. The 

co-localization of kinetically distinct GluN2B and GluN2D subunits in a single 

triheteromeric GluN1/GluN2B/GluN2D receptor may account for the combination of 

pharmacological and kinetic properties observed in these experiments for NMDA 

receptors from the rat substantia nigra. 
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CHAPTER 1 

INTRODUCTION 

1.1     Glutamate receptors 

The ionotropic glutamate receptors (iGluRs) are ligand-gated ion channels. In the 

central nervous system most excitatory synaptic transmission is mediated by iGluRs. The 

three pharmacologically defined classes of ionotropic glutamate receptor were originally 

named after reasonably selective agonists – NMDA (N-methyl-D-aspartate) discovered in 

the early 1960s by Curtis and Watkins [Curtis and Watkins, 1961], AMPA 

(α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid), and kainate [Dingledine et al., 

1999; Traynelis et al., 2010]. iGluRs are critical to normal formation, maintenance and 

plasticity of central excitatory synapses and mediate higher brain functions including 

cognition, memory and learning processes, and certain behaviours. Their inappropriate 

activation, either insufficient or excessive, has been implicated in brain and spinal cord 

disorders such as intellectual disabilities, epilepsy, addiction, chronic pain and 

neurodegenerative conditions [Kemp and McKernan, 2002; Papadia and Hardingham, 

2007; Bowie, 2008; Mellor, 2010]. 

NMDA receptors mediate a slow synaptic response at nearly all excitatory 

synapses of the brain. The heterologous nature of NMDA receptors confers a huge 

potential capacity for flexible modulation of the nervous system with different heteromers 

displaying individual biological and pharmacological characteristics. A large number of 

studies revealed the pivotal role of NMDA receptors in developmental plasticity, learning 
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and memory [Bliss and Collingridge, 1993; Tsien et al., 1996; Tang et al., 1999, 

Collingridge et al., 2012]. Their essential role and widespread distribution means 

disruption of NMDA receptor physiology is often evident in neuronal pathologies. 

1.2     NMDA receptor classification and expression during development 

1.2.1    NMDA receptor subunit stoichiometry 

During the 1970s, development of radio ligand binding assays and specific 

antagonists revealed that one of several distinct excitatory amino acid receptors was 

specifically activated by NMDA. This led to the idea that the NMDA receptor exists as a 

distinct receptor in the mammalian brain [McLennan et al., 1981]. Cloning of NMDA 

receptor subunits revealed the remarkable diversity of NMDA receptor subunits and 

isoforms. The NMDA receptor family has three subtypes: GluN1, GluN2 and GluN3. The 

GluN1 polypeptide consists of 938 amino acid residues [Moriyoshi et al., 1991]. 

Hollmann et al. (1993) reported the characterization and naming method of eight variant 

isoforms of the GluN1. They are produced by alternative splicing of three regions, the 5' 

insertion (Exon 5) in the amino-terminal region, and two 3' terminal deletions (Exon 

21&22) in the carboxy region. There are four subtypes of GluN2 subunits (GluN2A, 

GluN2B, GluN2C and GluN2D) and a pair of GluN3 subunits (GluN3A, GluN3B). 

Functional NMDA receptors require assembly of two GluN1 subunits together with either 

two GluN2 subunits [Monyer et al., 1992; Nakanishi, 1992; Schorge and Colquhoun, 

2003] and in some cases, co-assembly of GluN3A or GluN3B with GluN1 and possibly 

GluN2 subunits may generate heteromeric NMDA receptors [Perez-Otano et al., 2001; 
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Chatterton et al., 2002; Ulbrich and Isacoff, 2007, 2008]. GluN1 also can combine with 

two different GluN2 subunits to form triheteromeric receptors. Numerous studies support 

the possible presence of triheteromeric NMDA receptors in different mammalian brain 

regions: GluN1/GluN2A/GluN2B in rat cerebral cortex, striatum and hippocampal 

synapses [Luo et al., 1997; Dunah and Standaert, 2003; Rauner and Kohr, 2011]; 

GluN1/GluN2A/GluN2C in rat granule cell synapses [Cathala et al., 2000]; 

GluN1/GluN2B/GluN2D in rat cerebellar Golgi cells [Brickley et al., 2003], midbrain 

[Dunah et al., 1998] and dopamine neurons in substantia nigra compacta [Jones and Gibb, 

2005; Brothwell et al., 2008].  

1.2.2    Developmental expression of NMDA receptors 

In 1992, Monyer et al. were among the first to map the subunit distribution of 

NMDA receptors using in situ hybridization techniques. Since then, studies have been 

carried out using genetic, immunological and pharmacological probes to investigate 

NMDA receptor subunit expression and co-association in different regions of the 

mammalian central nervous system. Members of the NMDA receptor family are 

characterized by distinct but overlapping regional and developmental expression patterns 

and this suggests particular roles for NMDA receptor subtypes during development and in 

different brain regions [Cull-Candy and Leszkiewicz, 2004; Traynelis et al., 2010]].  

1.2.2.1  GluN1 family 

At the earliest ages, embryonic day 14 (E14), there is a low level of the GluN1 
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mRNA detected by X-ray film autoradiography in rat brain [Monyer et al., 1994]. By E17 

and during the remainder of the embryonic period, GluN1 mRNA is the most prominent 

transcript of all NMDA receptor subunits. Marked GluN1 gene expression is found in the 

cortex, hippocampus, spinal cord, and moderate expression in the striatum, thalamus, 

colliculus, and cerebellum. Around birth, GluN1 transcripts show persistent expression in 

the same structures as during the embryonic period [Monyer et al., 1994]. In situ 

hybridization in rat brain with probes specific for the various splice variant GluN1 

mRNAs showed that total GluN1 mRNA is abundant throughout the brain gray matter, 

especially in hippocampus and outer layers of the cerebral cortex [Laurie and Seeburg, 

1994]. From postnatal day 7 (P7) to P12, GluN1 is ubiquitously and highly expressed in 

rat brain and the total amount of GluN1 mRNA increased. All probes gave their strongest 

hybridization signals at P12 [Laurie and Seeburg, 1994]. After the third postal week, all 

hybridization signals of GluN1 mRNA splicing declined. The GluN1 isoforms without the 

N-terminal N1 exon (GluN1-a) are expressed homogeneously throughout the brain, while 

those that contain the N-terminal N1 exon (GluN1-b) are restricted to expression in 

specific regions such as neonatal caudate and thalamus [Moriyoshi et al., 1991; Monyer 

et al., 1992; Laurie and Seeburg, 1994]. 

1.2.2.2  GluN2 family 

The four GluN2 subunits are extensively characterized by large differences in 

their electrophysiological profiles. They show distinct expression patterns during 

development and play unique roles in the brain development [Cull-Candy and 
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Leszkiewicz, 2004].   

GluN2A: Expression signals of GluN2A mRNA can hardly be detected in the 

whole embryonic rat brain [Watanabe et al., 1992]. At P0, distinct GluN2A subunit 

mRNA signals emerge in the CA1 region of the hippocampus, but weak signals in the 

cerebral cortex and striatum [Wenzel et al., 1997]. By P7, the mRNA level had increased 

but remains restricted mostly to the hippocampus and cortex [Monyer et al., 1994]. After 

postnatal week 3, GluN2A subunit expression levels were highest in the hippocampus, 

cerebral cortex, striatum, thalamus, and olfactory bulb [Wenzel et al., 1997]. 

GluN2B: At E14, expression of GluN2B mRNA can hardly be detected in the 

rat spinal cord and hypothalamus. By E17, GluN2B mRNA has high expression levels in 

cortex, spinal cord and thalamus, but low in hippocampus [Monyer et al., 1994]. Around 

birth, marked GluN2B gene expression is found in the olfactory bulb, hippocampus, and 

cerebral cortex, but weak in other regions [Wenzel et al., 1997]. By P7, strongest 

expression of GluN2B mRNA is detected, notably with high levels in the cortex and 

hippocampus and moderate levels in the striatum, septum, thalamic nuclei, and 

cerebellum. The signals in cerebellum and brainstem were diminished by P14, whereas 

those in the forebrain structures remained intense in adult rat brain [Watanabe et al., 1992; 

Monyer et al., 1994].  

GluN2C: No hybridization signals for the GluN2C mRNA were detected in 

embryonic rat brains [Watanabe et al., 1992]. GluN2C mRNA begins to be expressed in 

the cerebellum around birth. At P7, GluN2C transcript is barely detectable in the 

forebrain and cerebellum, moderate levels are seen in the anteroventral and dorsolateral 
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thalamic nuclei [Monyer et al., 1994]. A pronounced increase in GluN2C mRNA was 

detected at P21 in the granule cell layer of the cerebellum. In adult brain, GluN2C is 

restricted to the cerebellum, thalamus, and olfactory bulb [Watanabe et al., 1992; Wenzel 

et al., 1997]. 

GluN2D: There are low levels of the GluN2D mRNAs during the entire 

embryonic period, but the signals were clearly detected in the midbrain structures, 

including the diencephalon, mesencephalon and spinal cord [Watanabe et al., 1992]. 

GluN2D mRNA is abundant in thalamic nuclei, hypothalamic nuclei and brain stem at P0 

but remains unchanged in other regions. GluN2D transcript peaks at P7 in thalamic and 

hypothalamic nuclei, with moderate levels being detected in the cortex, hippocampus, and 

cerebellar nuclei [Monyer et al., 1994]. Thereafter, GluN2D expression decreased to very 

low levels in the adult brain, even in midline structures [Watanabe et al., 1992; Wenzel et 

al., 1996]. Antiserum on brain sections using the histoblot technique show that strong 

GluN2D immunoreactivity was detected in the pallidum, thalamus, subthalamic nucleus, 

substantia nigra and motor nuclei of the brainstem, and deep cerebellar nuclei in adult rat 

brain [Wenzel et al., 1996]. 

1.2.2.3  GluN3 family 

In contrast to GluN1 and GluN2 subunits, less is known about the GluN3 class 

of subunits. GluN3 subunits exist in two variants - GluN3A and GluN3B and they are the 

most recently discovered members of the NMDA receptor family [Chatterton et al., 2002; 

Henson et al., 2010; Paoletti, 2011; Pachernegg et al., 2012].  
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GluN3A: in rat, the expression of GluN3A mRNA reached a peak between P7 

and P10, protein is heavily expressed in all areas of the isocortex, hippocampal formation, 

the thalamus, the hypothalamus, the brainstem, and the spinal cord [Wong et al., 2002]. 

The expression level gradually decreases after this period. In adult rat, GluN3A mRNA is 

confined to limited nuclei in the thalamus, amygdala, and nucleus of the lateral olfactory 

tract [Ciabarra et al., 1995; Sucher et al., 1995]. A study by Eriksson et al. (2002) 

suggested that GluN3A is expressed in both embryonic and adult human brain tissue, with 

a similar distribution pattern in a post-natal rat. 

GluN3B: GluN3B was discovered in 2001 in both the human and mouse 

genome [Nishi et al., 2001]. No significant signal of GluN3B mRNA was detected from 

E15 to P7 in any regions of the mouse brain and spinal cord [Fukaya et al., 2005]. The 

expression of GluN3B gene begins between P10 and P14, it is continuing to maximal 

levels into adulthood and shows very restricted expression in somatic motoneurons of the 

brainstem and spinal cord [Nishi et al., 2001; Matsuda et al., 2003]. A recent study by 

immunolocalization suggested that there is a more widespread expression of GluN3B in 

the cortex, cerebellum, hippocampus and in spiny projection neurons of the striatum in 

adult rat central nervous system [Wee et al., 2008]. 

1.3     NMDA receptor structure and channel properties 

Research suggested that assembly of NMDA receptor complexes is via a dimer 

of heterodimers mechanism and the dimer pair is usually GluN1/GluN2 [Furukawa et al., 

2005, Gielen et al., 2008, Lee and Gouaux, 2011] but the arrangement of subunits in 
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functional tetrameric complexes - whether identical subunits are positioned adjacent to 

(N1/N1/N2/N2) [Schorge and Colquhoun, 2003] or diagonal (N1/N2/N1/N2) [Sobolevsky 

et al., 2009] to one another - remains controversial. Recently, a crystal structure of a 

homomeric AMPA receptor suggests that GluN subunits are therefore positioned in a 

N1/N2/N1/N2 arrangement in functional NMDA receptors [Salussolia et al., 2011]. 

GluN1 and GluN2 subunits have several conserved regions that are organized into four 

functional domains as shown in Figure 1.1: an extracellular N-terminal domain (NTD), a 

ligand binding domain (LBD), a pore forming transmembrane region, and an intracellular 

C-terminal domain. The NTD is involved in subunit assembly and contains the 

modulatory binding sites. The first evidence that NTDs are indeed capable of regulation 

of NMDA receptor function came from the discovery that the NTD of the GluN2A 

subunit forms a high-affinity binding site for zinc [Choi & Lipton, 1999; Low et al., 

2000]. After these studies, it was reported that the NTD of the GluN2B subunit also 

contains a binding site for for the GluN2B-selective drug-like compounds ifenprodil and 

derivatives [Perin-Dureau et al., 2002; Wong et al., 2005; Hansen et al., 2010]. The LBD 

is composed of two domains - S1 and S2 that form the binding site for glutamate in 

GluN2 and for glycine in GluN1; three transmembrane segments (M1, M3 and M4) plus a 

short re-entrant loop (P loop or M2) form the ion channel; and the C-terminal is located 

intracellularly, the tail of the C-terminal on GluN1 and GluN2 subunits binds to synaptic 

kinases and structural proteins. It also interacts with numerous cytoskeletal proteins and is 

important for receptor trafficking [Wenthold et al., 2003; Stephenson, 2008].  
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FIGURE 1.1  Architecture of an NMDA receptor.  

Adapted and modified from Cull-Candy and Leszkiewicz, 2004 
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1.3.2    Properties of recombinant NMDA receptors 

The type of GluN1 splice variant in the receptor assembly is important in 

influencing key features of the receptor such as proton and polyamine sensitivity 

[reviewed by Cull-Candy and Leszkiewicz, 2004; Traynelis et al., 2010]. Previous 

research suggested that the presence of exon-5 in GluN1 isoforms relieved pH inhibition 

for heteromeric receptors comprised of GluN1 plus GluN2A, GluN2B and GluN2D, but 

not GluN2C [Traynelis et al., 1995]. The type of GluN2 subunit is critical in determining 

functional properties such as single-channel conductance, kinetics and ion channel block 

[Cull-Candy and Leszkiewicz, 2004]. Single-channel recordings of recombinant NMDA 

receptors expressed in Xenopus oocytes showed that GluN2A and GluN2B-containing 

receptors have high-conductance openings (50 pS and 40 pS) with a high sensitivity to 

block by Mg
2+

, where as GluN2C- and GluN2D-containing receptors have 

low-conductance openings (36 pS and 18 pS) with a lower sensitivity to extracellular 

Mg
2+

 [Monyer et al., 1992; Stern et al., 1992; Momiyama et al., 1996; Wyllie et al., 

1996]. Kuner and Schoepfer (1996) and Qian, Buller and Johnson (2005) measured the 

subtype-specific differences of Mg
2+

 block. Channels assembled from the GluN1/GluN2A 

or GluN1/GluN2B subunits are blocked more strongly than channels formed by the 

GluN1/GluN2C or GluN1/GluN2D subunits, predominantly reflecting a difference in 

voltage dependence. Aside from these differences, the obvious subunit dependent 

property of NMDA receptors is kinetics. Decay of the response to a brief glutamate pulse 

depends on which type of GluN2 subunit is present [Monyer et al., 1994; Vicini et al., 

1998; Cull-Candy and Leszkiewicz, 2004]. The diheteromeric NMDA receptors 
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(GluN1/GluN2) exhibit deactivation times that span a ~50 fold range at room temperature, 

with the following order (from fastest to slowest): GluN2A (50 ms) < 2C = 2B (300 ms) 

<< 2D (1.7 seconds) [Cull-Candy et al., 2001]. 

1.4     Pharmacology of NMDA receptors 

Over the last three decades, studies discovered that NMDA receptors play key 

roles in synaptic transmission, synaptic plasticity, learning and memory, neuronal 

development, excitotoxicity, stroke, seizures, and many other physiological and 

pathological processes. These studies also generated great excitement about the potential 

use of NMDA receptor antagonists to treat neuropathological and neurodegenerative 

diseases [Kemp and McKernan, 2002; Traynelis et al., 2010; Paoletti, 2011; Collingridge 

et al., 2012]. In the past few years, there has been more understanding of the 

pharmacology of NMDA receptors since the discovery of novel binding sites for the 

receptor modulators.  

NMDA receptor pharmacology is conceptually based on the domain structure of 

the NMDA receptor subunits. Each subunit contains two regions that have homology to 

bacterial amino acid–binding proteins. The first 350 amino acid residues contain the 

amino terminal domain (ATD) that has homology to the bacterial amino acid–binding 

protein known as leucine–isoleucine–valine binding protein (LIVBP) [Dingledine et al., 

1990; O’Hara et al., 1993] and is thought to be an allosteric regulatory domain. Another 

structure with homology to bacterial amino acid–binding proteins is the glutamate and 

glycine binding domain formed by the pairing of two discrete segments, S1 and S2. They 
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form a bilobed structure with structural homology to the bacterial leucine–arginine–

ornithine binding protein (LAOBP) [Stern-Bach et al., 1994; Chen and Wyllie, 2006]. The 

P-loop also contributes to the selectivity filter of the channel, it represents an additional 

drug binding site to control ion permeation [Zhorov et al., 2004]. 

1.4.1    Pharmacology of the GluN1 glycine binding site  

The glycine binding region of the GluN1 subunit and glutamate binding region 

of the GluN2 subunit are the most common sites for compounds to act. Glycine binds to 

the S1, S2 site on the GluN1 subunit and is a necessary co-agonist for activation of 

NMDA receptors [Johnson and Ascher, 1987; Kleckner and Dingledine, 1988]. D-Serine 

was also identified as an endogenous ligand that has agonist activity at the glycine 

co-agonist site. It has approximately the same affinity and intrinsic activity as glycine 

[Mothet et al., 2000]. According to Kemp and Leeson (1993), glycine-site partial agonists 

include L-alanine and D-cycloserine that have lower efficacy than glycine but also 

contribute to potentiate NMDA receptor function. Numerous glycine binding site 

competitive antagonists have been described, many of these were derived from medicinal 

chemistry efforts based around kynurenic acid, which was one of the first glycine site 

antagonists described [Kew and Kemp, 2005].  

1.4.2    Pharmacology of the GluN2 glutamate binding site 

The early structure–activity studies revealed that an ideal structure for 

activating NMDA receptors is represented by glutamate [Watkins, 1981]. NMDA is also 
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the most commonly used agonist at the glutamate recognition site of the GluN2 subunit. It 

shows little selectivity between the NMDA receptor subtypes and lower potency than 

L-glutamate [Olverman et al., 1988; Banke and Traynelis, 2003; Traynelis et al., 2010]. 

     On the other hand, a large number of competitive antagonists of the glutamate 

recognition site of the GluN2 subunit have been synthesized. They are conformationally 

constrained amino acid derivatives containing a ω-phosphonic group and have distinct 

pharmacological profiles for different GluN1/GluN2 heteromers. [reviewed by Jane et al., 

1994]. One of the first compounds discovered, (R)-2-amino-5-phosphonopentanoate 

(R-AP5) displays strong preference for NMDA receptors over all other iGluRs. It is not 

selective enough to inhibit GluN1/GluN2A and GluN1/GluN2B heteromers (relative to 

GluN1/GluN2C and GluN1/GluN2D heteromers) due to only slightly lower affinity of 

D-AP5 for GluN1/GluN2C and GluN1/GluN2D heteromers [Buller and Monaghan, 1997]. 

Another competitive antagonist (2S*, 3R*)-1-(phenanthren-2-carbonyl) piperazine-2,3- 

dicarboxylic acid (PPDA) is a GluN2C/GluN2D-preferring antagonist reported by Feng et 

al (2004). However, the variations of affinity for R-AP5 and PPDA are modest (<1 fold), 

they show only modest NMDA receptor subtype selectivity. In contrast, 

(R)-2-amino-7-phosphonoheptanoate, (R)-AP7 and (R)-4-(3-phosphonopropyl)- 

piperazine-2-carboxylic acid, (R)-CPP displayed nearly a 35-fold and 5 fold higher 

affinity for GluN2A-containing receptors than for GluN2D-containing receptors, 

respectively [Feng et al., 2005]. A potent and competitive NMDA receptor antagonist is 

(R)-[(S)-1-(4-bromo-phenyl)-ethylamino]-(2,3-dioxo-1,2,3,4-tetrahydroquinoxalin-5-yl)-

methyl]-phosphonic acid (NVP-AAM077), but its selectivity for GluN1/GluN2A 
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compared with GluN1/GluN2B NMDA receptors is not sufficient to distinguish these 

receptor subtypes on this pharmacological basis alone [Frizelle et al., 2006]. UBP141, 

which shows a five-fold to seven-fold selectivity for GluN2D than GluN2A and GluN2D         

[Morley et al., 2005] were widely used in studies. Recently,                         

a new class of NMDA receptor antagonists was discovered. The compound 

4-(5-(4-bromophenyl)-3-(6-methyl-2-oxo-4-phenyl-1,2-dihydroquinolin-3-yl)-4,5-dihydr

o-1H-pyrazol-1-yl)-4-oxobutanoic acid (DQP-1105) is a representative one. It acts at 

GluN2 agonist binding domain and inhibited GluN2C- and GluN2D-containing receptors 

with IC50 values that were at least 50-fold lower than those for recombinant GluN2A-, 

GluN2B- or GluA1 -containing receptors [Acker et al., 2011]. Crystal structure studies of 

the glutamate-binding domain revealed few amino acid residues in the GluN2 subunits 

that may be capable of conferring subunit-specific antagonist binding [Kinarsky et al., 

2005]. 

1.4.3    Pharmacology of the channel pore site 

There are a large number of compounds that can block the ion channel pore of 

the NMDA receptor. Ketamine and phencyclidine were initially identified as selective 

NMDA receptor antagonists by Anis et al. (1983) and MacDonald et al. (1991), after that, 

dizocilpine (MK-801) was shown to be a highly potent, in vivo active, antagonist of 

NMDA receptors [Wong et al., 1986]. In addition, MK-801 is slightly more potent at 

inhibiting GluN1/GluN2A and GluN1/GluN2B receptors than GluN1/GluN2C and 

GluN1/GluN2D receptors, but the difference in affinity is relatively small [Yamakura et 
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al., 1993]. Subsequently, patch-clamp recordings of the NMDA-activated membrane 

currents demonstrated that 1,3-dimethyl-5-aminoadamantane (memantine) blocks NMDA 

receptor channels in cultured neurons and binds non-competitively to the NMDA receptor 

channel as MK-801 does [Bormann, 1989]. Memantine has much lower potency (Ki = 

0.70 ± 0.11 μM), faster blocking kinetics and better therapeutic indices than MK-801 (Ki 

= 0.0026 ± 0.0002 μM) [Parsons et al., 1995]. It has been approved for use in the United 

States for treatment of dementia since 2004. 

