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Non-linear developmental trajectory of
electrical phenotype in rat substantia
nigra pars compacta dopaminergic
neurons

Martial A Dufour 12, Adele Woodhouse 12", Julien Amendola 12,
Jean-Marc Goaillard *2*

Inserm UMR 1072, Faculté de Médecine Secteur Nord, Université de la
Méditerranée, Marseille, France; 2