1.4.4    Pharmacology of other binding sites on NMDA receptors 

In the early 1990s, several endogenous compounds including polyamines and 

other biogenic amines were recognized as NMDA receptor positive modulators [Williams 

et al. 1990; Rock and Macdonald, 1992]. Studies of native and recombinant NMDA 

receptors revealed that polyamines bind at the GluN1/GluN2B amino terminal domain 

dimer interface [Mony et al., 2011] to increase glycine affinity and thus increase NMDA 

receptor responses at saturating glycine concentrations by increasing glycine association 

[McGurk et al., 1990; Benveniste and Mayer, 1993]. Another important development in 

NMDA receptor pharmacology is the identification of structural determinants responsible 

for selective antagonists of GluN2 subunits. The prototype is ifenprodil, a 

phenylethanolamine that binds at a site distinct from the glutamate and glycine binding 

sites [Legendre and Westbrook, 1991]. Williams (1993) identified ifenprodil as a selective 

antagonist of GluN2B-containing receptors and Perin-Dureau et al. (2002) showed that 

ifenprodil binds to the N-terminal LIVBP-like domain of GluN2B. Recently, crystal 
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structure research suggests that the binding site for ifenprodil is at the interface between 

GluN1 and GluN2B, rather than within the GluN2B cleft [Karakas et al, 2011]. It acts as a 

noncompetitive, voltage-independent antagonist [Legendre and Westbrook, 1991] and is 

10 times more potent than CPP but less active than MK-801 [Carter et al., 1988]. 

Inhibition by ifenprodil is pH-sensitive over the range pH 7.0 ~ 8.5 [Mott et al., 1998], 

but not influenced by the presence of the exon-5 insert GluN1 which alters polyamine 

modulation of NMDA receptors nor by alternative splicing of the C-terminal inserts in 

GluN1 [Pahk and Williams, 1997]. Ifenprodil exhibits a greater than a 400-fold selectivity 

for GluN2B over GluN2A containing receptors [Williams, 1993] and very low affinity at 

GluN2C- and GluN2D-containing receptors [Williams, 1995]. A variety of other 

compounds show GluN2B selectivity, including CP-101,606 [Chenard et al., 1995] and 

Ro 25-6981154 [Fischer et al., 1997], they display the higher degree of GluN2B 

selectivity than ifenprodil has been used for defining the actions of GluN2B-containing 

receptors in the brain. Another selective antagonist of GluN2 subunits is Zn
2+

. The 

analysis of the mechanisms of action of Zn
2+

 revealed that its inhibition on NMDA 

receptors occurs through both voltage-independent inhibition and voltage-dependent ways 

[Christine and Choi, 1990; Paoletti et al., 1997]. The voltage-independent Zn
2+ 

inhibition 

shows particularly high affinity for GluN2A-containing receptors [Williams, 1996; 

Paoletti et al., 1997]. The Zn
2+

 binding site is on the GluN2A LIVBP-like domain, which 

also controls the affinity for Zn
2+

 inhibition of NMDA receptors [Paoletti et al., 2000]. 

The limitation of these N-terminal domain-targeted specific NMDAR subtype antagonists 

is that they are all pH-dependent partial antagonists: Zn
2+ 

gives 70% maximal inhibition 
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on GluN1/GluN2A receptors and ifenprodil-like compounds give 90% maximal inhibition 

on GluN1/GluN2B receptors [Paoletti et al., 1997; Mott et al., 1998; Hatton and Paoletti, 

2005]. However, novel noncompetitive antagonists of both GluN2A and 

GluN2C/GluN2D have been recently reported. A series of sulfonamides with high 

selectivity for GluN2A-containing receptors has been described by Bettini et al (2010) 

and a recent study by Costa et al (2010) has identified several phenanthrene and naphthyl 

analogs that act as noncompetitive antagonists of GluN2C and GluN2D-containing 

receptors. These antagonists also show inhibition on triheteromeric NMDA receptors: the 

triheteromeric GluN1/2A/2B receptors are also inhibited by ifenprodil with high affinity, 

but to a limited degree, similarly, GluN1/2A/2C receptors are inhibited by zinc with high 

potency but low efficacy [Hatton and Paoletti, 2005]. 

1.5     NMDA Receptor desensitization  

The desensitization of NMDA receptors involves at least two distinct 

mechnisms, and thus appears more complex than the conformation changes of the 

receptor protein that have been interpreted as desensitized states for AMPA and kainate 

receptors [Mayer et al., 1995; Dingledine et al, 1999]. First, in the continued presence of 

glutamate, NMDA receptor responses are reduced in a time-dependent manner that 

reflects negative allosteric coupling between the glutamate and glycine-binding sites. In 

the presence of high glutamate concentration, this form of desensitization is manifest as a 

decrease in glycine affinity and can be reversed with high glycine concentrations [Mayer 

et al., 1989; McBain and Mayer, 1994]. Second is a Ca
2+

-
 

dependent form of 
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desensitization, it has been described that requires transmembrane movement of Ca
2+

 and 

has been proposed to occur at an intracellular site, near to the inner mouth of the channel 

[Clark et al., 1990; Legendre and Westbrook, 1993; Rosenmund and Westbrook, 1993; 

Vyklicky, 1993; Krupp et al., 1996]. The calcium dependent desensitization is sensitive to 

calcium buffers used in the patch pipette and can best be observed with low EGTA as the 

internal calcium buffer. Regulation of the NMDA receptor by Ca
2+ 

can occur when Ca
2+ 

enters the cell through routes other than the NMDA receptor. The time course of this form 

of NMDA receptor regulation is slow (on the order of seconds), and the process is thought 

to be modulated by second messenger systems and to occur during synaptic transmission 

[Rosenmund et al., 1993; Tong et al., 1995; Raman et al., 1996]. Ca
2+

- dependent changes 

in NMDA receptor function has been suggested to involve filamentous actin and might 

occur through a rearrangement of intracellular linkages between the NMDA receptor 

protein and intracellular scaffolding proteins that are controlled by actin, Ca
2+

, and ATP 

[reviewed by Rosenmund and Westbrook, 1993; McBain and Mayer, 1994]. 

1.6     Function of NMDA receptors in Parkinson’s disease  

1.6.1    The basal ganglia circuits and Parkinson’s disease 

The basal ganglia are located in the basal telencephalon and consist of a group 

of interconnected subcortical nuclei: caudate nucleus, putamen, subthalamic nucleus, 

globus pallidus and substantia nigra. The caudate nucleus and putamen together are 

generally called the striatum.  

Clinical studies as well as experimental investigations indicate that basal 
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ganglia are implicated in motor control [Wilson, 1928; Marsden, 1980; Albin, 1989]. In 

the last three decades, the studies of the functional structure of the basal ganglia are 

numerous. This led to the formulation of models of basal ganglia functioning (Illustrated 

in Figure 1.2) [Albin, 1989; Alexander and Crutcher, 1990]. According to these models, 

the striatum receives the excitatory glutamatergic projections mainly from the cortical 

areas [McGeorge and Faull, 1989]. Other smaller excitatory input to the striatum is from 

the midline and intralaminar of the thalamus [Berendse and Goenewegen, 1990]. It also 

receives dopaminergic input from dopamine cells in the pars compacta of the substania 

nigra and the ventral tegmental area [Nieuwenhuys, 1985]. Thus, the striatum is the main 

input nucleus of the basal ganglia circuit and the key site for the interaction of 

glutamatergic and dopaminergic pathways [Reviewed by Kreitzer and Malenka, 2008]. 

The striatum then transmits the flow of information that it has received to the output 

nuclei - the internal segment of the globus pallidus (GPi) and substantia nigra pars 

reticulata (SNr) in the basal ganglia circuit via the direct and indirect pathways. The two 

pathways are parallel, functionally segregated in the models and the balance of the two 

pathways is important for regulating motor activity. The direct pathway arises from 

striatal neurons bearing dopamine D1 receptors, contain both GABA and substance P 

[Graybiel, 1983]. The targets of these GABAergic projections are the neurons in GPi and 

SNr. However, in the indirect pathway, striatal efferents reach the output nuclei via a more 

complicated route than the direct pathway. Firstly, the striatal output neurons bearing 

dopamine D2 receptors, contain both GABA and enkephalin [Graybiel, 1983] project to 

the external segment of the globus pallidus (GPe), then an inhibitory GABAergic 
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projection arises from GPe to the subthalamic nucleus (STN), finally, the STN, in turn 

sends its excitatory, glutamatergic projections to the GPi/SNr and GPe. From the output 

nuclei, inhibitory GABAergic efferents project to thalamus. The thalamic nuclei then send 

glutamatergic projections to the motor cortex. 

The two pathways differ in not only their anatomical organization but also their 

physiological effects on the output structures. An increase in activity of inhibitory striatal 

efferents in the direct pathway causes the inhibition of GABAergic neurons of the output 

nuclei, in that case, the thalamic nuclei will be disinhibited. These effects facilitate motor 

activity. Conversely, activation of striatal GABAergic efferents that project to GPe in the 

indirect pathway causes the inhibition of GPe and subsequent disinhibition of STN. 

Disinhibition of STN increases excitatory, glutamatergic drive to GPi/SNr and GPe that 

leads to inhibition of the thalamic nuclei. These effects reduce motor activity. Studies 

suggested that dopaminergic inputs from SNc to striatum activate dopamine D1 receptors 

in the striatum that have a net excitatory effect on striatal neurons of the direct pathway. 

They also activate dopamine D2 receptors in the striatum that induce a net inhibitory 

effect on striatal neurons of the indirect pathway [Alexander and Crutcher, 1990; Gerfen, 

1992]. Thus, the overall influence of dopamine within the striatum is facilitating activity 

in the direct pathway and suppressing activity in the indirect pathway. Both effects 

facilitate movement. The neuropathological hallmark of Parkinson’s disease is loss of the 

pigmented neurons in the compact zone of the substantia nigra, which contain the 

chemical dopamine as their neurotransmitter/neuromodulator. The loss of 

dopamine-containing neurons in SNc leads to severe dopaminergic denervation of the 
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striatum. In that case, the direct pathway which is under the control of D1 receptors will 

be less active, causing disinhibition of GABAergic neurons of the output nuclei. In the 

meanwhile, less activation of D2 receptors facilitates conduction through the indirect 

pathway, leading to increased excitatory input to GPi/SNr. Thus, the end result of the loss 

of striatal dopamine inputs is reduced thalamocortical activity and increased inhibition of 

cortically initiated movement. The models of the basal ganglia have been revised and 

updated in the following years since they were first proposed [Chesselet and Delfs, 1996; 

Levy et al., 1997; Obeso et al., 2000].  
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FIGURE 1.2  Main neural circus that subserve the processing of neural 

information in the basal ganglia 

CPu, caudate and putamen; P, striatal patch compartment; D1, D1 dopamine receptors; 

D2, D2 dopamine receptors; GPe, external segment of the globus pallidus; GPi, internal 

segment of the globus pallidus; SNc, substantia nigra pars compacta; SNr, substantia 

nigra pars reticulate; STN, subthalamic nucleus; VA, the ventral anterior nuclei of 

thalamus; VL, the ventral lateral nuclei of thalamus; IL, intralaminar nuclei of thalamus. 
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1.6.2    Role of NMDA receptors on dopaminergic neurons 

1.6.2.1   Expression of NMDA receptor subtypes in the substantia nigra 

The expression of NMDA receptors in adult rat SNc dopaminergic neurons has 

been documented with receptor binding studies by quantitative receptor autoradiography 

[Albin et al., 1992]. To examine directly the protein product of the NMDA receptor 

subunit genes, antibodies are used to recognize the specific NMDA receptor subunits. 

Immunohistochemical studies in adult rat brain observed that TH-positive cells in the SNc 

labelled intensely for the common region of GluN1. The predominant isoform of GluN1 

present in these neurons appears to be GluN1-4a (using the terminology of Hollmann et 

al., 1993) [Albers et al., 1999]. These data closely parallel results obtained with in situ 

hybridization studies of GluN1 splice variant mRNA in the SNc [Standaert et al., 1994; 

Laurie et al., 1995]. In contrast, GluN2A and GluN2B subunits were hardly detected by 

the same immunohistochemical method. In situ hybridization studies also reported a very 

low GluN2A and no GluN2B mRNA are available in SNc of adult rat brain. A low but 

statistically significant level of GluN2C mRNA signal was consistently observed in SNc 

[Standaert et al., 1994]. It is of particular interest that with the development of GluN2D 

subunit-specific antibody, strong GluN2D immunoreactivity was detected in the 

substantia nigra of adult rat brain [Wenzel et al., 1996]. Accordingly, the presence of 

GluN2D mRNA is abundant in SNc [Standaert et al., 1994]. 

  Conventional or perforated-patch whole cell and single-channel recording 

studies also demonstrate the presence of functional NMDA receptors in dopaminergic 
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SNc neurons isolated during this early postnatal period [Lin et al., 2001; Jones and Gibb, 

2005; Brothwell et al., 2008]. Single channel analysis of recordings from P14 rats showed 

that channel activity in response NMDA was affected by ifenprodil but not by Zn
2+

 or 

TPEN, and observed asymmetry of the frequency of direct transitions from 18-38 pS, 

which suggested functional NMDA receptors in SNc dopaminergic neurons contain 

GluN2B and GluN2D subunits, possibly in a triheteromeric GluN1/GluN2B/GluN2D 

configuration, but do not contain GluN2A subunits [Jones and Gibb, 2005]. Recent 

electrophysiological recordings of synaptic currents involving NMDA subunit-selective 

antagonists propose that GluN2B and GluN2D subunits but not GluN2A subunits are 

present throughout early rat postnatal development. In addition, 

GluN1/GluN2B/GluN2D-containing triheteromeric NMDA receptors may be present in 

rats aged P6-P22 [Brothwell et al., 2008]. 

1.6.2.2   Regulation of dopamine neuron activity by NMDA receptors 

Anatomical, biochemical and electrophysiological studies have provided 

evidence for excitatory glutamatergic projections to dopaminergic neurons as well as the 

presence of glutamatergic receptors on dopaminergic neurons in substantia nigra. In vitro 

and in vivo studies found that the application of agonists for the major subtypes of 

glutamate receptors: glutamate, NMDA, AMPA, and kainate, increase the firing activity 

of dopaminergic neurons in substantia nigra [Mercuri et al., 1992; Zhang et al., 1994]. But 

only NMDA antagonists CPP, but not the AMPA antagonist 

2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo(f)-quinoxaline (NBQX) reduce the firing rate 
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and burst-firing of a subpopulation of dopaminergic neurons [Christoffersen and Meltzer, 

1995]. These studies indicate that the activation of NMDA receptors leads to burst firing 

of the dopaminergic neuron. More dopamine is released in bursts than in an equivalent 

number of single spikes and high-frequency firing in the striatum [Gonon and Buda, 1985; 

Gonon, 1988]. 

1.6.2.3   NMDA receptors and cell death 

The earliest evidence of glutamate neurotoxicity was given by Lucas and 

Newhouse (1957) over 50 years ago. Then it was demonstrated that Ca
2+ 

entry was the 

key mediator of glutamate excitotoxicity and that the excessive activation of NMDA 

receptors was the primary source of the Ca
2+

 influx [Choi 1987]. And shortly after this, 

study suggested the Ca
2+ 

entry through the NMDA receptors was more effective at killing 

neurons than entering through the other ion channels [Tymianski et al., 1993]. Recently, 

Hardingham and Bading (2010) expanded the understanding of the NMDA receptor 

signaling pathways, they proposed a new model (Illustrated in Figure 1.3): synaptic 

NMDA receptors are neuroprotective, whereas extrasynaptic NMDA receptors initiate the 

cell death pathways. According to this model, when equivalent overall Ca
2+ 

concentration 

are triggered by synaptic and extrasynaptic NMDA receptors, they cause different 

downstream events. That activation of NMDA receptors clearly can lead to cell injury and 

death is well established as an important mechanism in acute neurological injuries such as 

stroke [Choi, 1990]. The evidence of glutamate toxicity and NMDA receptor activity in 

chronic neurodegenerative disease, including Huntington’s disease has been reported 
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[Lipton and Rosenberg, 1994]. There is evidence to support this idea in neurotoxin 

models of Parkinson’s disease as well, but still no direct evidence for such an effect in 

humans [Carvalho and Nikkhah, 2001; Paul et al., 2004].  

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 1.3  Cell survival or cell death triggered by synaptic or extrasynaptic 

NMDA receptors. 

Adapted and modified from Benarroch, 2011 
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1.7     Experiments conducted in this project 

     The experiments conducted in this study were aimed firstly, to describe the 

whole-cell and single-channel properties of NMDA receptor channels in P7 rat substantia 

nigra neurons and secondly, to further utilise ifenprodil block as a tool in steady-state 

recordings and in agonist concentration jump experiments to test for diheteromeric 

GluN1/GluN2B, GluN1/GluN2D and triheteromeric GluN1/GluN2B/GluN2D receptors 

in substantia nigra dopaminergic neurons. A detailed analysis of the channel properties 

was carried out and a new model of NMDA receptor activation mechanism was proposed. 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1     Solutions 

2.1.1   Slicing solution 

A modified Krebs solution [Edwards et al., 1989] with the following 

composition was used for slicing (in mM): 75 NaCl; 26 NaHCO3; 2.5 KCl; 1.25 

NaH2PO4·2H2O; 0.25 kynurenic acid sodium salt; 2 sodium pyruvate; 0.1 EDTA; 25 

glucose; 100 sucrose; 1 CaCl2; 4 MgCl2; at pH 7.4 when bubbled with a mixture of 5% 

CO2 and 95% O2 (BOC Gases, Manchester, UK).  

2.1.2   External recording solution 

A Mg
2+

-free external recording solution was used with the following 

compositions  (in mM): 125 NaCl; 26 NaHCO3; 2.5 KCl; 1.26 NaH2PO4·2H2O; 25 

glucose; 1 CaCl2. The external recording solution was continuously bubbled with a 

mixture of 5% CO2 and 95% O2 to keep at pH 7.4. 

2.1.3   Internal pipette solution 

In order to minimize potassium currents at the recording potential used (-60 

mV), patch pipettes were filled with a cesium chloride based solution. The composition of 

the pipette solution was (in mM): 140 CsCl; 10 HEPES; 0.6 EDTA; 10 NaCl; 0.5 CaCl2; 

1 MgCl2. A final pH of 7.4 was obtained only after CsOH was added. 2 mM ATP and 0.3 
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mM GTP was also added in to the pipette solution. 

2.2     Drugs and chemicals 

NaCl, NaHCO3 and sucrose were purchased from BDH (Poole, UK). HEPES 

(4-(2-Hydroxyethyl)-1-Piperazineethanesulfonic acid) was purchased from Fisher 

Scientific (Loughborough, UK). KCl, CaCl2, MgCl2, glucose, strychnine, glycine, CsOH, 

CsCl, NaH2PO4•2H2O, EDTA (Ethylenediaminetetraacetic acid), GTP 

(Guanosine-5'-triphosphate), ATP (Adenosine-5'-triphosphate) and Sodium pyruvate were 

purchased from Singma (St. Louis, USA). (-)-bicuculline methiodide, kynurenic acid 

sodium salt, NMDA (N-Methyl-D-aspartic acid), glutamate, DNQX 

(6,7-dinitroquinoxaline-2,3-dione), TTX (tetrodotoxin), ifenprodil tartrate  

(4-(2-(4-benzylpiperidin-1-yl)-1-hydroxypropyl)phenol hemitartrate) and DL-AP5 

(DL-(-)-2-Amino-5-phosphonopentanoic acid) were purchased from Ascent Scientific 

(Bristol, UK)  

2.3     Brain slice preparation 

 Sprague-Dawley rats (aged 7 days) were decapitated in accordance with the 

Animals Scientific Procedures Act, UK (1986) by using a pair of surgical scissors 

(14512-17, Fine Science Tools, Heidelberg, Germany). Following removal, the brain is 

immediately submerged in a 100 ml plastic weighing boat (Fisher scientific, 

Loughborough, UK) with an ice-cold (< 4°C) oxygenated slicing solution. The skin and 

skull were cut together along the midline with a pair of small scissors (15013-12, Fine 
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Science Tools, Heidelberg, Germany) and the skull bones were removed using fine curved 

forceps (11274-20, Fine Science Tools, Heidelberg, Germany). The brain was then 

exposed and the rostral part of the cerebellum and caudal part of the olfactory bulb were 

cut off with a sterile surgical blade (0201, Swann-Morton, Sheffield, UK). The rest of the 

brain containing telencephalon, diencephalon and mesencephalon was retained in the 

weighing boat and continuously bubbled with a mixture of 5% CO2 and 95% O2 for 3-5 

minutes.  

For coronal brain slices, the rostral part of the telencephalon surface was glued 

by using cyanoacrylate adhesive (RS 473-449, RS Components, Corby, UK) to the base 

of the specimen bath of a vibroslicer (VT 1000S, Leica Microsystems, Wetzlar, Germany) 

with the dorsal side of the brain facing the cutting blade. Immediately, the specimen bath 

was filled with the ice-cold slicing solution and bubbled with 5% CO2 and 95% O2 until 

the tissue was completely covered. Slices were cut using carbon steel blades at a 

thickness of 300 μm. Syringe needles (BD Microlance 3, BD, Franklin Lakes, USA) were 

used to separate the slices from the rest of brain. After sectioning, at least 7 slices 

containing the midbrain substantia nigra region were immediately placed in an incubation 

chamber containing oxygenated recording solution, which was placed in a water bath at a 

temperature of 35 ~ 37°C for 30 to 60 minutes and then allowed to cool gradually to room 

temperature until required. The incubation chamber was continuously bubbled with a 

mixture of 5% CO2 and 95% O2. Each slice was transferred in the same way to a 

recording chamber fitted to the stage of an upright microscope (Axioskop, Zeiss, 

Oberkochen, Germany). 
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2.4     Patch pipette fabrication 

For whole-cell patch-clamp recordings, the patch pipettes were made from 

thick-walled borosilicate glass capillaries containing an internal filament (GC150F-7.5, 

outer diameter 1.5 mm, inner diameter 0.86 mm, Harvard Apparatus, Kent, UK). They 

were made in a vertical glass microelectrode puller (PP-83, Narishige, Tokyo, Japan) and 

fire polished by microforge (MF-83, Narishige, Tokyo, Japan) to a final resistance of 4 to 

6 MΩ. For single-channel patch-clamp and macroscopic patch current recording, the 

patch pipettes were made from thick-walled borosilicate glass capillaries containing 

internal filament (GC150F-3, outer diameter 1.5 mm, inner diameter 0.86 mm, Harvard 

Apparatus, Kent, UK). They were made in a vertical pipette puller (PP-83, Narishige, 

Tokyo, Japan) and coated with an insulating silicone resin (Sylgard 186, Dow Corning 

Corporation, Michigan, USA) using a glass hook. The coating covered the pipette 

shoulder and then the coated pipettes were dried through a heated coil. These coated 

pipettes were fire polished by microforge (MF-83, Narishige, Tokyo, Japan) to a final 

resistance of 8 to 10 MΩ. 

All the polished pipettes were stored in covered 90 mm Petri dishes until ready 

to be filled with an internal pipette solution. The internal solution was firstly filled in the 

1 ml sterile syringe (BS-01T, Terumo Corporation, Leuven, Belgium) filled with a 0.22 

µm pore size sterile filter unit (Millex-GS, Millipore Corporation, Billerica, USA). The 

pipette was back-filled with the internal solution by using a thin plastic pipette tip 

connected to the filter. The solution level in the pipette was around a third of its 

maximum capacity and air bubbles in the pipette were removed by tapping the pipette 



47 

with a finger. 

2.5     Dopaminergic neuron visualization and identification in SNc 

Slices were placed in the recording chamber on the stage of a Zeiss Axioskop 

FS upright microscope (Zeiss, Oberkochen, Germany) with a 40X water immersion 

objective with a numerical aperture of 0.75 and a working distance of 1.6 mm. They were 

viewed at a total magnification of 600X with infared Nomarski differential interference 

contrast optics. A CCD camera (KPM1-AP, Hatachi, Tokyo, Japan) was mounted on the 

top of the microscope trinocular head and connected to a video monitor (VM-920K, 

Hatachi, Tokyo, Japan). Recordings were made from visually identified large neurons in 

SNc with a healthy appearance. SNc dopaminergic neurons are characterized by a 

pronounced time- and voltage-dependent inward current, Ih, that is activated by 

membrane hyperpolarization [Kita et al., 1986; Lacey et al., 1989; Margolis et al., 2006]. 

In this study, a voltage step from -60 mV to -120 mV was applied for 2 s to induce the Ih 

current in whole-cell mode. More than 90% of Ih current-positive neurons in the rat SNc 

are thought to be dopaminergic [Margolis et al., 2006].  

2.6     Whole-cell patch-clamp procedure 

The filled pipette was placed in a pipette holder connected to the head stage of 

patch-clamp amplifier (Axopatch 200A, Axon Instruments, Foster City, USA). The back 

of the pipette holder was connected to a syringe via a piece of tubing with inner diameter 

1.0 mm (BSS52, Smiths Medical ASD, Keene, USA). Positive or negative pressure can 
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be applied to the pipette by using a 1 ml syringe (BS-01T, Terumo Corporation, Leuven, 

Belgium) to generate a small stream of internal solution at the tip of the pipette. A 5 mV 

rectangular voltage pulse was applied to the pipette and the pipette currents were 

monitored by the oscilloscope (HM205-3, HAMEG, Frankfurt, Germany). Before the 

pipette was inserted in to the recording chamber, the current traces were flat. When the 

pipette is lowered down to the recording bath, the 5 mV pulse caused currents to flow in 

the pipette, and the resistance of the pipette can be calculated by the currents. Before 

moving the pipette towards the neuron, a positive pressure was applied to the pipette 

through the syringe. The position of the pipette can be viewed on the video monitor, when 

the pipette was pushed against a cell, the current became smaller and finally, a dimple 

was formed on the surface of the cell. Immediately, releasing the positive pressure and 

applying gentle suction induced a gigaohm seal between the cell membrane and the tip of 

the pipette. After formation of a gigaseal, the holding potential was set to - 60 mV and the 

membrane patch was broken by additional suction pulses, a sudden increase of the 

capacitive transients can be used as an indicator for the breaking of the patch. Cancelling 

capacitive transients by using the compensation circuit of the Axopatch 200A gave 

estimates of cell membrane capacitance and series resistance. Series resistance 

compensation between 75 and 90% was used. Before drug application, control recordings 

were made in the absence of agonists or antagonists. All solutions were perfused into the 

recording chamber by gravity. The exchange between solutions was made by manually 

switching a 3-way tap. Whole-cell currents were induced by bath application of 200 M 

NMDA and 10 M glycine, the rapid (rise time ~ 2 s) NMDA responses were obtained by 
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first ‘cleaning’ the cell body as described by Edwards et al. (1989). To investigate the 

subunit composition of NMDA receptors in rat SNc, ifenprodil was applied as a 

non-competive GluN2B selective antagonist [Williams, 1993]. During whole-cell 

experiments, 10 M of strychnine and 10 M of bicuculine were co-applied to inhibit 

glycine receptors, and GABAA receptors respectively. 200 nM of TTX was added to the 

recording solution to block action potentials and avoid excitotoxic effects in the slice on 

NMDA receptor activation.  

2.7     Display and analysis of whole-cell patch-clamp data 

NMDA whole-cell currents (INMDA) were recorded and measured by using 

WinEDR V2.8.9 software (Written by John Dempster, University of Strathclyde, 

1996-2011) [Dempster, 2001]. Signals were amplified and filtered at 2 kHz (8 pole Bessel) 

and digitized at 10 kHz using an analogue-to-digital converter (CED Micro 1401, 

Cambridge Electronics Design, Cambridge, UK). Whole-cell NMDA current was 

measured during the steady-state response to NMDA or to NMDA with antagonist. To 

quantify desensitization in response to two consecutive agonist applications (of 20 s each), 

the fractional decrease in INMDA between the first response (N1) and second response (N2) 

NMDA application was measured. To quantify antagonist inhibition, following NMDA 

applications (20 s), a second co-application of NMDA with ifenprodil was made. If the 

current to the NMDA response was I1 and the current to the second NMDA with 

ifenprodil response was I2, the corrected fractional inhibition was calculated after taking 

the desensitization into account using: 
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𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑖𝑛𝑖ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  1 − 
𝐼2

𝐼1 ·  
𝑁2

𝑁1
 
 

2.8     Spontaneous miniature EPSC recording procedure 

Whole-cell voltage clamp recordings were made from SNc neurons in 

substantia nigra at – 60 mV in room temperature. In order to minimize the series 

resistance, pipette resistances were kept as low as possible (3-5 MΩ). The mixed 

AMPA-NMDA miniature EPSCs were firstly recorded in the presence of 1µM TTX, 10 

µM bicuculline and Mg
2+ 

free recording solution. To separate the AMPA mEPSC 

component, a selective NMDA antagonist - AP5 was then applied to block NMDA 

mEPSC component. 

2.9     Display and analysis of spontaneous miniature EPSC 

Miniature EPSCs were filtered at 2 kHz and digitized at 20 kHz using a Micro 

1401 interface (Cambridge Electronic Design, Cambridge UK) and stored to a computer 

using WinWCP V3.9.2 software. mEPSC events in each recorded cell were averaged and 

fully characterized by the following parameters: rise time (10%-90%), amplitude, and 

decay time constants were calculated using WinWCP V3.9.2. The averaged mEPSC 

events curve can be best fitted by using either one single exponential time constant 

(𝜏𝑠𝑖𝑛𝑔𝑙𝑒) or one fast time constant (𝜏𝑓𝑎𝑠𝑡) and one slow time constant (𝜏𝑠𝑙𝑜𝑤). If the 

amplitude for the single time constant was 𝐴𝑠𝑖𝑛𝑔𝑙𝑒, the equation for the curve fitting at 

time t is: 

𝑓(𝑡) = 𝐴𝑠𝑖𝑛𝑔𝑙𝑒 ·  𝑒 
( 

− 𝑡
𝜏𝑠𝑖𝑛𝑔𝑙𝑒

)
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If the amplitude for the fast time constant was 𝐴𝑓𝑎𝑠𝑡 , the amplitude for slow time 

constant was 𝐴𝑠𝑙𝑜𝑤, the equation for the curve fitting at time t is: 

      𝑓(𝑡) = 𝐴𝑓𝑎𝑠𝑡 ·  𝑒 
( 

− 𝑡

𝜏𝑓𝑎𝑠𝑡
)
  +   𝐴𝑠𝑙𝑜𝑤 · 𝑒 

( 
− 𝑡

𝜏𝑠𝑙𝑜𝑤
)
 

2.10   Outside-out patch-clamp single-channel recording procedure 

Outside-out patches can be obtained by very slowly withdrawing the patch 

pipette from the slice after establishing a whole-cell recording. Before recording was 

attempted, the patch noise level was checked, and an RMS noise level of < 0.300 pA at a 

bandwidth of 5 kHz was considered acceptable. Each outside-out patch was made from 

dopaminergic neurons and voltage-clamped at -60 to -30 mV (routinely -60 mV). 

Steady-state single-channel activity was produced by bath applications of constant 

concentrations of 20 nM, 100 nM or 200 µM NMDA and a constant saturating 

concentration of 10 µM glycine. 1 µM ifenprodil were also co-applied with NMDA in 

some patches to measure its effects on single-channel currents. Patches showing 

spontaneous channel activity in the absence of NMDA and glycine were discarded. 

2.11   Detection and measurement of single-channel activities 

The acquired data were filtered at 2 kHz and digitized at 20 kHz using a Micro 

1401 interface (Cambridge Electronic Design, Cambridge UK) and stored to a computer 

using WinEDR V2.8.9 software. Each digitized record was scanned and transitions were 

detected, measured and fitted using an interactive computer programme-               

SCAN [Colquhoun & Sigworth, 1995] that carried out direct fitting of each event 
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time-course based on the step response of the recording system. Briefly, the digitized 

recording was displayed and scanned by scrolling it across the computer screen under 

visual inspection. Events were detected after crossing a threshold placed close to the 

baseline. Once it was decided that an event could be fitted, the programme made initial 

guesses for the positions of all the transitions and amplitudes and performed a 

least-square fit on the basis of the guess; finally, it displayed the fitted curve 

superimposed on the digitised event. If the step-response function fitted poorly, the fit 

was adjusted to obtain the fit that best describe the event. Fits were stored as a list of 

values with the amplitude and duration of each open period and the duration of each 

closed period. Incompletely resolved openings had their amplitude constrained to be the 

same as that of the closest opening longer than 2 filter rise-times if such an opening was 

present in the region of trace being fitted, if on the contrary, no other openings were 

present in the region of trace being fitted, they were fitted as openings to the mean 

amplitude level. After the record was fitted, a data file containing all the values describing 

the lifetime and amplitude of all single-channel events present in the record was created 

and stored as a computer file (SCN file).  

2.12   Display and analysis of single-channel data 

Another computer programme designed by D. Colquhoun - EKDIST was used 

for display and analysis of the single-channel data. EKDIST can read the stored data from 

SCAN (SCN files) and allow them to be displayed as distributions and then fitted. Before 

analysis, the resolution was decided on the basis of what are believed to be genuinely 
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detectable transitions of the channel, this was usually 100 μs for open times and closed 

times. The fixed resolution for open times and closed times that gave a false event rate of 

≤10
-17

 events/sec was imposed, and a ‘real’ difference between adjacent amplitude levels 

defined as > 0.5 pA. 

2.12.1   Stability plots for amplitudes 

Stability plots for all the amplitude measurements were built by plotting all the 

amplitudes as dots against event number. This distribution made it easy to see whether the 

various amplitude levels stayed constant throughout the experiment. The dots are single 

pixels and represented a single opening longer than 2 filter rise-times (332 μs). The plots 

contained no information about open time at a particular amplitude. 

2.12.2   Stability plots for open periods, shut times or Popen 

Before analyzing the distribution of open and shut times, the stability of the 

channel activity was assessed by building stability plots which allowed the detection of 

changes on shut times, open times and probability of being open (Popen) that could 

undermine the analysis of dwell times and amplitude distributions. The open times and 

shut times, being very variable, must be averaged in groups. Usually, the method was to 

calculate  running averages of 50 consecutive open or shut time intervals with a start 

increment of 25 before plotting against event number and plotting the average against the 

interval number at the centre of the average values. Stability plots for open probability 

(Popen) were constructed by calculating a Popen value for each set of 50 open and shut times 
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as total open time over the total length. Once the stability of the records was confirmed, 

values were sorted into bins and used in the construction of frequency distribution 

histograms. 

2.12.3   Distribution of single-channel fitted amplitudes 

The amplitudes of single-channel openings can be measured only if the duration 

is at least twice the rise-time of the recording system [Colquhoun & Sigworth, 1995]. 

Frequency distribution histograms containing individual open-channel amplitudes longer 

than 2 filter rise-times were constructed and fitted with the sum of 4 Gaussian 

components with their standard deviations constrained to be the same. The relative area 

occupied by each Gaussian component represented the relative frequency of events to 

each particular amplitude level rather than the relative time spent at each level. After an 

amplitude histogram had been fitted, the fit can be used to calculate the critical amplitude 

value (Acrit). The Acrit was the amplitude between pairs of adjacent Gaussian components 

that represented the best amplitude to set in order to discriminate between the two 

amplitude levels. Critical amplitudes that gave equal percentages of misclassified events 

were used. 

2.12.4   Single-channel slope conductance 

The slope conductance of NMDA receptor-mediated single-channel currents 

was estimated by building current-voltage relationship (I/V) plots. For each recording, the 

single-channel currents were recorded at holding potentials between -60 mV to -30 mV. 
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For each potential, the fitted amplitude distribution was fitted with 4 Gaussian 

components to estimate the mean current amplitude which was plotted against the holding 

potential. Linear regressions fitted through the points gave the slope conductance of each 

unitary current. 

2.12.5   Direct transitions between single channel conductance levels 

The direct transition was considered as a change in open-channel current level 

from one amplitude level to another without intervening closures longer than the shut 

time resolution. The amplitude levels were defined by using Acrit values. In this study, at 

least 98.7% of the amplitude of an opening was equal to 2 filter rise-times (332 μs, 2 kHz). 

Analysis included openings that were longer than 2 filter rise-times, on either side of a 

direct transition. Three-dimensional representations of the data were built in which the 

volume of each peak indicated the relative proportion of each type of transition.  

2.12.6   Distribution of all contiguous open times (open periods) 

The all contiguous open time distribution was to look at the durations of open 

periods for which the channel is continuously open, regardless of amplitude. The 

frequency distribution histogram was constructed using a logarithmic transformation of 

the abscissa [McManus et al., 1987; Sigworth & Sine, 1987] and a square root 

transformation of the ordinate [Sigworth and Sine, 1987]. Distributions were fitted using 

the maximum likelihood method with probability density functions that were the sum of 3 

exponential components [Colquhoun and Hawkes, 1995]. 
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2.12.7   Distribution of contiguous open times in specified amplitude ranges 

There was more than one conductance level for single-channel openings in this 

study, so the distribution of contiguous open times in specified amplitude ranges was used 

to look separately at open periods for each level. The amplitude levels were defined by 

using Acrit values, the events that had durations shorter than 2 filter rise-times were 

excluded by fitting only those bins containing events longer than 2 filter rise-times. 

2.12.8   Distribution of all shut times 

   The duration of shut time intervals varied from tens of microseconds to several 

seconds. Like distributions of open periods, the frequency distribution histogram was 

constructed using a logarithmic transformation of the abscissa [McManus et al., 1987; 

Sigworth & Sine, 1987] and a square root transformation of the ordinate [Sigworth and 

Sine, 1987]. Distributions were fitted using the maximum likelihood method with 

probability density functions that were the sum of 5 exponential components [Colquhoun 

and Hawkes, 1995]. 

2.12.9   Bursts of openings 

   The bursts of openings were defined as groups of openings separated by shut 

times shorter than a critical length – tcrit which was calculated from the fitted parameters 

of the distribution of shut times. In this study, the tcrit was calculated from the 4
th

 and 5
th

 

exponential components of the shut time distribution and the shut times that were briefer 

than tcrit were classified as ‘gaps within bursts’. EKDIST can find the critical shut time 
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values by using three different criteria: 

  Suppose that a value of 𝑡𝑐𝑟𝑖𝑡 that lies between two components of the shut time 

distribution, if the slower component is 𝜏𝑠𝑙𝑜𝑤, the area it covers is 𝑎𝑠𝑙𝑜𝑤; the faster 

component is 𝜏𝑓𝑎𝑠𝑡, the area it covers is 𝑎𝑓𝑎𝑠𝑡. 

  Jackson et al. (1983) proposed that 𝑡𝑐𝑟𝑖𝑡  should be defined as a shut time 

duration that minimizes the total number of misclassified intervals. This criterion involves 

solving for 𝑡𝑐𝑟𝑖𝑡 in the equation:       

           𝑒 
( 

−𝑡𝑐𝑟𝑖𝑡
𝜏𝑓𝑎𝑠𝑡

 )
= 1 −  𝑒 

( 
−𝑡𝑐𝑟𝑖𝑡
𝜏𝑠𝑙𝑜𝑤

 )
 

  The criterion proposed by Magleby and Pallotta (1983) and by Clapham and 

Neher (1984) is to choose 𝑡𝑐𝑟𝑖𝑡 so that equal numbers of short and long intervals are 

misclassified. This criterion involves solving for 𝑡𝑐𝑟𝑖𝑡 in the equation: 

𝑎𝑓𝑎𝑠𝑡 · 𝑒 
( 

−𝑡𝑐𝑟𝑖𝑡
𝜏𝑓𝑎𝑠𝑡

 )
= 𝑎𝑠𝑙𝑜𝑤 · (1 −  𝑒 

( 
−𝑡𝑐𝑟𝑖𝑡
𝜏𝑠𝑙𝑜𝑤

 )
 ) 

  The third method is introduced by Colquhoun and Sakmann (1985) to choose 

𝑡𝑐𝑟𝑖𝑡so that equal proportions of short and long intervals are misclassified. This criterion 

involves solving for 𝑡𝑐𝑟𝑖𝑡 in the equation: 

𝑎𝑓𝑎𝑠𝑡

𝜏𝑓𝑎𝑠𝑡
 ·  𝑒 

( 
−𝑡𝑐𝑟𝑖𝑡
𝜏𝑓𝑎𝑠𝑡

 )
=  

𝑎𝑠𝑙𝑜𝑤

𝜏𝑠𝑙𝑜𝑤
 ·  𝑒 

( 
−𝑡𝑐𝑟𝑖𝑡
𝜏𝑠𝑙𝑜𝑤

 )
 

The first two methods may result in misclassification of a large proportion of the rarer 

type of interval when the areas for short and long intervals differ greatly. In this study, the 

equation proposed by Colquhoun and Sakmann (1985) was used to calculate 𝑡𝑐𝑟𝑖𝑡 , 

despite it does not minimize the total number of misclassifications. 
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2.12.9.1   Distribution of total burst length 

    The burst length is the duration from the beginning of the first opening to the 

end of the last opening within a burst. The distribution can be fitted by a mixture of three 

components. 

2.12.9.2   Distribution of total open time per burst 

    Total open time per burst is the length of all the openings within each burst. It 

is relatively insensitive to undetected brief openings or closings. The distribution can be 

fitted by a mixture of three components. It is simpler than the distribution of burst length, 

because the number of components is expected to be the same as the number of open 

states [Colquhoun and Hawkes, 1982] 

2.12.9.3   Distribution of amplitudes within bursts 

         This distribution was to investigate the amplitude levels within the bursts. If 

there was a mixed population of channels in the burst, each activation can be 

characterized by a particular set of amplitude levels. Frequency distribution histograms 

containing individual open-channel amplitudes longer than 2 filter rise-times were 

constructed and fitted with the sum of 4 Gaussian components with their standard 

deviations constrained to be the same. 

2.13    Macroscopic current induced by concentration jump experiments 

Concentration jump experiments were used to mimic synaptic release to induce 
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the macroscopic NMDA currents. The fast concentration jumps on outside-out patches 

were achieved by the rapid switching of the solutions across the tip of the pipette. This 

fast application system was based on the double-barreled application pipette made from 

the theta glass tubing. WinWCP V3.9.2 software (Written by John Dempster, University 

of Strathclyde, 1996-2005) [Dempster, 2001] was used to generate the 1-4 ms electrical 

pulses and record the individual sweeps on the computer. 

2.13.1   Theta glass tubing preparation 

The borosilicate theta glass used in this study was from Sutter Instrument 

(Novato, USA) with outer diameter 1.5 mm. The theta tube was pulled in one step on the 

puller (PP-83, Narishige, Tokyo, Japan). The raw piece was then cut into two parts by 

using the diamond pencil. This breaking was applied to the region where the diameter of 

the tube is smallest and always performed under visual control by using a 10X binocular 

microscope (SZ40, Olympus, Tokyo, Japan). Final double-barreled pipettes showed a tip 

outer diameter of ~ 300 µm and a shank length of about 5 mm (Figure 2.1A). All the 

finished theta tubes were stored in sealed 90 mm Petri dishes and ready to be mounted. 

(A)            (B) 

  

 

 

 

FIGURE 2.1  Theta glass tubes  

Adapted and modified from Peter Jonas, Single-Channel recording, 2
nd

 edition 

Theta Glass Tube 
Pipette 

100 µM 
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2.13.2   Concentration jump recording procedure 

The theta glass tubes were mounted to the Piezo translator (LSS-3200, Burleigh 

Instruments, Mississauga, Canada) that was held horizontally in a brass cylinder. The 

cylinder allows rotation around a vertical axis, making it possible to move the tool away 

from the recording chamber. The brass cylinder was mounted onto translation stages by 

which the position can be changed in X and Y dimensions. The whole system was 

attached to a lever by which it can be moved in Z dimension. Up to four 60 ml syringes 

(BD Plastipak, BD, Franklin Lakes, USA) were filled after slight modification of the 

original design and the driven force of the perfusion system depended on gravity of 

solutions in these syringes. Thin glass fibre tubing with inner diameter 250 μm (062492, 

SGE Analytical Science, Victoria, Australia) was used to connect the syringes and theta 

glass tubes to provide fast perfusion, thus, for an application pipette with about 250 µm 

barrel width, a perfusion rate was about 115 μl / min. Before drug application, control 

recordings solutions were made in the absence of agonists or antagonists, the exchange 

between solutions were made by manually switching a 3-way tap. 

 The tests of the reliability of solution exchange were applied before the 

recording. Theta tube pipettes can be tested by perfusing the two barrels with 15 mM 

NaCl and 150 mM NaCl, respectively. Subsequently, the speed of solution exchange was 

determined from the open-tip response during activation of the Piezo element. As the 

interface moved over the open tip of the recording pipette, a change in liquid junction 

potential occurred that led to a change of the pipette current in the voltage-clamp mode. 

The properties of individual theta tube pipette were variable and only 20 - 80 % exchange 
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time of 200 µs were accepted. 

       When an outside-out patch was established, the tested theta tube can be placed 

near the patch. To begin with, the tip of theta tubing can be located in a region about 100 

µm away from the outside-out patch pipette. When the theta tube pipette was moved 

towards the outside-out patch pipette while 1-4 ms pulse of 1 mM NMDA repeatedly 

applied, the NMDA receptor mediated macroscopic currents rose to the peak amplitude 

and then decayed within several hundred milliseconds. Concentration jumps of 1-4 ms 

duration were then made every 20 s under computer control. The recording solution and 

pipette internal solution used in concentration jump experiments were the same as used in 

steady-state single-channel recordings. The composition of control recording solution for 

theta tube perfusion was (in mM): 150 NaCl and 10 Hepes. A final pH of 7.2 was 

obtained only after 2 ml KOH (1 M) was added. The two barrels of the theta tube were 

perfused with control solution and 1 mM NMDA or glutamate to induce NMDA receptor 

mediated macroscopic currents. When glutamate was used as an agonist, the non-NMDA 

antagonist DNQX (10 μM) was added to the external recording solution. In order to 

investigate the effects of ifenprodil on the macroscopic currents with the same outside-out 

patch, two theta tubes were aligned together to form a four-barrel theta tube array (Figure 

2.1 B). The first two barrels were used to generate control macroscopic currents and then 

manually moved to the second two barrels that were perfused with 1 µM ifenprodil as 

control and 1 mM NMDA and 1 µM ifenprodil as test. While changing the barrels to the 

ifenprodil ones, the recording solution applied to the bath was changed simultaneously to 

the one with the equal concentration of ifenprodil. 
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2.13.3   Display and analysis of macroscopic current jump data 

Macroscopic currents were recorded at a holding potential of -60 mV and all the 

recordings were filtered at 2 kHz and digitised at 20 kHz using a Micro 1401 interface 

(Cambridge Electronic Design, Cambridge UK) and stored on a computer using WinWCP 

V3.9.2 software. Individual sweeps were averaged and the averaged curve can be best 

fitted by using one fast time constant (𝜏𝑓𝑎𝑠𝑡) and one slow time constant (𝜏𝑠𝑙𝑜𝑤). If the 

amplitude for fast time constant was 𝐴𝑓𝑎𝑠𝑡, the amplitude for slow time constant was 

𝐴𝑠𝑙𝑜𝑤, the equation for the curve fitting at time t is: 

      𝑓(𝑡) = 𝐴𝑓𝑎𝑠𝑡 ·  𝑒 
( 

− 𝑡

𝜏𝑓𝑎𝑠𝑡
)

  +  𝐴𝑠𝑙𝑜𝑤 · 𝑒 
( 

− 𝑡

𝜏𝑠𝑙𝑜𝑤
)
 

 

2.14     Fitting channel activation mechanisms to single-channel data with HJCFIT 

         Maximum likelihood fittings for the evaluation of kinetic schemes and rate 

constants were performed with the HJCFIT programme [Colquhoun et al., 1996, 2003]. 

The experimental inputs into this programme were from the scanned outputs of SCAN 

(SCN files). The recordings were fitted separately with HJCFIT. From the data, the 

resolution, and a postulated mechanism, HJCFIT calculates a likelihood value for the 

experimental record(s) for a set of guesses for the values of the rate constants. The rate 

constants are then adjusted iteratively to maximize this likelihood. The imposed 

resolution is taken into account by implementing the exact solution for missed events 

correction by Hawkes et al. (1990, 1992). Openings were divided into groups using a 

critical shut time (tcrit) so that openings within each group are likely to come from the 
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same channel. Each fit was repeated using several different initial guesses. If the 

likelihood surface has a single well defined maximum, the same rate constant estimates 

should be obtained no matter what initial guesses were used. To test whether a postulated 

mechanism describes adequately the behavior of the receptor, the predictions of the 

mechanism together with the rate constants estimated by HJCFIT were compared with the 

experimental observations. 
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CHAPTER 3 

WHOLE-CELL PATCH-CLAMP PROPERTIES OF NMDA RECEPTORS IN 

SUBSTANTIA NIGRA PARS COMPACTA DOPAMINERGIC NEURONS 

3.1     Introduction 

Anatomical, biochemical and electrophysiological studies have provided 

evidence for excitatory glutamatergic projections to dopaminergic neurons as well as the 

presence of glutamatergic receptors on dopaminergic neurons in substantia nigra pars 

compacta. The dopaminergic neurons in SNc receive glutamatergic inputs from the 

prefrontal cortex, the subthalamic nucleus, and the pedunculopontine tegmental nucleus 

[Kitai et al. 1999]. They project to striatum where they control neurons involved in the 

execution of motor programs [Pucak and Grace, 1994]. The expression of NMDA 

receptors in adult rat SNc dopaminergic neurons has been well documented with receptor 

binding studies [Albin et al., 1992]. Electrophysiological studies using conventional or 

perforated-patch whole-cell recordings were also conducted to record NMDA-evoked 

responses in SNc neurons that demonstrates the presence of functional NMDA receptors 

in SNc neurons isolated during this early postnatal period (P4 to P16) [Lin and Lipski, 

2001]. For the NMDA receptor composition on SNc neurons, the predominant isoform of 

GluN1 in adult rat appears to be GluN1-4a (using the terminology of Hollmann et al., 

1993) [Albers et al., 1999]. These data closely parallel results obtained with in situ 

hybridization studies of GluN1 splice variant mRNA in the SNc [Standaert et al., 1994; 
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Laurie et al., 1995]. For the GluN2 subunits in adult rats, in situ hybridization studies 

reported a very low GluN2A and no GluN2B mRNA are available in SNc of rat brain, a 

low but statistically significant level of GluN2C mRNA signal was consistently observed 

in SNc [Standaert et al., 1994]. It is of particular interest that with the development of a 

GluN2D subunit-specific antibody, strong GluN2D immunoreactivity was detected in the 

substantia nigra of adult rat brain [Standaert et al., 1994 and Wenzel et al., 1996]. 

Electrophysiological studies demonstrated the subunit composition of functional NMDA 

receptors in dopaminergic SNc neurons in early developmental periods [Jones & Gibb, 

2005; Brothwell et al., 2008]. The single channel analysis of recordings from P14 rats 

showed that channel activity in response to NMDA was affected by ifenprodil but not by 

zinc or TPEN, and observed asymmetry of the frequency of direct transitions from 18-38 

pS, which suggested functional NMDA receptors in SNc dopaminergic neurons contain 

GluN2B and GluN2D subunits in extrasynaptic sites [Jones and Gibb, 2005]. Recent 

electrophysiological recordings of synaptic currents involving NMDA subunit-selective 

antagonists proposed that GluN2B and GluN2D subunits but not GluN2A subunits are 

present throughout early rat postnatal development in synaptic sites [Brothwell et al., 

2008]. But the NMDA subunit composition in extrasynaptic sites during early rat 

postnatal development is still not known. The NMDA subunits are characterized by 

distinct functions and developmental expression patterns that suggest particular roles for 

NMDA receptors during development [Cull-Candy and Leszkiewicz, 2004]. Therefore, it 

is important to examine the presence of functional NMDA receptors in SNc of young rats, 

since the possible subunit compositions provides a therapeutic target in Parkinson’s 
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disease and the downregulation of NMDA receptor expression may have important 

consequences for neuronal survival during development. 

The aim of this chapter is to apply whole-cell patch clamp recording protocols 

to examine the functional NMDA receptor on the SNc neurons. I also investigated the 

differences between the SNc and SNr neurons. According to the results, the 

NMDA-induced whole-cell currents reveal the presence of NMDA receptors on both SNc 

and SNr neurons. Both SNc and SNr neurons desensitized during the repeated 

applications of high concentration of NMDA. The inhibition by ifenprodil of NMDA 

receptor whole-cell currents supports the idea that GluN2B-containing NMDA receptors 

are present in both SNc and SNr neurons, but the reduced effectiveness of ifenprodil on 

the native NMDA receptors compared with that on GluN1/GluN2B recombinant receptors 

indicates that diheteromeric GluN1/GluN2B is not the only type of GluN2 receptor on 

SNc and SNr neurons. 

3.2     Results 

3.2.1    Identification of dopaminergic neurons in SNc  

To identify dopaminergic neurons in SNc, visual identification was firstly 

applied and followed by the identification based on the presence of a clear, 

time-dependent, hyperpolarization-activated inward current in whole-cell mode (Figure 

3.2). 
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3.2.1.1   Visual identification of dopaminergic neurons 

Dopaminergic neurons have bigger size than the other neurons in SNc, under 

conventional light microscope DIC optics. Dopaminergic neurons look healthy: they have 

smooth plasma membrane and are bright under DIC optics (Figure 3.1). 

3.2.1.2   Identify dopaminergic neurons by Ih current 

The hyperpolarization-activated inward current, Ih, in response to a voltage step 

from -60 to -120 mV on dopaminergic neurons was previously described [Johnson and 

North, 1992; Lin and Lipski, 2001] and the amplitude of Ih was negligible at the 

beginning of the first neonatal week of the rat, but increased rapidly from P5 onward 

[Washio et al, 1999]. In this study, P7 SNc cells had average Ih amplitude of 186 ± 17 pA 

and the activation time constant (τ) of 907 ± 58 ms (n=34). P7 SNr cells had average step 

response amplitude of 46.5 ± 5.1 pA and the activation time constant (τ) of 1165 ± 203 ms 

(n=21). An example of Ih response to voltage steps in SNc neuron is shown in Figure 3.2. 

3.2.2    Properties of NMDA receptor induced whole-cell currents 

Whole-cell voltage clamp recordings were obtained from 34 SNc and 21 SNr 

cells. A near-maximal concentration of NMDA was applied (200 μM) with glycine (10 

μM) by the fast applicator to the cell soma for 20 s; followed by a washout of 5 min. The 

high concentration of NMDA and glycine induced inward currents that reached maximum 

amplitude within 5 s after the NMDA application. The peak amplitude was 4307 ± 216 

pA (n=34) for SNc neurons and 3230 ± 181 pA (n=21) for SNr neurons at the holding 
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Amplitude = 204 pA
Time constant = 725 ms

- 60 mV

- 120 mV

100 pA
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potential of -60 mV. 

 

 

 

 

 

 

 

 

FIGURE 3.1  Visual identification of dopaminergic neurons in SNc. 

A dopaminergic neurons in SNc region of P7 rat is shown in the photo. Under DIC 

microscope, it has smooth plasma membrane and a bright shiny surface. 

 

 

 

 

 

 

 

 

 

FIGURE 3.2  Whole-cell Ih current in SNc neuron.  

A Sample trace of Ih response of a neuron in SNc region of a brain slice from P7 rat is 

shown. The Ih was induced by a voltage step from -60 mV to -120 mV. The inward current 

can be well fitted by a single exponential (red line) and the fitting gave the Ih amplitude of 

204 pA and the time constant of 725 ms. 
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3.2.2.1  Desensitization of NMDA whole-cell currents to consecutive agonist 

applications 

To test the desensitization of NMDA receptors, a pharmacological approach 

was performed. 200 μM NMDA with 10 μM glycine was applied 3 times with 5 min 

washout periods between the applications. Sample NMDA responses to the consecutive 

applications are shown in Figure 3.3A, the peak amplitude of currents significantly 

decreased after the first application of NMDA (P < 0.05, paired t-test). To quantify the 

rundown of NMDA whole-cell currents, the percentage rundown relative to the first 

response was calculated. For SNc neurons, the peak response of the second NMDA 

application was 89 ± 3% of the original response and the peak response of the third 

NMDA application was 78 ± 5% of the original response (n=12); for SNr neurons, the 

peak response of second NMDA application was 90 ± 2% of the original response and the 

peak response of the third NMDA application was 76 ± 3% of the original response (n=9). 

The increasing rundown of the peak currents (Figure 3.3B) was continuous with time. 

3.2.2.2  Inhibition by NMDA receptor antagonists of whole-cell currents 

To determine the contributions of GluN2B-containing NMDA receptor to the 

whole-cell currents, a subunit-selective NMDA non-competitive antagonist – ifenprodil 

was used in this study. Ifenprodil has more than 400-fold preference for GluN1/GluN2B 

receptors compared with GluN1/GluN2A, GluN1/GluN2C, or GluN1/GluN2D receptors 

[Williams, 1993; Cull-Candy et al., 2001]. 10 μM ifenprodil produced an inhibition of 90% 

of recombinant GluN1/GluN2B evoked whole-cell currents [Williams, 1993]. For 
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experiments in this study, 200 μM NMDA was applied firstly for 20 s, washout 300 s with 

10 μM ifenprodil and then NMDA with ifenprodil were applied for another 20 s (Figure 

3.4A and Figure 3.6A). The comparison of the peak amplitudes of the 2 responses showed 

that 10 μM ifenprodil produced an inhibition of the inward currents that was significantly 

larger than the rundown in both SNc neurons (56 ± 3% for the ifenprodil inhibition, n= 22; 

11 ± 3% for the desensitization, n = 12; P < 0.001, unpaired t-test) (Figure 3.4B) and SNr 

neurons (51 ± 4% for the ifenprodil inhibition, n= 12; 10 ± 2% for the desensitization, n = 

9; P < 0.001, unpaired t-test) (Figure 3.5B). In order to separate the effects of ifenprodil 

from the effect of NMDA receptor desensitization, the corrected percentage of ifenprodil 

inhibition was calculated by using the ratios between NMDA responses in two conditions: 

NMDA application followed by another NMDA application and NMDA application 

followed by NMDA with ifenprodil application (see Materials and Methods). The 

blockage by 10 μM ifenprodil after the correction for desensitization in SNc neurons was 

50 ± 3% (n=22) and in SNr neurons was 45 ± 4% (n=12). 

 

 

  



71 

NMDA 200 μM NMDA 200 μM NMDA 200 μM 

1000 pA 

50 s 

1000 pA 

50 s 

a b c 

c 

b a 

NMDA 200 μM NMDA 200 μM 
10 μM ifenprodil 

(A)  

  

 

 

 

     

 

 

 

 

 

 

 

 

(B)  

 

 

 

 

 

 

 

 

FIGURE 3.3  NMDA receptor desensitization to consecutive NMDA applications in 

SNc neurons.   

Sample recording of the rundown of NMDA whole-cell currents to consecutive 200 μM 

NMDA and 10 μM glycine applications on the same neuron, each application lasts 20 s 

and 300 s between 2 applications. (B) Comparisons of the average peak currents from the 

first, second and third time of NMDA application from 12 neurons in SNc. ** P<0.01, 

paired t-test. 
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FIGURE 3.4  Inhibition by ifenprodil of NMDA whole-cell current in SNc neurons.  

(A) Sample traces in response to application of 200 μM NMDA followed by another 

application of 200 μM NMDA with 10 μM ifenprodil. There is a 5 min washout by 10 μM 

ifenprodil between the two applications. (B) Comparison of the peak amplitudes induced 

by NMDA and NMDA with ifenprodil. 10 μM ifenprodil inhibits 56 ± 3% (n=22) of the 

peak current induced by NMDA which is significantly greater than the decrease caused 

by NMDA receptor desensitization (***P < 0.001, unpaired t-test). 
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FIGURE 3.5  NMDA receptor desensitization to consecutive NMDA applications in 

SNr non-dopaminergic neurons.  

(A) Sample recording of the rundown of NMDA whole-cell currents to consecutive 200 

μM NMDA applications on the same neuron, each application lasts 20 s with 300 s 

between applications. (B) Comparison of the average peak currents from the first, second 

and third NMDA application from 9 neurons in SNr. ** P<0.01, paired t-test. 
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FIGURE 3.6  Inhibition by ifenprodil of NMDA whole-cell current in SNr 

non-dopaminergic neurons.  

(A) Sample traces in response to application of 200 μM NMDA followed by another 

application of 200 μM NMDA with 10 μM ifenprodil. There is a 5 min washout by 10 μM 

ifenprodil between the two applications. (B) Comparison of the peak amplitudes induced 

by NMDA and NMDA with ifenprodil. 10 μM ifenprodil inhibits 51 ± 4% (n=12) of the 

peak current induced by NMDA which is significantly higher than the decrease caused by 

NMDA receptor desensitization (** P<0.01, ***P < 0.001, unpaired t-test). 
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3.3     Discussion 

3.3.1    Desensitization of NMDA receptor responses in SNc dopaminergic neurons 

recorded by whole-cell experiments 

Studies of native NMDA receptor function have revealed at least three distinct 

forms of NMDA receptor desensitization: Ca
2+

-dependent desensitization due to Ca
2+ 

entry through NMDA receptor channels [Legendre et al, 1993]; glycine-sensitive 

desensitization depends on the concentration of glycine [Mayer et al, 1989] and Ca
2+ 

and 

glycine-independent desensitization that occurs in outside-out patches [Sather et al, 1990; 

Lester et al., 1993]. Both glycine-dependent and glycine-independent desensitization of 

the NMDA receptor have been observed that are not Ca
2+ 

dependent [Mayer et al., 1989; 

Sather et al., 1990]. In order to examine the extent of desensitization in dopaminergic 

neurons under near-physiological conditions, cells were voltage-clamped near the resting 

potential (-60 mV) in normal extracellular Ca
2+ 

concentration (1 mM). In order to limit 

rundown of the NMDA responses during long recordings, ATP and GTP was added to the 

pipette solution [MacDonald et al., 1989; Suarez et al., 2010]. Under these conditions, the 

application of sufficiently high concentration of NMDA (200 M) and glycine (10 M) 

resulted in NMDA receptor inactivation that reduced the maximum by 11% of the initial 

peak currents after each application. The detected desensitization was slow and was 

enhanced at negative holding potentials that could be explained by Ca
2+

 influx through 

the open NMDA channels [Mayer et al., 1987].              

From a mechanistic point of view, in the presence of submaximal concentration 
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of glycine, the NMDA/glutamate binding induces an allosteric reduction in glycine 

affinity that results in unbinding of glycine and channel closure. It is the cause of 

glycine-dependent desensitization [Mayer et al., 1989]. Glycine-independent 

desensitization is mainly prominent in outside-out patches that leads to 90% loss of the 

evoked current [Sather et al., 1990; Lester and Jahr, 1992; Banke and Traynelis, 2003] 

and it also develops during prolonged whole-cell recording [Mayer et al, 1991]. The 

mechanisms of induction of glycine-independent desensitization may result from 

dephosphorylation of NMDA receptors by calcineurin [Tong and Jahr, 1994]. It is likely 

that neither of these two types of desensitization contributed to the inactivation seen in 

this study, because glycine was used at saturating concentrations and the application of 

agonist in whole-cell recording is brief (20 s). The mechanisms of this desensitization 

may be due to the rise of intracellular Ca
2+ 

concentration, as a Ca
2+ 

buffer like BAPTA 

that binds intracellular Ca
2+ 

rapidly is effective in blocking Ca
2+

-mediated desensitization 

during whole-cell recording [Legendre et al. 1993]. On the basis of the results, NMDA 

receptors show significant desensitization in response to repeated agonist application and 

it could be suggested that this may be a protective mechanism to limit Ca
2+

 influx in the 

early developmental period [Suarez et al., 2010]  

3.3.2    NMDA receptors in SNc dopaminergic neurons contain GluN2B subunits 

A large number of pharmacological agents can bind and inhibit NMDA receptor 

activity selectively at GluN2B-containing receptors. Ifenprodil, selectively blocks 

GluN1/GluN2B receptors [Williams, 1993; Cull-Candy et al., 2001]. Ifenprodil binds at a 
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site distinct from the glutamate and glycine binding sites [Legendre and Westbrook, 1991; 

Traynelis et al., 2010] that appears to be located at the interface between GluN1 and 

GluN2B, rather than within the GluN2B cleft [Karakas et al, 2011]. In this study, there 

was about 50% blockage by 10 μM ifenprodil of the NMDA induced whole-cell current 

after separating the effect of ifenprodil from the effect of desensitization. This suggests 

NMDA receptors in SNc dopaminergic neurons contain GluN2B subunits. However, there 

was less less inhibition in this study, compared with inihibition observed by 10 μM 

ifenprodil of recombinant GluN1/GluN2B NMDA receptors [Williams, 1993] which 

indicates that GluN2B is not the only GluN2 subunit on dopaminergic neurons of P7 rat. 

Interestingly, both in situ hybridization and immunohistochemistry studies have 

shown that the strongest expression of GluN2B mRNA is detected around P7, notably 

with high levels in the cortex and hippocampus and moderate levels in the striatum, 

septum, thalamic nuclei, and cerebellum. The signals in cerebellum and brainstem were 

diminished by P14, and only a very low level of GluN2B can be detected in the SNc 

neurons of adult rats [Watanabe et al., 1992; Monyer et al., 1994; Standaert et al., 1994]. 

These results are consistent with the electrophysiology studies by Brothwell et al., 2008 

who showed the blockage of ifenprodil inhibition of the NMDA-EPSCs evoked from SNc 

dopaminergic neurons of P14 rats was significantly less than at P7, which suggests that 

there may be a reduction in proportion of GluN1/GluN2B-containing receptors during 

early postnatal development.  

Excessive activation of NMDA receptors can lead to cell injury and death and is 

well established as an important mechanism in acute neurological injuries such as stroke 



78 

[Choi, 1990] and may also contribute to dopaminergic cell injury that occurs in 

Parkinson’s Disease [Hallett and Standaert, 2004]. GluN2B receptors have been 

suggested as a key element in either experimental parkinsonism and in the development 

of L-DOPA-induced dyskinesia [Nash et al., 2000; Loschmann et al., 2004]. Therefore, 

the investigation of NMDA receptor composition on SNc neurons is of particular 

relevance to Parkinson’s disease research.  

 

 

 

 

 

 

 

 

 

 

 



79 

CHAPTER 4 

SINGLE-CHANNEL PROPERTIES OF NMDA RECEPTORS IN SUBSTANTIA 

NIGRA PARS COMPACTA DOPAMINERGIC NEURONS 

4.1     Introduction 

The whole-cell recordings in Chapter 3 suggests functional GluN2B-containing 

NMDA receptors are present on P7 SNc dopaminergic neurons, but the presence of other 

NMDA receptor subtypes and their subunit composition is still not known. Single-channel 

patch clamp recording is an important tool to study the properties and subunit 

composition of native and recombinant NMDA receptors [Cull-Candy and Leszkiewicz, 

2004] and the rationale in this investigation is to make comparisons between the native 

NMDA receptor of substantia nigra and previous work on recombinant NMDA receptors 

in some heterologous expression system. Studies of recombinant NMDA receptors and 

comparing the functional properties of recombinant and native NMDA receptors 

suggested that NMDA receptor functional properties are determined mainly by GluN2 

subunit composition, and these studies also provided an understanding of how the 

receptor properties are defined by individual NMDA receptor subunits [Monyer et al., 

1994; Vicini et al., 1998; Cull-Candy et al., 2001]. For GluN1/GluN2 NMDA receptors, 

the single-channel properties and kinetic properties of single-channel activations have 

been shown to be strongly affected by the identity of GluN2 subunits in recombinant 

NMDA receptors [Stern et al., 1992; Wyllie et al., 1996; Banke and Traynelis, 2003; 

Popescu et al., 2004; Dravid et al., 2008; Vance et al., 2012].  
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The aim of the experiments described in this chapter is to apply single-channel 

patch clamp recording protocols to study the properties of NMDA receptor single-channel 

currents and the kinetic properties of single-channel activations in steady state from 

dopaminergic neurons in SNc of P7 rat. The results support the idea that GluN2B- and 

GluN2D-containing NMDA receptors are present in SNc dopaminergic neurons and they 

are likely to be a combination of GluN1/GluN2B, GluN1/GluN2D and 

GluN1/GluN2B/GluN2D receptors. 

4.2     Results 

4.2.1    Properties of NMDA single-channel currents in P7 SNc dopaminergic 

neurons  

NMDA-induced single-channel currents were recorded after bath application of 

low concentrations of NMDA (20 nM or 100 nM) in the presence of glycine (10 μM) to 

excised outside-out patches from P7 SNc dopaminergic neurons in brain slices. Figure 4.1 

shows a sample trace of ionic currents through single NMDA receptor channels after bath 

application of 100 nM NMDA. The properties of single-channel currents were studied 

from the following aspects. 

4.2.1.1   Stability plots for amplitudes 

Four different amplitude levels were detected in the recording (Figure 4.2A). 

Figure 4.2B shows a characteristic stability plot that plots all the amplitudes measured in 

the recording as dots against their event number. The plot shows that the channel 



81 

amplitudes stay constant throughout the whole recording.  

4.2.1.2   Distribution of single-channel fitted amplitudes 

In 20 nM and 100 nM NMDA treated patches, the single-channel amplitudes 

remain constant throughout the duration of the recordings at the holding potential of -60 

mV. The examples shown in Figure 4.3, illustrate that amplitudes are well fitted by the 

sum of 4 Gaussian components with the mean amplitude and relative area as indicated in 

the figure. The fit is also used to calculate the critical amplitude values (Acrit): that is the 

best amplitude to set in order to discriminate between two open levels. There are no 

significant differences between fitted amplitudes levels and their relative areas in the 

presence of 20 nM and 100 nM NMDA (Table 4.1).  

 

TABLE 4.1  Distribution of NMDA single-channel current amplitudes 

         

1
st
 Gaussian      2

nd
 Gaussian    3

rd
 Gaussian    4

th
 Gaussian 

(pA)       (pA)       (pA)    (pA) 

20 nM NMDA     1.06 ± 0.04   1.85 ± 0.06    2.47 ± 0.08   3.10 ± 0.07 

(n = 7 patches)   3.9 ± 1.0%    4.5 ± 0.7%   18.6 ± 1.6%   73.0 ± 2.3% 

 

100 nM NMDA  1.01 ± 0.02   1.83 ± 0.07    2.51 ± 0.76     3.11 ± 0.08 

(n = 7 patches)   2.9 ± 0.5%    3.2 ± 0.8%   19.4 ± 1.9%     74.5 ± 2.5% 
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FIGURE 4.1  Single-channel NMDA receptor currents in P7 SNc neurons.  

Sample trace of ionic currents through single NMDA receptor channels after bath application of 100 nM NMDA with 10 μM glycine to an 

outside-out patch. The holding potential is -60 mV. Openings are downwards. The sample traces show 6 s of continuous recording, each line is 1 

s long. The data were filtered at 2 kHz and digitized at 20 kHz.
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FIGURE 4.2  Stability plots of NMDA receptor single-channel current amplitudes  

(A) The sample traces show four distinct open-levels occurring throughout the recording 

in the presence of 100 nM NMDA. The four amplitude levels are 1.1 pA, 1.8 pA 2.4 pA 

and 3.1 pA and they stay constant throughout the whole recording (B) Stability plot of the 

same recording in (A), it contains 3901 single-channel current amplitudes of openings 

longer than 2 filter rise times (332 μs). 
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FIGURE 4.3  Distribution of fitted NMDA receptor single-channel current 

amplitudes for (A) 20 nM NMDA and (B) 100 nM NMDA treated patches.  

They are fitted with four Gaussian components with mean amplitude and relative area 

shown (inset). There was no significant difference between the conductance levels in the 

presence of 20 and 100 nM NMDA.
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4.2.1.3  Single-channel slope conductance levels 

The slope conductance of the NMDA receptor single-channel currents was also 

estimated by building current-voltage relationship (I/V) plots with data obtained from 6 

patches recorded at holding potentials between -60 mV to -30 mV (Figure 4.4A). The 

channel amplitudes are dependent on the holding potential. Fitting the I/V plots by linear 

regression gave four distinct slope conductance values of 17, 30, 41 and 52 pS (Figure 

4.4B).  

4.2.1.4  Direct transitions between single channel conductance levels 

A direct transition was considered as a change in open-channel current level 

from one amplitude range to another without an intervening closure longer than the shut 

time resolution. The amplitude ranges are determined by the Acrit values calculated from 

the fitted parameters of the amplitude distribution, as described in Methods. In order to be 

included in the analysis, both openings on either side of a direct transition needed to be 

longer than 2.0 filter rise-times (332 μs). 

The analysis of direct transitions between open-channel current levels shows 

transition frequencies are independent of the agonist concentrations used in this study (20 

and 100 nM NMDA). Samples of direct transitions are shown in Figure 4.5 and the order 

of overall frequencies of direct transitions between pairs of consecutive event levels is: 

41-52 pS (64.9%), 30-52 pS (11.3%), 30-41 pS (7.9%), 17-52 pS (7.6%), 17-41 pS (6.2%) 

and 17-30 pS (2.1%). The number and frequencies of the transitions within the paired 
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conductance level are listed in Table 4.2. All the direct transitions between open-channel 

current levels are symmetrical, with the exception of those involving 17 and 41 pS levels. 

The percentage of direct transitions going from 41 to 17 pS (64.3%) is larger than the 

percentage of transitions going from 17 to 41 pS (35.7%). The presence of symmetric 

direct transitions with similar numbers of direct transitions occurring in either direction 

indicates that, under the steady-state condition, the process responsible for producing 

direct transitions between conductance levels obeyed microscopic reversibility 

[Colquhoun and Sigworth, 1995].  Asymmetric transition frequencies are a characteristic 

of GluN2D subunit –containing NMDA receptors [Wyllie et al., 1995]. 
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FIGURE 4.4  Single-channel slope conductance of NMDA receptors.  

(A) Sample traces of NMDA single-channel currents at the holding potential range from –

60 mV to -30 mV. (B) Plots show the current-voltage relationships for single channel 

currents. Each point represents the mean single-channel current amplitude identified by 

fitting the amplitudes distribution histogram with four Gaussian components from 6 

recordings at different holding potentials from data illustrated in (A). The linear 

regression fits through the points were made with the reversal potential constrained to be 

the same for each conductance level and gave the slope conductance values of 17, 30, 41 

and 52 pS. 
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FIGURE 4.5  Analysis of direct transitions between channel conductance levels.  

Examples of all the direct transitions between conductance levels as indicated above each 

trace. The broken lines represent boundaries of each conductance level defined by Acrit 

values calculated from fits to the amplitude distribution and shows how four different 

current levels can be connected in pairs (see Table 4.2). 
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TABLE 4.2  Frequency of direct transitions between channel open conductance levels 

 

 Type of transition    % of total transitions     % of paired transitions     Number 

          

17 pS  

     30 pS         0.9             41.4        12    

 

     17 pS             1.2         58.6     17 

  30 pS             

 

 

17 pS  

     41 pS         2.2             35.7        30   

 

     17 pS             3.9         64.3     54 

  41 pS             

 

 

17 pS  

     52 pS         4.1             54.4        56    

 

     17 pS             3.5         45.6     47 

  52 pS             

 

 

30 pS  

     41 pS         3.6             45.8        49   

 

     30 pS             4.3         54.2     58 

  41 pS             

 

 

30 pS  

     52 pS         5.4             48.1        74   

 

     30 pS             5.9         51.9     80 

  52 pS             

 

 

41 pS  

     52 pS         31.7            48.9          432   

 

     41 pS             33.2        51.1          452   

  52 pS             
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4.2.2  Kinetic properties of single-channel activations in steady-state 

The kinetic properties of NMDA single-channel activations are studied in the 

presence of 100 and 20 nM NMDA with 10 μM glycine from the following aspects. 

4.2.2.1  Stability plots for open periods, shut times, and Popen 

The stability plots are from the averaged contiguous open times and shut times 

plotted against event number during (A) 20 nM NMDA (B) 100 nM NMDA treated patch 

recordings. These stability plots allow assessment of any time-dependent changes in 

average kinetic activity. For the examples shown in Figure 4.6, the mean shut time, mean 

contiguous open time and Popen are fairly constant which indicates that the patches remain 

stable in the presence of 20 and 100 nM NMDA. The overall mean shut time, mean 

contiguous open time, Popen and opening frequency are listed in Table 4.3. Compared with 

100 nM NMDA treated patches, Popen and open frequency has decreased, but the mean 

shut time has increased in the presence of 20 nM NMDA. There is no significant 

difference for the mean open time in 20 nM and 100 nM NMDA treated patches.  

 

TABLE 4.3  Stability plots for open periods, shut times, and Popen 

      Mean open time  Mean shut time   Open frequency       Popen     

  (ms)     (ms)      (Openings / s)     

20nM NMDA   2.38 ± 0.40    673 ± 93.4     1.67 ± 0.23     0.004 ± 0.001            

(n = 7 patches)  

 

100nM NMDA   2.39 ± 0.20    169 ± 22.7*     6.42 ± 0.78*    0.015 ± 0.002*      

(n = 7 patches)      

                     

* indicates significant difference (P<0.05) between 20 or 100 nM NMDA treated patches 
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4.2.2.2  Distribution of open periods to all amplitude levels 

The all open periods distribution was used to look at the durations of open 

periods for which the NMDA receptor channel is continuously open, regardless of 

amplitude. The histograms of open periods to all amplitude levels in (A) 20 nM NMDA 

and (B) 100 nM NMDA were best fitted with the sum of 3 exponential components 

(Figure 4.7). Mean time constants and relative area for each component are listed in Table 

4.4. The predicted overall mean open time of 20 nM NMDA treated patches (1.22 ± 0.13 

ms, n=7) is significantly briefer than that of 100 nM treated patches (1.93 ± 0.11 ms, n=7). 

This is a result of the significantly larger area predicted for the fastest exponential 

component at 20 nM NMDA and concomitantly smaller area for the slowest exponential 

component. Because the time constant of the fastest component is shorter than the 

resolution for open time (100 µs), this component is not well defined in the open time 

distribution. 

 

TABLE 4.4  Distribution of all contiguous open times to all amplitudes 

       τ1        τ2     τ3        Mean     

  (ms)    (ms)    (ms)     (ms) 

20nM NMDA     0.07 ± 0.01   0.94 ± 0.18    2.58 ± 0.22   1.22 ± 0.13 

(n = 7 patches)  31.8 ± 6.7%   33.7 ± 7.0%   34.5 ± 3.8%  

 

100nM NMDA  0.14 ± 0.02*   1.18 ± 0.08    2.93 ± 0.24     1.93 ± 0.11* 

(n = 7 patches)  11.3 ± 3.3%*  38.3 ± 2.9%   50.4 ± 2.5%*      

                     

* indicates significant difference (P<0.05) between 20 or 100 nM NMDA treated patches 
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4.2.2.3  Distribution of open periods conditional on amplitude (conductance) levels  

The critical amplitude values - Acrit were used to separate the openings to the 

different amplitude levels. Each amplitude level is a channel conductance level, the 

distribution histogram containing individual open times were built (Figure 4.8) and the 

mean open times for each open channel conductance level are listed in Table 4.5. The 52 

pS openings account for 67% of all the opening events, followed by 41 pS openings 

(23%), 30 pS openings (5.8%) and 17 pS openings (4.2%). 

 

TABLE 4.5  Distribution of open periods conditional on amplitude levels 

       τ1        τ2     τ3          Mean  

  (ms)    (ms)    (ms)    (ms) 

52 pS openings  0.18 ± 0.06   1.65 ± 0.18    3.04 ± 0.19     2.23 ± 0.18 

(n = 4 patches)   7.7 ± 1.4%   46.9 ± 11.3%   45.4 ± 11.2%     

41 pS openings  0.56 ± 0.02   1.83 ± 0.18        -       0.83 ± 0.07 

(n = 3 patches)  78.4 ± 7.3%   21.6 ± 7.3%      -       

30 pS openings  0.38 ± 0.06       -                   0.38 ± 0.06 

(n = 4 patches)    100%                 -       

17 pS openings  0.47 ± 0.08   2.31 ± 0.91        -       0.79 ± 0.30 

(n = 4 patches)  79.9 ± 10.9%  20.1 ± 10.9%      -         

 

 

 

 

 

- 

- 
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FIGURE 4.6  Stability plots for open periods, shut times, and Popen during the 

activation of NMDA receptors in (A) 20 nM NMDA and (B) 100 nM NMDA treated 

patches.  

Plots show a running average of shut times (top), open times (middle) and Popen (bottom) 

for recordings of duration 150 s and 400 s at -60 mV. For the sample plots, overall mean 

shut time, mean open time, Popen and opening frequency was 471.9 ms, 1.64 ms, 0.0035 

and 1.5 for 20 nM NMDA and 130.3 ms, 1.72 ms, 0.0131 and 7.6 for 100 nM NMDA. 
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FIGURE 4.7  Distribution of open periods to all amplitude levels in (A) 20 nM 

NMDA and (B) 100 nM NMDA treated patches.  

The sample distributions can be well fitted with the sum of three exponential components 

with time constant and relative areas. The predicted mean open time is 1.14 ms for 20 nM 

NMDA and 1.51 ms for 100 nM NMDA. 
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FIGURE 4.8  Distributions of open periods conditional on amplitude (conductance) 

levels.  

Examples of open periods distributions of (A) 54 pS openings (B) 41 pS openings (C) 30 

pS openings and (D) 17 pS openings. These distributions can be fitted with 3 or 2 

exponential components. The predicted mean overall open times for 54, 41, 30 and 17 pS 

openings are 2.28 ms, 0.64 ms, 0.90 ms and 0.38 ms. 
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4.2.2.4  Distribution of shut times 

Distributions of shut times from single-channel activity induced by (A) 20 nM 

NMDA (B) 100 nM NMDA were best fitted with the sum of 5 exponential components 

with mean time constants ranging from microseconds to seconds. Examples of shut time 

distributions from 20 and 100 nM NMDA treated patches are presented in Figure 4.9. 

Table 4.6 shows the mean time constants and relative areas for the five exponential 

components recorded in patches exposed to 20 and 100 nM NMDA.  

For the first two exponential components of the shut time distribution, there is no 

significant difference in 20 and 100 nM NMDA treated patches, but 20 nM NMDA had 

significantly greater third, fourth and fifth exponential component time constants and 

which leads to the greater predicted over all mean shut time from 151.6 ± 20.1 ms (100 

nM NMDA, n=7) to 628.1 ± 86.9 ms (20 nM NMDA, n=7). 

4.2.2.5  Bursts of openings 

As illustrated in Figure 4.10, bursts of openings were defined as groups of 

openings separated by shut times shorter than a critical length – tcrit. In this example 

where the NMDA concentration was 20 nM, the longest (5
th

) and second longest (4
th

) 

components of the shut time distribution had time constants of 1089.9 ± 136.5 ms and 

45.1 ± 4.4 ms, and bursts were defined by a critical shut time of 56.3 ± 5.2 ms (n=7). At 

an NMDA concentration of 100 nM, the longest (5
th

) and second longest (4
th

) components 

of the shut time distribution had time constants of 389.1 ± 61.7 ms and 28.2 ± 4.0 ms, and 
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bursts were defined by a critical shut time of 28.7 ± 3.8 ms (n=7).  

4.2.2.5.1  Distribution of total burst length 

Distributions of total burst length containing bursts of openings separated by 

shut times shorter than the tcrit values were built for 20 nM NMDA and 100 nM NMDA 

treated patches. The distributions can be well fitted with 3 exponential components and 

examples of these distributions are shown in Figure 4.11. The exponential components, 

their relative areas and the overall mean total burst length are listed in Table 4.7. There 

were no apparent differences of exponential components and overall mean burst lengths 

between receptors activated by 20 nM and 100 nM NMDA. 
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FIGURE 4.9  Distributions of shut times for (A) 100 nM NMDA and (B) 20 nM 

NMDA treated patches.  

The sample distributions can be well fitted with the sum of five exponential components 

with time constants and relative areas. The predicted overall mean shut time in this 

example is 124 ms for 100 nM NMDA and 362 ms for 20 nM NMDA. 
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TABLE 4.6  Distribution of all shut times 

τ1           τ2            τ3        τ4           τ5           Mean 

       (ms)      (ms)     (ms)     (ms)      (ms)     (ms) 

20nM NMDA    0.19 ± 0.02         0.76 ± 0.06     7.98 ± 0.66       45.1 ± 4.42       1090 ± 103.6        628 ± 86.9     

(n = 7 patches)    6.1 ± 1.6%   21.8 ± 1.6%     7.4 ± 0.8%   7.8 ± 1.1%      64.0 ± 3.3% 

 

100nM NMDA     0.09 ± 0.01         0.67 ± 0.07       3.67 ± 1.10*     28.2 ± 4.00*       389 ± 61.7*         152 ± 20.1*     

(n = 7 patches)   8.7 ± 2.7%   25.8 ± 3.7%    11.8 ± 3.1%  14.2 ± 1.2%*      39.6 ± 3.6%*    

                                 

* indicates significant difference (P<0.05) between 20 or 100 nM NMDA treated patches 
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4.2.2.5.2  Distribution of total open time per burst 

Total open time per burst is the summed length of all the openings within each 

burst. Like the burst length distribution, distributions of total open time per burst were 

best fitted by three exponential components and samples of their distributions are shown 

in Figure 4.12. The exponential components, the relative areas and the overall mean open 

time per burst are listed in Table 4.8. There were no differences in exponential 

components between 20 nM and 100 nM NMDA, but 100 nM NMDA significantly 

increases the relative area of the third exponential component resulting in an increased 

mean open time per burst from 2.52 ± 0.31 ms (20 nM NMDA, n=7) to 4.65 ± 0.27 ms 

(100 nM NMDA, n=6).  

4.2.2.4.3  Distribution of fitted amplitudes within bursts 

Distributions of mean single-channel amplitude within the bursts of openings 

were built, using only the bursts that have more than two openings. In the presence of 20 

and 100 nM NMDA, the amplitudes are well fitted by the sum of four Gaussian 

components (Figure 4.13). There was no significant difference of fitted amplitude levels 

and relative areas in the presence of 20 nM compared to 100 nM NMDA (Table 4.9). 
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(A)                                                          (B)   

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 4.10  Bursts of openings from single-channel NMDA receptor activations.  

Sample trace of burst of openings through single NMDA receptor channels after bath application of (A) 20 nM NMDA and (B) 100 nM NMDA 

with 10 μM glycine to an outside-out patch excised from P7 SNc neurons. The bottom expanded trace is from the red circle in the above traces 
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FIGURE 4.11  Distribution of total burst length from (A) 20 nM NMDA and (B) 100 

nM NMDA treated patches.  

The distributions were best fitted with 3 exponential components with time constants and 

relative areas as shown inset. The predicted overall mean burst duration in these examples 

was 5.74 ms for 20 nM NMDA and 8.07 ms for 100 nM treated patches. 
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FIGURE 4.12  Distribution of open time per burst for (A) 20 nM NMDA and (B) 

100 nM NMDA treated patches.  

The distributions were best fitted with 3 exponential components with time constants and 

relative areas. The predicted overall mean open time per burst in these examples is 1.96 

ms for 20 nM NMDA and 5.43 ms for 100 nM NMDA and treated patches. 
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FIGURE 4.13  Distribution of mean single-channel amplitude within bursts of 

openings for (A) 20 nM NMDA (B) 100 nM NMDA treated patches.  

Fitted mean amplitude distribution for bursts that have more than 2 openings. They are 

fitted with four Gaussian components with mean amplitude and relative area shown 

(inset). Each amplitude level is shown with the mean relative conductance level. There 

was no significant difference for the conductance levels in presence of 20 and 100 nM 

NMDA. 
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TABLE 4.7  Distribution of total burst length 

       τ1        τ2     τ3        Mean     

  (ms)    (ms)    (ms)     (ms) 

20nM NMDA     0.28 ± 0.10   2.56 ± 0.20    25.9 ± 2.66    6.87 ± 0.82 

(n = 7 patches)  31.9 ± 5.0%   46.5 ± 3.6%   21.6 ± 1.7% 

 

100nM NMDA  0.47 ± 0.15   2.43 ± 0.31    21.0 ± 2.27      9.19 ± 0.95 

(n = 7 patches)  18.9 ± 4.9%   42.6 ± 3.7%   38.9 ± 3.7%      

                     

* indicates significant difference (P<0.05) between 20 or 100 nM NMDA treated patches 

 

 

 

TABLE 4.8  Distribution of open time per burst 

       τ1        τ2     τ3        Mean     

  (ms)    (ms)    (ms)     (ms) 

20nM NMDA     0.13 ± 0.03   1.42 ± 0.26    5.15 ± 0.73    2.52 ± 0.31 

(n = 7 patches)  20.7 ± 4.5%   41.5 ± 4.7%   37.7 ± 2.6% 

 

100nM NMDA  0.67 ± 0.33   3.37 ± 1.04    13.2 ± 2.71*    4.65 ± 0.27* 

(n = 7 patches)  25.2 ± 9.0%   47.5 ± 6.3%   27.3 ± 6.8%      

                     

* indicates significant difference (P<0.05) between 20 or 100 nM NMDA treated patches 

 

 

 

TABLE 4.9  Distribution of fitted amplitudes within bursts 

         

1
st
 Gaussian      2

nd
 Gaussian    3

rd
 Gaussian    4

th
 Gaussian 

  (pA)    (pA)    (pA)    (pA) 

20nM NMDA      1.27 ± 0.03   2.05 ± 0.11    2.53 ± 0.11   3.05 ± 0.07 

(n = 7 patches)   3.9 ± 1.1%    6.9 ± 0.7%   19.1 ± 4.1%   70.1 ± 5.6% 

 

100nM NMDA  1.24 ± 0.13   1.86 ± 0.11    2.51 ± 0.11     3.08 ± 0.09 

(n = 7 patches)   3.2 ± 0.8%    4.7 ± 0.9%   14.1 ± 2.6%     76.2 ± 2.5% 

 

* indicates significant difference (P<0.05) between 20 or 100 nM NMDA treated patches 
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4.3     Discussion 

In this discussion, I will try to compare the single-channel properties of NMDA 

receptors in P7 dopaminergic neurons with those reported from studies using recombinant 

NMDA receptors.   

4.3.1   Low and high NMDA channel conductances are observed in SNc 

dopaminergic neurons 

 In this study, single-channel analysis has been used to characterize functional 

NMDA receptors present in SNc dopaminergic neurons of P7 rat. Both low (17 and 30 pS) 

and high (41 and 52 pS) conductance of single-channel currents are detected in all of the 

recordings of 100 or 20 nM NMDA treated patches. In order to infer the subunit 

composition of NMDA receptors, I compared the single-channel conductance of NMDA 

receptors in P7 rat SNc neurons with those reported from studies using recombinant 

NMDA receptors. Outside-out patches from cells expressing GluN1/GluN2A or 

GluN1/GluN2B receptors in in Xenopus oocytes revealed that both GluN1/GluN2A and 

GluN1/GluN2B receptors have 50 pS openings and brief 40 pS sublevels with similar 

mean lifetimes and frequencies [Stern et al, 1992; Tsuzuki et al, 1994] when studies using 

physiological salt solution of similar pH and Ca
2+ 

free to those used in my experiments.  

However, the GluN1/GluN2C NMDA channels have lower conductance. The 

GluN1/GluN2C combination receptor produces a channel with 36 pS and 19 pS 

conductances of brief duration [Stern et al, 1992]. According to the study that expressed 

GluN1/GluN2D receptor subunits in Xenopus oocytes [Wyllie et al, 1996], the 
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GluN1/GluN2D channels have very similar conductance levels (35 pS and 17 pS) to 

GluN1/GluN2C receptors. In P7 SNc neurons, the recordings apparently combined three 

sorts of channels: one of which is the 52 and 41 pS type that are similar to those found in 

GluN1/GluN2A and GluN1/GluN2B combinations; one of which is the 41 and 17 pS type 

that are similar values to those found in GluN1/GluN2C and GluN1/GluN2D 

combinations; the last one is 30 pS level that has also been observed as a second 

subconductance level of GluN1/GluN2A and GluN1/GluN2B receptors, but very 

infrequently [Stern et al, 1992] and with putative GluN1/GluN2B/GluN2D triheteromeric 

receptors [Cheffings and Colquhoun, 2000]. My observations on the basis of 

single-channel conductance levels suggest that functional NMDA receptors in SNc 

dopaminergic neurons are composed of GluN1 with either GluN2A or GluN2B subunits, 

and GluN1 with either GluN2C or GluN2D subunits. However, the presence of a number 

of direct transitions between 17 and 52 pS suggests both high and low-conductance 

subunits may be present in a single receptor (Table 4.2). 

There was no significant difference between fitted amplitude levels and their 

relative areas in the patches from 100 nM or 20 nM NMDA. It suggests that the NMDA 

receptor channel conductance does not appear to depend on NMDA concentration. The 

NMDA receptor channel conductance appears not to depend on the glycine concentration 

either judged by early studies [Johnson and Ascher, 1987]. However, the conductance of 

NMDA receptor channels depends on the extracellular Ca
2+ 

concentration. The main 

conductance level is around 50 pS in 1 mM Ca
2+ 

but it is 42 pS in 2.5 mM Ca
2+

 and 70 pS 

in zero Ca
2+

 [Gibb and Colquhoun 1992] and a similar dependence is also detected in the 
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low conductance level channels [Wyllie et al, 1996]. A constant concentration of 

extracellular of Ca
2+ 

(1 mM) was applied in all the patches in this study.  

4.3.2   Functional NMDA receptors in SNc dopaminergic neurons                                                

contains GluN2B and GluN2D subunits 

 The GluN1/GluN2C and GluN1/GluN2D receptors have very similar 

conductance levels. However, GluN2C and GluN2D subunits can be distinguished by 

analysis of direct transitions between conductance levels [Wyllie et al. 1996, 1998; 

Cull-Candy and Leszkiewicz, 2004]. The asymmetric direct transitions between 17 and 41 

pS level in my recordings suggests the presence of GluN2D subunit rather than GluN2C 

subunits on SNc neurons. This suggestion agrees very well with the results of earlier 

studies, which showed GluN2D subunit mRNA [Monyer et al. 1994] and protein [Dunah 

et al., 1996; Wenzel et al., 1996] is expressed in the developing and adult rat brain in the 

brainstem and diencephalon, peaking at P7 and decreasing in adulthood. My results also 

show that, 8.6% of direct transitions are between 52 pS and 17 pS in the individual 

channel activations, which indicates GluN2D subunits may be assembled in the same 

receptor molecule with GluN2A or GluN2B to form triheteromeric 

GluN1/GluN2A/GluN2D or GluN1/GluN2B/GluN2D receptor. Previous studies revealed 

that both whole-cell and single-channel NMDA receptor currents were not affected in the 

presence of the Zn
2+ 

chelator in SNc neurons, which suggests GluN2A subunits are not 

present on SNc neurons [Jones and Gibb, 2005; Suarez et al., 2010]. My results based on 

the direct transition analysis combining with results from earlier studies (Dunah et al., 



109 

1998) support the idea that GluN2B- and GluN2D-containing NMDA receptors are 

present in P7 SNc dopaminergic neurons and they may be combinations of 

GluN1/GluN2B, GluN1/GluN2D and GluN1/GluN2B/GluN2D receptors. 

4.3.3   Open time distributions of NMDA receptors 

Three distinct time constants are observed from components in open time 

distributions from my study. The number of components in the open time distribution is 

an indicator of the minimum number of open states for the receptors [Colquhoun and 

Hawkes 1982] and the probabilities of particular sequences of transitions between such 

conductance sub-states may generate the distinguishable components in the open time 

distribution [Colquhoun and Hawkes 1995]. In the 100 nM NMDA recordings, the main 

level openings (52 pS) account for 64% of all openings with the mean open time of 2.23 ± 

0.18 ms (n=4) in this study. This is similar to the observations in recombinant 

GluN1/GluN2A and GluN1/GluN2B receptors: for GluN1/GluN2A and GluN1/GluN2B 

50 pS openings, the mean open time was 2.70 ± 0.70 and 2.80 ± 0.30 ms [Stern et al., 

1992], respectively. The 41 pS openings account for 23% of all openings with a mean 

open time of 0.83 ± 0.07 ms (n=3), the value is slightly larger than that for 

GluN1/GluN2A and GluN1/GluN2B 40 pS level openings, which is 0.61 ± 0.05 and 0.59 

± 0.07 ms (n=3) [Stern et al., 1992]. The reason for this is that, 41 pS openings are the 

sublevel conductance for GluN1/GluN2A and GluN1/GluN2B receptors but also may be 

the large conductance level for GluN1/GluN2C and GluN1/GluN2D receptors in this 

study, part of the 41 pS openings may be from GluN1/GluN2C or GluN1/GluN2D 
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containing NMDA receptors in SNc neurons. For the 17 pS openings, it accounts for 4% 

of all openings and with the mean open time of 0.79 ± 0.30 ms (n=4). The value is similar 

to that for GluN1/GluN2C receptors, which is 0.61 ± 0.15 ms [Stern et al., 1992] and 0.52 

± 0.04 ms [Dravid et al., 2008] and it is also approximately the same as that for 

GluN1/GluN2D receptors, which is 1.28 ± 0.06 ms  [Wyllie et al., 1996] and 0.44 ± 0.04 

[Vance et al., 2012].  

4.3.4   Shut time distributions of NMDA receptors 

In order to resolve individual NMDA channel activations, it has been proved 

necessary to use very low concentrations of agonist [Gibb and Colquhoun 1991, 1992]. 

This is because individual activations may contain quite long shut times that can be 

conferred with those that separate one activation from the next. In this study, very low 

NMDA concentrations (100 nM and 20 nM) were used that induced quite long shut times: 

mean shut time length 152 ms for 100 nM NMDA and 628 ms for 20 nM NMDA. The 

mean shut times for recombinant GluN1/GluN2A and GluN1/GluN2D receptors in the 

presence of low glutamate concentrations (30 to 100 nM) are 1222 ms and 128 ms 

[Wyllie et al., 1996] but no data for GluN1/GluN2B receptors. It suggests that the shut 

times depend on the subunit composition; the intermediate mean shut time values of those 

in my study could indicate the co-existence of GluN2 subunits on SNc neurons, but as the 

number of receptors exists in the patch is not known, no firm conclusion can be made on 

this. 
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4.3.5   NMDA receptor bursts of openings 

The NMDA channel openings under low NMDA concentrations (20 nM and 

100 nM) show that the individual channel activations are quite long and a single 

activation contains long shut periods. This bursting behavior was detected before from 

central neuron patches exposed to low concentrations of NMDA [Ascher and Nowak 

1988; Cull-Candy and Usowicz, 1989; Howe et al., 1991; Gibb and Colquhoun, 1991]. In 

this study, the time constant of fourth and fifth shut time component decreased with 

increasing NMDA concentration, leading to the decrease in tcrit to define the bursts of 

openings. From fitting the burst length distribution, each opening has a 25% chance to be 

part of a short duration (0.37 ± 0.08 ms), and a 45% chance to be intermediate duration 

(2.50 ± 0.18 ms) and a 30% chance to be long duration burst (23.62 ± 1.8 ms). My results 

from SNc neurons are similar to those obtained from rat cerebellar granule cells [Howe et 

al., 1991]. The activation of glutamate receptor on rat cerebellar granule cells by low 

concentrations of NMDA also suggests that both of the slowest two components were 

seen in the distribution of burst lengths with the length of 2.44 ± 0.43 ms and 13.0 ± 2.2 

ms, respectively [Howe et al., 1991]. Gibb and Colquhoun (1991) have also reported that 

in the presence of very low concentrations of glutamate, the burst length of the NMDA 

receptor from hippocampal CA1 cells showed a slow component of 21.6 ms. During the 

burst of openings, four distinct conductance channel openings can also be detected in both 

concentrations of NMDA. There is no significant difference of fitted amplitude levels in 

the presence of 20 nM and 100 nM NMDA which suggests the NMDA single-channel 

amplitude levels within bursts are not dependent on agonist concentrations. The 
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conductance opening level and its relative area within bursts are consistent with those 

observations in the steady-state recordings that indicates the distinct four conductance 

openings are also present in bursts and that their proportion do not vary with NMDA 

concentration. Because the affinity of GluN2D subunit has higher NMDA and glycine 

affinity than that of GluN2B, GluN2B induced high conductance level openings still 

dominate overall burst openings in the presence of very low concentration of NMDA. 

These results also provide indirect support for the presence of triheteromeric NMDA 

receptor in SNc neurons, where GluN2B and GluN2D subunit may be present within the 

same receptor complex.  
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CHAPTER 5 

EFFECTS OF IFENPRODIL ON THE SINGLE-CHANNEL PROPERTIES OF 

NMDA RECEPTORS IN SUBSTANTIA NIGRA PARS COMPACTA 

DOPAMINERGIC NEURONS 

5.1     Introduction  

The observations on the basis of single-channel conductance levels in the 

previous chapter (Chapter 4) show that functional NMDA receptors in SNc dopaminergic 

neurons produce low and high conductance single-channel activity that are mediated in 

expression systems by functionally different NMDA receptor subunits. The low 

conductance openings are mediated by NMDA receptors containing GluN2D subunits 

while high conductance single-channel activity may be mediated by GluN2B subunits. 

Ifenprodil is a non-competitive antagonist selective for NMDA receptors 

containing GluN2B subunit. The inhibition of whole-cell currents mediated by NMDA 

receptors on SNc dopaminergic neurons in Chapter 3 revealed the presence of GluN2B 

subunit in P7 SNc dopaminergic neurons. The presence of GluN2B subunits in SNc 

dopaminergic neurons is an important question, because GluN2B-selective NMDA 

receptor antagonists may protect SNc dopaminergic neurons against neurotoxicity in 

experimental models of Parkinson’s Disease. Systemically administered ifenprodil has an 

antiparkinsonian action in both reserpine-treated rats and MPTP 

(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)-lesioned nonhuman primates models 

[Mitchell et al., 1995; Nash et al., 1999; Nash et al., 2000] and direct administration of 
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ifenprodil into the striatum also shows antiparkinsonian actions in 

6-OHDA(6-hydroxydopamine)-lesioned rats [Nash and Brotchie, 2002]. These studies 

have examined the efficacy of antagonists of the NMDA receptor system in animal 

models of Parkinson’s Disease and suggested that overactivity of the striatolateral pallidal 

pathway (indirect pathway) contributes to the generation of parkinsonian symptoms and 

selective reduction of the activity of the “indirect” pathway may be achieved by blockade 

of GluN2B-containing NMDA receptors.  

The aim of this chapter is to investigate the effects of ifenprodil on NMDA 

receptor single-channel activity and compare it with that in whole-cell recordings. Here I 

further utilise ifenprodil block as a tool in steady-state single-channel recordings to test 

for diheteromeric GluN1/GluN2B, GluN1/GluN2D receptors and triheteromeric 

GluN1/GluN2B/GluN2D receptors in substantia nigra dopaminergic neurons. The results 

support the idea that GluN2B containing NMDA receptors are present in SNc 

dopaminergic neurons, but demonstrate that they are not typical of diheteromeric 

recombinant receptors. 

5.2     Results 

5.2.1   Effect of ifenprodil on single-channel activity 

Under steady-state conditions, ifenprodil reduced the single-channel activity 

produced by 20 and 100 nM NMDA and 10 μM glycine in outside-out patches. In this 

study, the effects of ifenprodil on single-channel activity are measured in the following 

aspects in patches where control and ifenprodil recordings were made from the same 
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patches. 

5.2.1.1  Effect of ifenprodil on single-channel stability plots for amplitudes 

Figure 5.1 shows the characteristic stability plot observed in the presence of 

1μM ifenprodil for both 20 and 100 nM NMDA treated patches. 1 μM ifenprodil 

increases the average number of openings in the presence of 20 nM NMDA (control: 

2522; ifenprodil: 6704) but reduces the total number of openings observed in the presence 

of 100 nM NMDA. 

5.2.1.2  Effect of ifenprodil on distribution of single-channel fitted amplitudes 

Amplitude distribution under 1 μM ifenprodil can also be best fitted with the 

sum of four Gaussian components. Ifenprodil has no apparent effects on the fitted 

amplitude components and relative areas of both 20 and 100 nM treated patches. As the 

examples shown in Figure 5.2 indicate in the presence of 20 nM NMDA, 1 μM ifenprodil 

significantly increases the total fitted amplitude events number, with 724 ± 97 events for 

control and 1475 ± 372 events for ifenprodil treated patches (n=5, P < 0.05, paired t-test). 

Ifenprodil only significantly increases the opening events of the largest amplitude level 

(3.1 ± 0.1 pA), from 557 ± 71 events in control to 1123 ± 280 events in ifenprodil (n=5, 

P< 0.05, paired t-test). This result suggests the large conductance channel openings result 

from a separate (GluN2B subunit-containing) population of receptors that are composed 

of small conductance events. In contrast, 1 μM ifenprodil significantly reduces the total 

fitted amplitude events number in the presence of 100 nM NMDA, with 1219 ± 167 
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events for control and 880 ± 138 events for ifenprodil treated patches (n=7, P < 0.05, 

paired t-test). Ifenprodil only significantly reduces the opening events of the largest 

amplitude level (3.1 ± 0.1 pA), from 908 ± 128 event in control to 618 ± 94 events in 

ifenprodil (n=7, P < 0.05, paired t-test), the other amplitude level events are nearly the 

same. For all the Gaussian components, the relative areas and number of events are listed 

and compared in Table 5.1.  
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TABLE 5.1  Comparison of single-channel fitted amplitudes 

         

1
st
 Gaussian      2

nd
 Gaussian    3

rd
 Gaussian    4

th
 Gaussian 

  (pA)    (pA)     (pA)     (pA) 

20 nM NMDA 

  Control (n=5)     1.06 ± 0.04   1.85 ± 0.06    2.47 ± 0.08   3.10 ± 0.07 

   % in Total   3.9 ± 1.0%    4.5 ± 0.7%   18.6 ± 1.6%   73.0 ± 2.3% 

 Average Events      27 ± 5     31 ± 4       147 ± 28     557 ± 71 

 

 Ifenprodil (n=5)    1.12 ± 0.06   1.95 ± 0.06    2.51 ± 0.04   3.06 ± 0.07 

   % in Total  2.7 ± 0.7%    4.4 ± 0.9%   16.7 ± 1.5%   76.3 ± 1.9% 

 Average Events      37 ± 10     58 ± 10       256 ± 85    1124 ± 279* 

 

100 nM NMDA 

  Control (n=7)     1.01 ± 0.02   1.83 ± 0.07    2.51 ± 0.76     3.11 ± 0.08 

   % in Total   2.9 ± 0.5%    3.2 ± 0.8%   19.4 ± 1.9%     74.5 ± 2.5% 

 Average Events      32 ± 5     37 ± 9       241 ± 48     908 ± 128 

 

 Ifenprodil (n=7)   1.12 ± 0.09   1.85 ± 0.01    2.47 ± 0.08   3.06 ± 0.07 

   % in Total   2.7 ± 0.6%    4.9 ± 0.8%   20.6 ± 3.0%   71.7 ± 3.2% 

Average Events    23 ± 4     42 ± 9       195 ± 48     618 ± 94* 

 

 *indicates significant difference (P<0.05) between control and ifenprodil treated patches 
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FIGURE 5.1  Effects of ifenprodil on single-channel stability plots for amplitudes 

with (A,C) 20 nM NMDA and (B,D) 100 nM NMDA.  

The samples show single-channel stability plots for amplitudes from outside-out patches 

in SNc neurons. The numbers and record duration for 20 nM NMDA control and 

ifenprodil patches are (A) 2522 (500 s) and (C) 6704 (500 s); the numbers of 

single-channel current amplitudes for 100 nM NMDA control and in the same patch in 

ifenprodil are (B) 3718 (400 s) and (D) 2794 (400 s). 
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FIGURE 5.2  Effects of ifenprodil on the distribution of single-channel fitted 

amplitudes in patches with (A,C) 20 nM NMDA and (B,D) 100 nM NMDA.  

All the distributions can be best fitted with the sum of four Gaussian components. The 

mean amplitude and relative area of each Gaussian component are shown. The sample 

control and ifenprodil recordings are from the same patch with the same length (300 s). 

20 nM NMDA 

Control 

100 nM NMDA 

Control 

1 μM ifenprodil 1 μM ifenprodil 
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5.2.1.3  Effect of ifenprodil on single-channel conductance levels and direct 

transitions 

Ifenprodil has no apparent effects on the components of amplitude distributions 

suggesting that the conductance levels of the NMDA receptor remains constant before 

and after binding of ifenprodil.  

   In presence of ifenprodil, frequencies of direct transitions had no significant 

change compared with the control and the order of overall frequencies of direct 

transitions between pairs of consecutive event levels were: 41-52 pS (58.5%), 30-52 pS 

(16.8%), 30-41 pS (9.8%), 17-52 pS (6.5%), 17-41 pS (5.0%) and 17-30 pS (3.2%). The 

numbers and frequencies of the transitions within the paired conductance levels are listed 

in Table 5.2. In presence of ifenprodil, all the direct transitions between open-channel 

current levels are symmetrical, with the exception of those involving 17 and 41 pS levels. 

The percentage of direct transitions going from 41 to 17 pS (60.3%) is larger than the 

percentage of transitions going from 17 to 41 pS (39.7%). 

5.2.2    Effect of ifenprodil on kinetic properties of single-channel activations in            

steady-state 

5.2.2.1  Effect of ifenprodil on single-channel charge transfer 

As shown in Chapter 3, ifenprodil inhibits NMDA receptor induced whole-cell currents in 

the presence of a high concentration of NMDA (200 μM). The effects of ifenprodil on 

NMDA single-channel currents in the presence of both high and low NMDA 
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concentrations are also studied here. Charge transfer analysis of single-channel currents 

was performed to measure the effects of ifenprodil in the presence of 200 μM and 100 nM 

NMDA. For the patches treated with 200 μM NMDA (Figure 5.3A), the channel openings 

became much briefer in the presence of ifenprodil. The reduction in charge transfer 

through NMDA activated channels is increased with applying higher ifenprodil 

concentrations, yielding an IC50 of 0.239 μM and a maximal inhibition of 81% 

(Figure5.4). On the other hand, as shown in Figure 5.3B, with 100 nM NMDA, the 

channel openings became much briefer in the presence of ifenprodil, but the reduction in 

charge transfer through NMDA activated channels is much less compared with higher 

NMDA concentrations. It reached an IC50 of 3.119 μM and the same maximal inhibition 

of 81% as that in 200 μM NMDA (Figure 5.4). The IC50 values of ifenprodil are different 

under high and low NMDA concentrations [Mott et al., 1998], suggesting the inhibition 

of ifenprodil is dependent on NMDA concentration. The effect of ifenprodil observed 

here is somewhat less than would be expected for pure recombinant GluN1/GluN2B 

receptors at pH 7.4 (∼ 95% inhibition; Williams 1993; Hatton and Paoletti, 2005), 

suggesting that receptors in addition to GluN2B diheteromers such as GluN2D-containing 

NMDARs are expressed in these patches. 
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TABLE 5.2  Comparison of direct transitions between channel conductance  

    levels in the presence of 1 μM ifenprodil 

 

 Type of transition      % in total     % in total     % in pair     % in pair 

        (Control)        (Ifenprodil)   (Control)    (Ifenprodil) 

          

17 pS  

     30 pS      0.9       1.3          41.4         41.9   

 

     17 pS        1.2      1.9          58.6      58.1 

  30 pS               

 

17 pS  

     41 pS    2.2       2.1          35.7         39.7   

  

     17 pS        3.9      3.0          64.3      60.3 

  41 pS              

 

17 pS  

     52 pS    4.1       3.5           54.4         54.0    

 

     17 pS        3.5      3.0          45.6      46.0 

  52 pS             

 

30 pS  

     41 pS    3.6          4.6         45.8         46.8   

 

     30 pS        4.3      5.2          54.2      53.2 

  41 pS             

 

 

30 pS  

     52 pS    5.4       8.1           48.1         48.4   

 

     30 pS        5.9      8.7          51.9      51.6 

  52 pS             

 

41 pS  

     52 pS   31.8        27.4           48.9         46.9   

 

     41 pS       33.2    31.1           51.1         53.1   

  52 pS             
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FIGURE 5.3  Ifenprodil sensitivity of NMDA receptors in P7 SNc neruones.  

(A) Sample traces of NMDA receptor channel openings in an outside-out patch exposed to 200 μM NMDA (10 μM glycine) before and after the 

application of 0.3 μM, 1 μM, 3 μM and 10 μM ifenprodil. (B) Sample traces of NMDA receptor channel openings in an outside-out patch 

exposed to 100 nM NMDA (10 μM glycine) before and after the application of 0.3 μM, 1 μM, 3 μM and 10 μM ifenprodil. In these patches, 

ifenprodil reduces single-channel current charge transfer and reduces the frequency of channel opening in concentration-dependent manner.

200 μM NMDA 100 nM NMDA 

Control 

+ 0.3 μM 

ifenprodil 

+ 10 μM 
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+ 3 μM 
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FIGURE 5.4  Concentration-inhibition relationship for the action of ifenprodil on 

single-channel charge transfer in outside-out patches 

Concentration-inhibition relationship for the action of ifenprodil on single-channel charge 

transfer measured in experiments shown in Figure 5.3. The inhibition curves were fitted 

the data with the maximum inhibition constrained to be the same (81%) for the two 

datasets. 
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5.2.2.2  Effect of ifenprodil on stability plots for open periods, shut times, and Popen 

The effects of 1 μM ifenprodil on single-channel stability plots for open periods, 

shut times, and Popen were studied in 20 nM and 100 nM NMDA treated patches. As 

illustrated in Figure 5.5, for 20 nM NMDA treated patches, 1 μM ifenprodil significantly 

increased the opening frequency (1.67 ± 0.23 openings/s for control; 3.59 ± 0.78 

openings/s for ifenprodil, n=5, P < 0.05, paired t-test) and decreased the mean shut time 

(673.4 ± 93.4 ms for control; 337.5 ± 75.3 ms for ifenprodil, n=5, P < 0.05, paired t-test), 

but had no significant effect on Popen (0.004 ± 0.001 for control; 0.005 ± 0.001 for 

ifenprodil, n=5, P > 0.1, paired t-test) and mean open time (2.38 ± 0.40 ms for control; 

1.40 ± 0.13 ms for ifenprodil, P > 0.1, paired t-test). For 100 nM NMDA treated patches, 

1 μM ifenprodil significantly reduced the Popen (0.015 ± 0.002 for control; 0.011 ± 0.002 

for ifenprodil, n=7, P < 0.01, paired t-test) and mean open time (2.39 ± 0.20 ms for 

control; 1.81 ± 0.16 ms for ifenprodil, n=7, P < 0.01, paired t-test) but had no significant 

effect on opening frequency (6.42 ± 0.78 openings/s for control; 6.04 ± 0.81 openings/s 

for ifenprodil, n=7, P > 0.1, paired t-test) nor mean shut times (169.5 ± 22.7 ms for 

control; 207.9 ± 33.8 ms for ifenprodil, n=7, P > 0.1, paired t-test).  

5.2.2.3  Effect of ifenprodil on open periods to all amplitude levels 

The distribution of contiguous open times to all amplitudes exposed to 1 μM 

ifenprodil was well fitted with 3 Gaussian components for both 20 nM NMDA and 100 

nM NMDA treated patches. The sample distributions are presented in Figure 5.6. As 
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listed in Table 5.4, 1 μM ifenprodil reduced the overall mean open time observed in the 

two NMDA concentrations: from 1.22 ± 0.13 ms to 0.82 ± 0.09 ms for 20 nM NMDA 

(n=5); from 1.93 ± 0.11 ms to 1.23 ± 0.12 ms for 100 nM NMDA (n=7). 
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TABLE 5.3  Comparison of stability plots for open periods, shut times, and Popen 

       

    Mean open time  Mean shut time   Open frequency       Popen     

  (ms)     (ms)      (Openings / s)     

20 nM NMDA 

 Control (n=5)   2.38 ± 0.40    673.4 ± 93.4      1.67 ± 0.23     0.004 ± 0.001            

Ifenprodil (n=5)   1.40 ± 0.13    337.5 ± 75.3*     3.59 ± 0.78*   0.005 ± 0.001 

 

100 nM NMDA 

 Control (n=7)   2.39 ± 0.20    169.5 ± 22.7      6.42 ± 0.78     0.015 ± 0.002    

Ifenprodil (n=7)   1.81 ± 0.16*    207.9 ± 33.8      6.04 ± 0.81    0.011 ± 0.002* 

 

 *indicates significant difference (P<0.05) between control and ifenprodil treated patches 

 

 

 

TABLE 5.4  Distribution of all contiguous open times to all amplitudes 

       τ1        τ2     τ3        Mean     

  (ms)    (ms)    (ms)     (ms) 

20 nM NMDA 

 Control (n=5)     0.07 ± 0.01   0.94 ± 0.18    2.58 ± 0.23   1.22 ± 0.14 

  % in Total   31.8 ± 6.7%   33.7 ± 7.0%   34.5 ± 4.1%    

 

Ifenprodil (n=5)     0.07 ± 0.01   0.96 ± 0.09    2.91 ± 0.81   0.82 ± 0.09* 

  % in Total   38.9 ± 4.8%   42.5 ± 7.9%   18.6 ± 6.6% 

 

100 nM NMDA 

 Control (n=7)  0.18 ± 0.05   1.22 ± 0.09    2.96 ± 0.24     1.93 ± 0.11 

  % in Total      12.2 ± 2.9%   38.6 ± 3.1%   49.2 ± 2.6%      

 

Ifenprodil (n=7)  0.22 ± 0.10   1.33 ± 0.14    3.06 ± 0.33     1.23 ± 0.12* 

  % in Total     37.0 ± 4.3%*   42.6 ± 6.0%   20.3 ± 7.7%*      

 

 *indicates significant difference (P<0.05) between control and ifenprodil treated patches 
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FIGURE 5.5  Effects of ifenprodil on stability plots for open periods, shut times, 

and Popen in patches with (A,C) 20 nM NMDA and (B,D) 100 nM NMDA.  

Sample plots show a running average of shut times (top), open times (middle) and Popen 

(bottom) during recordings at -60 mV. In the presence of 20 nM NMDA, 1μM ifenprodil 

changes opening frequency from 2.32 openings/s to 5.96 openings/s and mean shut time 

from 426.7 ms to 166.6 ms. In the presence of 100 nM NMDA, 1μM ifenprodil changes 

Popen from 0.0213 to 0.0125; mean open time per openings from 3.37 ms to 2.33 ms.  
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FIGURE 5.6  Effects of ifenprodil on distributions of open periods in patches with 

(A,C) 20 nM NMDA and (B,D) 100 nM NMDA.  

The sample histograms are all fitted with 3 exponential components. The time constants 

and relative areas for exponential components are shown. Predicted overall mean open 

times of the 20 nM NMDA treated patch are 1.32 ms for control and 0.59 ms for 

ifenprodil (1 μM); predicted overall mean open times of the 100 nM NMDA treated patch 

are 2.23 ms for control and 1.36 ms for ifenprodil (1 μM).     
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5.2.2.4  Effect of ifenprodil on open periods conditional on amplitude levels 

The effect of 1 μM ifenprodil on distributions of open periods conditional on 

amplitude (conductance) levels was investigated in the presence of 100 nM NMDA. The 

critical amplitude values (Acrit) are calculated to separate individual currents based on 

their amplitude. The mean Acrit between the two Gaussian components are: 1.58 ± 0.03 pA 

(1
st
 and 2

nd
), 2.17 ± 0.08 pA (2

nd
 and 3

rd
), 2.79 ± 0.08 pA (3

rd
 and 4

th
) under control 

conditions and 1.63 ± 0.08 pA (1
st
 and 2

nd
), 2.21 ± 0.08 pA (2

nd
 and 3

rd
), 2.75 ± 0.07 pA 

(3
rd

 and 4
th

) in 1 μM ifenprodil. Ifenprodil did not change these Acrit values. For 52 pS 

channel openings distributions, these were well fitted with three exponential components. 

1 μM ifenprodil significantly increased the relative area of the shortest opening 

component (1
st
) which leads to a decrease of predicted overall mean open time, with 2.23 

± 0.18 ms for control (n=4); with 1.08 ± 0.13 ms for ifenprodil (n=6) (Table 5.5). For 41, 

30 and 17 pS openings, the exponent components, relative area and the predicted overall 

mean open time were not significantly affected by 1 μM ifenprodil (Table 5.6). Example 

distributions of open periods for high conductance level (52 and 41 pS) openings are 

shown in Figure 5.7 and examples for low conductance (30 and 17 pS) openings are 

shown in Figure 5.8.  
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TABLE 5.5  Distribution of open periods to 52 pS level 

       τ1        τ2     τ3          Mean  

  (ms)    (ms)    (ms)    (ms) 

   Control 

52 pS openings  0.18 ± 0.06   1.65 ± 0.18    3.04 ± 0.19     2.23 ± 0.18 

(n = 4 patches)   7.7 ± 1.4%   46.9 ± 11.3%   45.4 ± 11.2%     

 

  Ifenprodil 

52 pS openings  0.08 ± 0.01   1.25 ± 0.21    2.95 ± 0.58    *1.08 ± 0.13 

(n = 6 patches)    *36.3 ± 9.1%   40.0 ± 3.0%   23.7 ± 8.2% 

 

 *indicates significant difference (P<0.05) between control and ifenprodil treated patches 

 

 

 

 

TABLE 5.6  Distributions of open periods to 41, 30 and 17 pS level 

       τ1        τ2     τ3          Mean  

  (ms)    (ms)    (ms)    (ms) 

   Control 

41 pS openings  0.56 ± 0.02   1.83 ± 0.18        -       0.83 ± 0.07 

(n = 3 patches)  78.4 ± 7.3%   21.6 ± 7.3%      -        

 

30 pS openings  0.38 ± 0.06       -                   0.38 ± 0.06 

(n = 4 patches)    100%                 -       

 

17 pS openings  0.47 ± 0.08   2.31 ± 0.91        -       0.79 ± 0.30 

(n = 4 patches)  79.9 ± 10.9%  20.1 ± 10.9%      -       

  Ifenprodil 

41 pS openings  0.56 ± 0.07   2.03 ± 0.35        -       0.80 ± 0.09 

(n = 5 patches)  71.0 ± 10.7%  23.6 ± 9.0%      -    

 

30 pS openings  0.51 ± 0.07       -                   0.51 ± 0.07 

(n = 5 patches)    100%                 -       

 

17 pS openings  0.30 ± 0.02   1.82 ± 0.43        -       0.53 ± 0.12 

(n = 4 patches)  86.0 ± 3.0%   14.0 ± 3.0%      -    

- 

- 
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5.2.2.4  Effect of ifenprodil on shut times 

Distributions of shut times from single-channel activity induced by (A) 20 nM 

NMDA (B) and 100 nM NMDA in presence of 1 μM ifenprodil were made as shown in 

Figure 5.9. The distributions were well fitted with the sum of 5 exponential components 

(Table 5.7). For 20 nM NMDA treated patches, 1 μM ifenprodil had no effect on the first 

3 exponential components, but significantly increased the relative area of the 4
th

 

component and decreased the value of the 5
th

 component. Ifenprodil also produced an 

overall decrease in mean shut time in all patches (1100.5 ± 160.9 ms for control; 473.8 ± 

103.7 ms for ifenprodil, n=5, P < 0.05, paired t-test). For the 100 nM treated patches, 

ifenprodil had no significant effect on the first 3 exponential components, but 

significantly reduced the time constant of the 4
th

 and 5
th

 component and increase the 

relative area of the 5
th

 component. Ifenprodil had no significant effect on the mean shut 

time in all patches (389.1 ± 67.1 ms for control; 333.6 ± 57.4 ms for ifenprodil, n=7, P > 

0.05, paired t-test).  
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TABLE 5.7  Effects of ifenprodil on distributions of all shut times 

τ1           τ2            τ3        τ4           τ5           Mean 

       (ms)      (ms)     (ms)     (ms)      (ms)     (ms) 

100 nM NMDA 

 Control (n=7)     0.09 ± 0.01         0.67 ± 0.07       3.67 ± 1.10      28.21 ± 4.00       389.1 ± 61.7        151.6 ± 20.1     

  % in Total    8.7 ± 2.7%   25.8 ± 3.7%    11.8 ± 3.1%   14.2 ± 1.2%   39.6 ± 3.6%    

 

Ifenprodil (n=7)     0.12 ± 0.03         0.59 ± 0.04       1.73 ± 0.17     *18.26 ± 2.12      *333.6 ± 57.4        172.8 ± 27.3     

  % in Total    5.4 ± 1.9%   16.5 ± 1.4%     7.7 ± 1.8%   17.3 ± 1.5%  *53.2 ± 4.1% 

 

 20 nM NMDA 

 Control (n=5)   0.21 ± 0.04         0.74 ± 0.06     8.38 ± 0.87       49.29 ± 4.66      1100.5 ± 160.9       660.1 ± 106.9     

  % in Total     5.1 ± 2.1%   20.9 ± 2.0%     7.1 ± 1.2%    7.7 ± 1.5%   64.0 ± 3.3% 

 

Ifenprodil (n=5)     0.12 ± 0.02         0.74 ± 0.11       6.36 ± 0.89      47.90 ± 7.30      *473.8 ± 103.7       *311.4 ± 67.0     

  % in Total    3.8 ± 1.4%   14.1 ± 1.6%     5.2 ± 0.7%  *12.9 ± 1.9%   70.0 ± 3.3% 

 

 * indicates the significant difference (P<0.05) between control and ifenprodil treated patches 
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FIGURE 5.7  Effect of ifenprodil on distributions of open periods for the (A, C) 52 

pS conductance level and (B, D) 41 pS conductance level.  

The sample of 52 pS openings histograms are fitted by 3 exponential components and the 

sample of 41 pS openings histograms are fitted by 2 exponential components. The 

predicted overall mean open time of 52 pS openings is 1.94 ms for control and 1.37 ms 

for ifenprodil. The predicted overall mean open time of 41 pS openings is 0.90 ms for 

control and 0.56 ms for ifenprodil. 

 

52 pS currents 

 Control 

41 pS currents 

Control 

 

1 μM ifenprodil 

 

1 μM ifenprodil 



135 

(A)                (B) 

 

 

                  

 

 

 

 

 

 

 

 

 

 

 

(C)                  (D) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 5.8  Effect of ifenprodil on distributions of open periods for (A, C) 30 pS 

conductance level and (B, D) 17 pS conductance level.  

The sample of both 30 pS and 17 pS openings histograms are fitted by a single 

exponential component. The predicted overall mean open time of 30 pS openings is 0.31 

ms for control and 0.35 ms for ifenprodil. The predicted overall mean open time of 17 pS 

openings is 0.45 ms for control and 0.41 ms for ifenprodil. 
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FIGURE 5.9  Effect of ifenprodil on distributions of shut times in patches with (A,C) 

20 nM NMDA and (B,D) 100 nM NMDA.  

The samples of histograms are fitted with 5 exponential components. Time constants and 

relative areas for the exponential components are shown. Predicted overall mean shut 

times of the 20 nM NMDA treated patch are 920.2 ms for control and 518.2 ms for 

ifenprodil; predicted overall mean shut times of the 100 nM NMDA treated patch are 

214.7 ms for control and 246.9 ms for ifenprodil. 
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5.2.2.5  Effect of ifenprodil on bursts of openings 

The sample traces for patches exposed to 1 μM ifenprodil with 20 nM NMDA 

or 100 nM NMDA are shown in Figure 5.10 and 5.11, respectively. The tcrit values are 

also calculated from the longest (5
th

) and second longest (4
th

) components of the shut time 

distribution in presence of ifenprodil. The first 3 components of shut time distributions 

were not affected by 1 μM ifenprodil. The tcrit of patches exposed to 20 nM NMDA and 1 

μM ifenprodil was 53.0 ± 7.9 ms (n=5); the tcrit of patches exposed to 100 nM NMDA and 

1 μM ifenprodil was 26.0 ± 3.4 ms (n=7).  

5.2.2.5.1  Effect of ifenprodil on total burst length 

The distributions of total burst length containing bursts of openings separated 

by shut times shorter than the tcrit values were made for patches exposed to 1 μM 

ifenprodil and 20 nM NMDA or 100 nM NMDA. The distributions were well fitted with 

3 exponential components and example distributions are shown in Figure 5.12. The 

exponential components, their relative areas and the overall mean total burst length are 

listed in Table 5.8. For 20 nM NMDA treated patches, 1 μM ifenprodil significantly 

decreases the intermediate burst length component (2
nd

) but has no apparent effect on the 

predicted overall mean burst length, with 6.67 ± 1.11 ms for control and 6.63 ± 1.17 ms 

for ifenprodil (n=5, P > 0.05, paired t-test). For 100 nM NMDA treated patches, 1 μM 

ifenprodil significantly increases the relative area of the shortest burst length component 

(1
st
) that leads to the decrease of predicted overall mean open time, with 9.19 ± 0.95 ms 
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for control and 5.26 ± 0.98 ms for ifenprodil (n=6, P < 0.001, paired t-test).  

5.2.2.5.2  Effect of ifenprodil on open time per burst 

         The distribution of open time per burst can also be fitted with the sum of 3 

exponential components for patches exposed to 1 μM ifenprodil with 20 nM NMDA or 

100 nM NMDA, Example distributions are shown in Figure 5.13. The exponential 

components, their relative areas and the overall mean of total burst length are listed in 

Table 5.9. For 20 nM NMDA treated patches, 1 μM ifenprodil significantly decreased the 

longest open time per burst component (3
rd

) which leads to the decrease of predicted 

overall mean open time, with 2.26 ± 0.38 ms for control and 1.46 ± 0.21 ms for ifenprodil 

(n=5, P < 0.05, paired t-test). For 100 nM NMDA treated patches, 1 μM ifenprodil 

significantly decreases the predicted overall mean open time per burst, with 4.65 ± 0.27 

ms for control and 2.21 ± 0.28 ms for ifenprodil (n=6, P < 0.05, paired t-test).  

5.2.2.5.3  Effect of ifenprodil on amplitude within burst 

         Distributions of the amplitude of openings within bursts of openings was made 

for bursts that have more than 2 openings for patches exposed to 1 μM ifenprodil with 20 

nM NMDA or 100 nM NMDA. Examples distributions are shown in Figure 5.14. The 

amplitudes were well fitted by the sum of 4 Gaussian components with the mean 

amplitude and its relative area as given in Table 5.10. There was no significant difference 

in fitted amplitudes levels and relative areas in the presence of 20 nM or 100 nM NMDA 

(Table 4.9). Four distinct channel opening amplitude levels still can be detected and 1 μM 
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ifenprodil did not change the amplitude levels and their relative areas in both 20 nM 

NMDA and 100 nM NMDA treated patches.
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FIGURE 5.10  Effect of ifenprodil on bursts of openings from single-channel NMDA receptor activations. 

Sample recording trace of bursts of openings through single NMDA receptor channels after bath application of (A) 20 nM NMDA and (B) 20 

nM NMDA with 1 μM ifenprodil on the same patch from P7 SNc neurons. The bottom single trace is extracted from the red circle in the above 

traces to show the channel openings within a single burst of openings. 
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FIGURE 5.11  Effect of ifenprodil on bursts of openings from single-channel NMDA receptor activations.  

Sample recording trace of burst of openings through single NMDA receptor channels after bath application of (A) 100 nM NMDA and (B) 100 

nM NMDA with 1 μM ifenprodil on the same patch from P7 SNc neurons. The bottom single trace is extracted from the red circle in the above 

traces to show the channel openings within a single burst of opening.
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FIGURE 5.12  Effect of ifenprodil on burst length in patches with (A,C) 20 nM 

NMDA and (B,D) 100 nM NMDA.  

The samples of histograms are fitted with 3 exponential components. Time constants and 

relative areas for the exponential components are shown. Predicted overall mean burst 

length of 20 nM NMDA treated patch are 5.7 ms for control and 8.4 ms for ifenprodil; 

predicted overall mean burst length of the 100 nM NMDA treated patch are 7.0 ms for 

control and 5.1 ms for ifenprodil. 
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FIGURE 5.13  Effect of ifenprodil on open time per burst in patches with (A,C) 20 

nM NMDA and (B,D) 100 nM NMDA.  

The samples of histograms are fitted with 3 exponential components. Time constants and 

relative areas for the exponential components are shown. Predicted overall mean total 

open time per burst of 20 nM NMDA treated patch are 2.99 ms for control and 2.17 ms 

for ifenprodil; predicted overall mean open time per burst of the 100 nM NMDA treated 

patch are 4.7 ms for control and 2.4 ms for ifenprodil. 
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TABLE 5.8  Distribution of total burst length 

       τ1        τ2     τ3        Mean     

  (ms)    (ms)    (ms)     (ms) 

20 nM NMDA 

 Control (n=5)     0.36 ± 0.12   2.56 ± 0.26    26.0 ± 2.7     6.67 ± 1.11 

  % in Total   31.1 ± 5.7%   43.4 ± 4.2%   20.4 ± 1.8%    

 

Ifenprodil (n=5)  0.12 ± 0.02  *1.43 ± 0.93    26.7 ± 3.2       6.63 ± 1.17 

  % in Total   32.8 ± 5.4%   45.6 ± 2.7%   23.6 ± 4.0%    

 

100 nM NMDA 

 Control (n=6)  0.47 ± 0.15   2.43 ± 0.31    21.0 ± 2.2       9.19 ± 0.95 

  % in Total   18.9 ± 4.9%   42.6 ± 3.7%   38.9 ± 3.7%      

 

Ifenprodil (n=6)  0.30 ± 0.11   1.90 ± 0.47    15.8 ± 2.0      *5.26 ± 0.98 

  % in Total     *35.1 ± 4.1%   36.8 ± 3.0%   28.2 ± 4.4%    

 

 *indicates significant difference (P<0.05) between control and ifenprodil treated patches 

 

 

TABLE 5.9  Distribution of open time per burst 

       τ1        τ2     τ3        Mean     

  (ms)    (ms)    (ms)     (ms) 

20 nM NMDA 

 Control (n=5)     0.14 ± 0 .04   1.18 ± 0.29      4.47 ± 0.58    2.26 ± 0.38 

  % in Total   21.6 ± 6.1%   39.6 ± 6.5%   38.7 ± 1.1%    

 

Ifenprodil (n=5)  0.10 ± 0.02   1.38 ± 0.25    4.95 ± 0.79     *1.46 ± 0.21 

  % in Total   32.9 ± 6.5%   50.1 ± 10.9%  *16.9 ± 7.1%    

 

100 nM NMDA 

 Control (n=6)  0.67 ± 0.33   3.37 ± 1.04    13.2 ± 2.71      4.65 ± 0.27 

  % in Total   25.2 ± 9.0%   47.5 ± 6.3%   27.3 ± 6.8%      

 

Ifenprodil (n=6)  0.25 ± 0.09   1.86 ± 0.34    9.74 ± 2.52     *2.21 ± 0.28 

  % in Total     28.1 ± 6.3%   51.8 ± 4.4%   20.1 ± 8.0% 

 

 *indicates significant difference (P<0.05) between control and ifenprodil treated patches 
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TABLE 5.10  Distribution of fitted amplitudes within bursts 

         

1
st
 Gaussian      2

nd
 Gaussian    3

rd
 Gaussian    4

th
 Gaussian 

  (pA)    (pA)    (pA)     (pA) 

100 nM NMDA 

Control (n=6)  1.24 ± 0.13   1.86 ± 0.11    2.51 ± 0.11     3.08 ± 0.09 

  % in Total    3.2 ± 0.8%    4.7 ± 0.9%   14.1 ± 2.6%     76.2 ± 2.5% 

 

Ifenprodil (n=6)  1.35 ± 0.19   1.90 ± 0.21    2.39 ± 0.09     3.02 ± 0.08 

  % in Total    3.5 ± 1.0%    9.7 ± 4.5%   13.5 ± 3.5%     74.0 ± 4.5% 

 

20 nM NMDA 

 Control (n=5)     1.23 ± 0.02   2.08 ± 0.14    2.54 ± 0.13   3.11 ± 0.04 

  % in Total     4.6 ± 1.3%    7.2 ± 1.6%   21.4 ± 5.5%   66.8 ± 7.1% 

 

Ifenprodil (n=5)  1.27 ± 0.06   1.96 ± 0.04    2.56 ± 0.03     3.07 ± 0.02 

  % in Total    2.5 ± 0.9%    3.7 ± 0.9%   16.0 ± 1.7%     77.8 ± 2.3% 

 

 *indicates significant difference (P<0.05) between control and ifenprodil treated patches 
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FIGURE 5.14  Effect of ifenprodil on single-channel amplitude within bursts of 

openings in patches with (A,C) 20 nM NMDA and (B,D) 100 nM NMDA.  

The samples of histograms are fitted with 3 exponential components. Time constants and 

relative areas for the exponential components are inset. Fitted amplitude distribution 

histogram for bursts that have more than 2 openings were selected to build the 

distributions. They are fitted with four Gaussian components with mean amplitude and 

relative areas as shown. 
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5.2.3    Effect of ifenprodil on kinetic properties of single-channel macroscopic 

currents 

    Everything that has been recorded so far for single-channel records was in 

steady-state. However, synapses do not function is a steady-state and but operates far 

from equilibrium, so another alternative approach to determine the effects of ifenprodil on 

individual activation properties of NMDA receptor-channels on SNc dopaminergic 

neurons is to study effects on macroscopic currents mediated by NMDA receptors. In 

order to induce the NMDA receptor macroscopic currents, the recording of mEPSC 

mediated by NMDA receptor and NMDA concentration jumps were performed. 

5.2.3.1  Spontaneous mEPSC arising from co-activation of AMPA and NMDA 

receptors 

 In order to detect the mEPSC mediated by NMDA receptors, whole-cell 

recordings were obtained from 9 SNc neurons in the presence of TTX (to block action 

potential-mediated events) and bicuculline (to block GABAA mediates events). The 

sample trace of mEPSCs is shown in Figure 5.15A; under the present recording 

conditions, spontaneous activity was relatively infrequent, with average frequency of 0.24 

± 0.07 Hz for mEPSCs occurring in all neurons. The mEPSCs have two kinetically 

distinct components: a rapid rising and decaying AMPA component and a more slowly 

decaying NMDA component. The time course of the synaptic AMPA and NMDA 

mediated components was then examined by constructing average mEPSC waveforms 

from a total of 469 events (Figure 5.15B), the average current decay can be well fitted 
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with two exponential time constants. The fast component was 4.8 ± 0.7 ms with the 

amplitude of -8.3 ± 0.3 pA; the slow component was 158 ± 8.6 ms with the amplitude of – 

0.49 ± 0.11 pA.  

Since the kinetics of AMPA and NMDA components of the mEPSC differ 

dramatically [Edmonds et al., 1995], the AMPA/NMDA receptor selective antagonists can 

be used to separate their components. In this study, the NMDA selective antagonist – AP5 

was applied to the same neurons with TTX and bicuculline just after recording the mixed 

AMPA-NMDA mEPSCs. Example traces are shown in Figure 5.16A, AP5 has no 

significant effects on the frequency of mEPSCs, which was 0.30 ± 0.06 Hz (P > 0.1, 

paired t-test). The average mEPSC waveforms from a total of 566 events is illustrated and 

the decay can be well fitted by a single exponential component of 4.8 ms. Further analysis 

showed that the rise time of mEPSCs, average peak amplitude (no AP5: -8.3 pA; with 

AP5:-6.8 pA) and fast decay time constant (no AP5: 4.8 ms; with AP5: 4.8 ms) were only 

slightly affected by the application of AP5, but the slow component of the decay cannot 

be detected in the presence of AP5 (Figure 5.16B). This finding suggests that the rising 

and fast decay phase of mEPSC is almost entirely contributed by AMPA receptor 

component and NMDA receptors mainly slow the decaying phase. In order to further 

study the NMDA component of mEPSCs, the subtracting of AMPA receptor component 

(in presence of AP5) was subtracted from based on the mixed AMPA-NMDA mEPSCs 

curve (in absence of AP5) as shown in Figure 5.17. The decay curve can be fitted with a 

fast time constant of 9.9 ms and slow time constant of 158 ms. 
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FIGURE 5.15  Example recording of mEPSCs arising from co-activation of AMPA 

and NMDA receptors  

(A) Example of miniature mEPSCs recording in the presence of TTX (1µM) and 

bicuculline (10µM) from a representative dopaminergic neuron in SNc. The mEPSCs 

showed a slowly decaying NMDA component. (B) Average curve of the 469 mEPSCs; 

fast decay component was 4.8 ± 0.7 ms with an amplitude of - 8.3 ± 0.3 pA; the slow 

decay component was 158 ± 8.6 ms with an amplitude of- 0.49 ± 0.11 pA. 
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FIGURE 5.16  Example recordings of mEPSCs arising from activation of AMPA 

receptors  

(A) Example of miniature EPSCs recorded in the presence of TTX (1µM), bicuculline (10 

µM), and AP5 (50 µM) from the same neuron as showed in Figure 6.1. The AP5 blocked 

the slow NMDA current component. (B) Average curve of 469 mEPSCs; the single decay 

component was 4.8 ± 0.7 ms with an amplitude of- 6.8 ± 0.3 pA 
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FIGURE 5.17  NMDA receptor-mediated mEPSC components under physiological 

conditions  

(A) Comparison of the average mEPSC curve in presence and absence of AP5. (B) 

Subtracting the two curves in (A) gives the mEPSCs component only mediated by 

NMDA receptors. The decay curve can be fitted with a fast time constant of 9.9 ms and 

slow time constant of 158 ms. 
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5.2.3.2  The effects of ifenprodil on macroscopic currents mediated by NMDA receptor 

 My findings from steady-state single-channel recordings suggest that 

extrasynaptic NMDA receptors contain functional GluN2B and GluN2D NMDA receptor 

channels in rat SNc neurons. Due to the kinetic differences between GluN2B and 

GluN2D subunits, it is reasonable to investigate the contribution of NMDA subunits to 

macroscopic responses using a subunit-selective antagonist. To directly test whether 

GluN2B subunits contribute to the rise and decay of NMDA macroscopic responses, fast 

concentration jumps using a high concentration of NMDA were performed on outside-out 

patches excised from SNc neurons. The outside-out patches containing multiple NMDA 

receptor channels were stimulated with a brief synaptic-like (1-4 ms) pulse of saturating 

NMDA (1 mM) plus glycine (10 μM) and with 1 mM NMDA, 10 μM glycine plus 1 μM 

ifenprodil. All the concentration jumps were applied on the same outside-out patch. 

Figure 5.18 presents example NMDA macroscopic responses in the absence of 1 μM 

ifenprodil. As shown, the single-channel currents are clearly seen in these five individual 

sample responses. These events contain both high-conductance and low-conductance 

openings at the holding potential of -60 mV. Figure 5.19 presents the sample NMDA 

macroscopic responses in the presence of 1 μM ifenprodil on the same patch as shown in 

Figure 5.18; the recording from the same outside-out patch is made by using two aligned 

theta glass tubes (See Materials and Method). In order to compare the kinetics, 68 sweeps 

of control jumps and 111 sweeps of ifenprodil jumps from 7 neurons were averaged. 

Figure 5.20 compares the macroscopic response curves of (A) NMDA pulses and (B) 

NMDA with ifenprodil pulses. The rise of the curve before applying ifenprodil can be 
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best fitted with a single exponential component of 24.9 ms and the decay of the curve can 

be fitted with a fast time constant of 57.5 ms and a slow time constant of 1996 ms. 

Ifenprodil has no effect on the kinetics of the curve, with the rise time of 16.7 ms and a 

fast decay time constant of 67.3 ms and a slow decay time constant of 2645 ms. But the 

peak amplitudes of these two decay components have been significantly reduced by 

ifenprodil, from -6.3 pA to -2.2 pA for the fast component and from -0.12 pA to -0.02 pA 

for the slow component.  
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FIGURE 5.18  NMDA receptor macroscopic current responses to brief exposure to 

NMDA.  

Five individual responses obtained from an out-side patch following a 1 ms pulse of 1mM 

NMDA.  
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FIGURE 5.19  NMDA receptor macroscopic current responses to brief exposure to 

NMDA and ifenprodil.  

Five individual responses obtained from the same out-side patch following a 1 ms pulse 

of 1mM NMDA with 1μM ifenprodil.  
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FIGURE 5.20  Comparison of averaged macroscopic response curves before and 

after the application of ifenprodil.  

(A) Five individual responses obtained from the same outside-out patch following a 1 ms 

pulse of 1mM NMDA. Single-channel currents are clearly seen in these traces. (B) Five 

individual responses obtained from the same outside-out patch following a 1 ms pulse of 

1mM NMDA with 1µM ifenprodil. 

1-4 ms pulse of 1mM NMDA and 1 µM ifenprodil 

1-4 ms pulse of 1mM NMDA 

2 pA 

100 ms 

2 pA 

100 ms 

  τ (ms)  Amplitude (pA) 

 

  67.3   -2.2 

 

  2645   -0.02 

  τ (ms)  Amplitude (pA) 

 

  57.5   -6.3 

 

  1996   -0.12 
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5.3     Discussion 

     Ifenprodil produced an overall reduction in single-channel activity mediated by 

NMDA receptors in outside-out patches from P7 SNc dopaminergic nerones. But in the 

presence of 20 nM and 100 nM NMDA, 1 μM ifenprodil has different actions on the 

NMDA receptor single-channel activity. 

5.3.1   Effect of ifenprodil on NMDA receptor single-channel properties in 

steady-state 

   In the presence of low concentrations of NMDA, ifenprodil has no apparent 

effect on both low and high single-channel conductance levels and the direct transition 

frequency between the levels. This is consistent with a previous study from Legendre and 

Westbrook (1991) in cultured hippocampal neurons. The amplitude levels from NMDA 

receptor single-channel recordings can be used to identify the possible NMDA subunits, 

the lack of effect of ifenprodil on amplitude levels provides an opportunity to investigate 

the action of ifenrodil on each single-channel conductance level.  

5.3.2   Effect of ifenprodil on NMDA receptor single-channel activation in 

steady-state 

       In order to determine the inhibition of ifenprodil on single-channel currents in 

multiple-channel patches, charge transfers of single-channel activities were measured. 

The inhibition curves for the antagonism by 1 μM ifenprodil at either 100 nM or 200 μM 

NMDA showed an increasing ifenprodil block in high NMDA concentration. The IC50 
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values of inhibition curves in 100 nM or 200 μM NMDA were 0.239 and 3.119 μM, 

respectively, representing an approximate 13-fold shift. The results suggest ifenprodil’s 

block of the NMDA receptor appeared to increase in an NMDA concentration-dependent 

manner. The activity-dependent nature of ifenprodil antagonism has been described 

previously in rat cultured cortical neurons [Kew et al., 1996].  

   Since lowering the concentration of NMDA and reducing the level of NMDA 

receptor activation shifted the ifenprodil inhibition curve to the right (Figure 5.4), the 

effects of ifenprodil on single-channel currents evoked by very low NMDA concentration 

(20 nM and 100 nM) were investigated. Overall, ifenprodil reduced the activity of single 

NMDA channels. In the presence of either 20 nM or 100 nM NMDA, 1 μM ifenprodil 

caused the NMDA receptor channel mean open time to become shorter by increasing the 

frequency of brief openings and reducing the frequency of long openings during 

steady-state recordings. This is in agreement with previous studies [Reynolds and Miller, 

1989; Legendre and Westbrook, 1991]. For each conductance level, ifenprodil only 

significantly reduced the mean open time of 52 pS openings. It suggested that the high 

conductance single-channel activity was produced by activation of NMDA receptors 

containing GluN2B subunits. In contrast, the apparent lack of effect of ifenprodil on 17 

pS currents may suggest that low conductance single-channel activity was produced by 

activation of NMDA receptors containing GluN2D subunits.  

    Interestingly, while ifenprodil significantly reduced the mean open time of 

NMDA receptor single-channel openings, it significantly increased the overall opening 

frequency in the presence of 20 nM NMDA but not in the 100 nM NMDA recordings. 
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This potentiating effect of ifenprodil at low NMDA concentration has been previously 

described by Kew et al., 1996 and may be due to an increase in agonist affinity for the 

glutamate recognition site. In this study, the potentiating effects of ifenprodil were only 

found at lower concentration of NMDA (20 nM). The explanation is: at low NMDA 

concentration, the increase in NMDA receptor glutamate site affinity will cause a parallel 

increase in NMDA binding. However, as NMDA concentration increases, the same 

increase in glutamate site affinity may lead to a smaller percent increase in NMDA 

binding if most receptors were already occupied by NMDA. When all the NMDA binding 

sites are saturated with an even higher concentration of NMDA (e.g., 200 µM NMDA), a 

further increase in glutamate site affinity should have no effect on the level of NMDA 

binding. The potentiating effects of ifenprodil can also be seen from single-channel shut 

time distributions. 1 μM ifenprodil induced significant shortening of the longest 

component of the shut time and reduced the overall mean shut time in the presence of 20 

nM NMDA, but had no effect on 100 nM NMDA recordings. For the burst of openings, 

ifenprodil significantly produced a 43% reduction in mean burst length in the presence of 

100 nM NMDA but has no effect on burst length in the presence of 20 nM NMDA. 

Ifenprodil decreased the mean open time per burst in the presence of both 20 and 100 nM 

NMDA.  

5.3.3   Effect of ifenprodil on NMDA receptor single-channel macroscopic currents in 

concentration jumps 

   The macroscopic responses of NMDA receptors were measured either as the 
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miniature EPSC mediated by NMDA receptors or synaptic-like brief pulses (1-4 ms) of 1 

mM NMDA to outside-out ppatches. The mEPSCs have two kinetically distinct 

components: a rapidly rising and decaying AMPA component and a more slowly decaying 

NMDA component. The slow component was then blocked by AP5, a selective antagonist 

of NMDA-type glutamate receptors. Since the kinetics of the AMPA and NMDA 

components of the mEPSC differ dramatically, the AMPA and NMDA components can be 

separated to determine their kinetic properties. The fast AMPA decay component in 

mEPSCs in this study is consistent with previous research on cultured cortical neurons 

[Watt et al., 2000] and pyramidal cells from brain slices [Espinosa et al., 2009]. The 

concentration jump is an approach to mimic the synaptic release using fast application 

techniques to resemble the NMDA component of EPSC [Westbrook and Jahr, 1990; 

Edmonds and Colquhoun, 1992]. The currents after the brief application of NMDA had a 

fast and a slow time constant for the decay. The concentration jump curve with a fast 

decay time constant of 57.5 ms, which is slower than the longest component (17.1 ms to 

35.4 ms) of single-channel burst length distribution recorded in steady-state. This finding 

is consistent with previous studies [Lester and Jahr, 1992; Wyllie et al., 1998]. It has been 

estimated that the free transmitter may only be present in the synaptic cleft for a few 

hundred microseconds following synaptic release of glutamate [Lester et al., 1990; Jahr 

and Westbook, 1992]. The component of the EPSC mediated by NMDA receptors has a 

slow onset and a very long decay phase relative to the AMPA component [Hestrin et al., 

1990; Lester et al., 1990]. Due to the short duration that agonist is available for binding to 

postsynaptic NMDA receptors following the release and the slow rise and decay of 
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NMDA receptor current, it is unlikely that an individual NMDA receptor could be 

activated more than once during a single synaptic event [Wyllie et al., 1998]. The 

definition of a burst of openings is the sequence of events that takes place between the 

first opening that follows the binding of agonist and the last opening before complete 

disassociation of agonist. Therefore the nature of these bursts from individual channels 

are considered to underlie the shape of the synaptic current [Lester et al., 1990; Gibb and 

Colquhoun, 1992; Lester and Jahr, 1992; Wyllie et al., 1998].  

       The effects of ifenprodil on NMDA receptor macroscopic currents were 

investigated in concentration jumps. Ifenprodil had no effects on the rise and decay time 

constants and only reduced the peak currents. This blockage by ifenprodil has several 

properties reminiscent of proton inhibition of GluN1/GluN2B receptors in HEK cells 

observed by Banke et al., (2005). Previous studies also found that inhibition by ifenprodil 

could be completely abolished at sufficiently alkaline pH and ifenprodil also shifted the 

proton-inhibition curve to the left [Mott et al., 1998]. It suggests that ifenprodil may act 

through the proton sensor exerting its action through modification of tonic inhibition by 

physiological pH.         

5.3.4   Comparison of ifenprodil block of NMDA receptors on single-channel and 

whole-cell currents in steady-state 

   The maximum inhibition of 1 μM ifenprodil on single-channel charge transfers 

in the presence of either 20 or 100 nM NMDA was 81 %, but for whole-cell currents, 10 

μM ifenprodil only blocked 56 % of the whole-cell current mediated by NMDA receptors 
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in P7 SNc neurons. Legendre and Westbrook (1991) also noted that ifenprodil inhibition 

was less pronounced for whole-cell than for excised-patch currents. The SNc 

dopaminergic neurons express functional synaptic and extrasynaptic NMDA receptors 

[Mereu et al. 1991; Wu and Johnson, 1996; Jones & Gibb, 2005] at early postnatal stage. 

The whole-cell currents reflect openings of synaptic as well as extrasynaptic NMDA 

receptors while patch current are extrasynaptic as the patch was pulled out from the cell 

body. Differences in subunit composition or population between these two receptor 

populations could explain the discrepancy in ifenprodil sensitivity. The maximum 

inhibition of ifenprodil on NMDA receptor single-channel currents in this study is 

consistent with the maximum inhibition of ifenprodil on NMDA-EPSCs in P7 SNc 

neurons [Brothwell et al.,2008]. It suggests that the single-channel recording reflects the 

gating of extrasynaptic receptors while the whole-cell currents predominantly reflect the 

gating of synaptic receptors.  
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CHAPTER 6 

GENERAL DISCUSSION 

        The aim of the experiments discussed in this thesis was to describe, at 

whole-cell and single-channel level, the activation properties and pharmacology of 

NMDA receptors in P7 rat substantia nigra.  

6.1     The composition of NMDA receptors in rat SNc dopaminergic neurons 

     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; Traynelis et al., 2010]. In my study, in order 

to infer the possible composition of NMDA receptors in rat substantia nigra, the NMDA 

receptor properties were firstly investigated. In P7 SNc dopaminergic neurons, the 

analysis of receptor single-channel properties revealed that the channel activity was 

characterized by both high and low conductance channel openings. Studies using 

recombinant NMDA receptors composed of GluN1/GluN2A subunits or GluN1/GluN2B 

subunits give rise to large-conductance channels of 38 pS and 50 pS [Stern et al. 1992], 

similar to the large-conductance channels observed in SNc dopaminergic neurons. 

Small-conductance channels are observed with NMDA receptors composed of 

GluN1/GluN2C subunits (19 pS and 36 pS; Stern et al. 1992) or GluN1/GluN2D subunits 

(17 pS and 35 pS; Wyllie et al. 1996), similar to the small-conductance channels observed 

in SNc dopaminergic neurons. Initially, these observations suggest that functional NMDA 
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receptors in SNc dopaminergic neurons are composed of GluN1 with either GluN2A or 

GluN2B subunits, and GluN1 with either GluN2C or GluN2D subunits, or a 

triheteromeric receptor composed of GluN1, GluN2A or GluN2B and GluN2C or 

GluN2D. Further analysis of NMDA receptor channel direct transitions between open 

levels in the single channel current showed an asymmetry in transitions between 41 pS 

and 17 pS opening levels; this asymmetry of direct transitions is unique to 

GluN2D-containing NMDA receptors [Wyllie et al. 1996; Chen et al. 2004]. It suggests 

the presence of GluN2D rather than GluN2C subunits on SNc dopaminergic neurons. 

Previous studies in our lab showed that the NMDA receptor single-channel activity was 

not affected by zinc ions – the selective antagonist of GluN2A receptors or by TPEN - a 

selective high affinity zinc buffer that potentiates GluN2A receptor responses. The 

conclusion is that GluN2B and GluN2D are the main NMDA receptor subunits in rat 

substantia nigra.  

    GluN2B and GluN2D subunits may form diheteromeric GluN1/GluN2B and 

GluN1/GluN2D NMDA receptors or triheteromeric GluN1/GluN2B/GluN2D NMDA 

receptors. In order to identify the possible composition of NMDA receptors in SNc 

dopaminergic neurons, a GluN2B selective antagonist was used as a pharmacological tool 

in this study. In whole-cell recording with 10 μM ifenprodil and saturating NMDA and 

glycine, 56% of the NMDA receptor induced currents were inhibited. This is less than the 

inhibition of ifenprodil at recombinant heterometric GluN1/GluN2B NMDA receptors 

[Williams, 1993]. In single-channel recordings, ifenprodil only selectively blocked the 

high conductance level openings and direct transitions between the other conductance 
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levels were not changed. These observations suggest that the diheteromeric 

GluN1/GluN2D NMDA receptor is present on SNc dopaminergic neruones with 

diheteromeric GluN1/GluN2B NMDA receptor and diheteromeric GluN1/GluN2D and/or 

triheteromeric GluN1/GluN2B/GluN2D NMDA receptors of reduced sensitivity to 

ifenprodil block. There is no report of the conductance level for triheteromeric 

GluN1/GluN2B/GluN2D NMDA receptor, or the sensitivity of this receptor to ifenprodil 

block. It cannot be concluded directly from the single-channel openings that 

triheteromeric GluN1/GluN2B/GluN2D NMDA receptors are present, but several of my 

other observations support the idea that GluN1/GluN2B and GluN1/GluN2D subunits 

form a triheteromeric NMDA receptor. Firstly, in all the 12 outside-out patches from SNc 

dopaminergic neurons, that exhibited both large- and small-conductance openings, the 

direct transitions between the highest level (52 pS) and the lowest level (17 pS) were 

consistently observed and they account for 10.3% of total transitions. This suggests that 

GluN2B and GluN2D may be assembled in the same receptor molecule. Secondly, 

macroscopic currents from concentration jumps contain fast and slow deactivation time 

constants and these kinetic parameters were unaffected in the presence of ifenprodil. It 

suggests that the co-localization of kinetically distinct GluN2B and GluN2D in a single 

triheteromeric GluN1/GluN2B/GluN2D receptor may account for the macroscopic 

NMDA currents. Taken together these observations support the idea that NMDA receptors 

in SNc dopaminergic neurons may be a mixture of diheteromeric GluN1/GluN2B and 

GluN1/GluN2D NMDA receptors or with, in addition, triheteromeric 

GluN1/GluN2B/GluN2D NMDA receptors. 



166 

6.2     Model of NMDA receptor activation 

      The steady-state recordings of NMDA receptor activity in outside-out patches in 

the presence of low concentrations of NMDA and saturating concentration of glycine 

induced the expected bursts of NMDA receptor channel openings. The great number of 

channel openings per patch in steady state recordings allows me to fit hidden Markov 

models to the data from individual patches to evaluate the putative gating mechanism.  

   Previous studies proposed at least two pre-gating kinetically distinct 

conformation changes are required before NMDA receptors can open [Banke and 

Traynelis, 2003; Popescu and Auerbach, 2003; Popescu et al., 2004]. My model for 

NMDA receptor activation is based on the Markov model induced by Banke and 

Traynelis (2003). This assumption allows me to use two activation steps. The loop in the 

model postulates the existence of independent GluN1 and GluN2 subunit transitions. The 

GluN1 and GluN2 subunit conformational changes can occur in any order but must occur 

before the channel pore can open. I fitted all the single-channel recording data (n = 10) by 

using Banke-Traynelis model and compared the fittings with my modified model 

(Illustrated in Figure 6.1). The modified model can fit all the single-channel recording 

data better according to the maximum likelihood model fitting. The reasonable model is: 
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Where R represents an NMDA receptor with two free binding sites for agonist, A. O1 and 

O2 are the two open states of the channel and A2Rd is the desensitized state. A2Rf reflects 

the relatively fast transition of GluN1 conformational changes while A2Rs reflects a slow 

transition of GluN2 conformational changes. k+A and k-A are the agonist binding and 

unbinding rates, β1 and α1 are the opening and closing rates for one open state and β2 and 

α2 are the opening and closing rates for the other open state. k+d and k-d are the rates of 

desensitization and recovery from desensitization, respectively. k+f and k-f are faster rates 

of GluN1 conformational changes while k+s and k-s are the slower rates of GluN2 

conformational changes. Table 6.1 lists the average rate constants and their variability 

across patches. 

   The rate constants obtained from HJCFIT of the low concentration NMDA 

single channel data were used to simulate the response of the modified Banke-Traynelis 

model to a 1 mM NMDA concentration jump of NMDA. The rate constants from this 

fitting predicted a macroscopic response to a brief pulse of 1 mM NMDA that was similar 

to that observed in concentration jump experiments (Figure 6.2).  
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FIGURE 6.1  Use of HJCFit to fit an NMDA receptor activation model to the single 

channel data.  

Results of maximum likelihood model fitting to single channel data from. Bursts were 

identified in this recording using a tcrit value of 63.5 ms. The models shown in the top 

panels were fit to the data from each patch using an explicit correction for open times and 

shut times that were shorter than the resolution of the recording (100 μs). In the lower 

panels solid blue lines show the calculated pdf from the model dashed red lines show the 

predicted pdf in the absence of limited time resolution of the recording. The maximum 

log(likelihood) for the original Banke-Traynelis model was 8769.12 (predicted maximum 

Popen= 0.045 and concentration-response EC50 = 13.8 μM) while for the modified 

Banke-Traynelis model this was 8912.31 (predicted maximum Popen = 0.0498 and 

concentration-response EC50 = 16.9 μM).  

 

Banke-Traynelis Model Modified Banke-Traynelis model 
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TABLE 6.1  Average fitted parameters for modified Banke-Traynelis model 

                       

     Transition     Rate constant        Mean         SEM 

q(1, 3)     α1         449.29 (s
-1

)    16.71 

q(3, 1)       β1    500.79 (s
-1

)     43.11 

q(2, 3)     α2    4059.38 (s
-1

)     683.02 

q(3, 2)     β2     220.14  (s
-1

)     25.07 

        q(3, 4), q(5, 7)    k-f    1191.52 (s
-1

)     54.56 

   q(4, 3), q(7, 5)    k+f     652.88 (s
-1

)   216.65 

        q(3, 5), q(4, 7)    k-s      395.37 (s
-1

)   85.82 

        q(5, 3), q(7, 4)    k+s      32.71 (s
-1

)     3.50  

q(6, 7)     k-d      9.05 (s
-1

)     3.69 

q(7, 6)      k+d        6.47 (s
-1

)     2.16 

q(7, 8)     2k-A        Fixed to 2 × k-A 

q(8, 7)     k+A    Constrained to 1 × 10
6  

(M
-1

s
-1

) 

q(8, 9)     k-A      10.85 (s
-1

)  2.72
 

q(9, 8)      2k+A        Fixed to 2 × k+A 
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FIGURE 6.2  Use of rates derived from modeling fitting to single channel data to 

simulate the macroscopic time course of the NMDA receptor response to an NMDA 

concentration jump  

The rate constants obtained from HJCFIT of the low concentration NMDA single channel 

data were used to simulate the response of the modified Banke-Traynelis model to a 1 

mM concentration jump of NMDA. The model has 9 kinetic states and so generates a 

response described by 8 exponential components, although some of these are predicted to 

have zero amplitude. The response is dominated by an exponential rise with time constant 

of 4.32 ms and two-exponential decay with time constants of 51.8 ms and 172.1 ms 

(relative amplitude: 23%). 

 

 

 

 

 

 

Simulated modified Banke-Traynelis model concentration jump response 

τ (ms)    Amplitude (pA) 
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6.3     Future experiments 

   The results of this thesis have raised a number of interesting questions that will 

require further experiments to determine:  

   Study of the functional and pharmacological properties of NMDA receptors on 

SNc neurons during development; further experiments on adult rats are necessary to make 

valid comparisons of the developmental profile of functional synaptic and extrasynaptic 

NMDA receptor subunits in dopaminergic neurons compared to other neurons in the CNS 

such as cortical and hippocampal neurons.  

   Investigate NMDA receptor whole-cell and single-channel properties on SNc 

neurons in 6-OHDA-lesioned or MPTP-lesioned animal models for Parkinson’s disease. 

This also allows me to make comparisons of NMDA channel activation properties 

between the normal physiological condition and the parkinsonian condition.  It may be 

of interest that the proportion of GluN2B and GluN2D subunits expressed in the 

dopaminergic neurons may change in Parkinson’s disease models. 

   Investigate NMDA receptor pharmacology by using the new emerging classes 

of subunit-selective NMDA receptor modulators. In the past few years, there has been 

acceleration in discovery of new binding sites and new positive and negative 

subunit-selective NMDA receptor modulators (reviewed by Ogden and Traynelis, 2011; 

Paoletti, 2011). With these new pharmacological tools, the understanding of the 

contribution of different GluN2 subunits to NMDA receptor activations will grow. 

   Use GluN2D knock-out mice to investigate the identity of the NMDA receptors 

on SNc dopaminergic neurons. The comparisons of kinetic and pharmacological 
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properties between the GluN2D knock-out and wild-type mice will provide new evidence 

of the NMDA receptor composition in both synaptic and extrasynaptic sites on SNc 

dopaminergic neurons. 
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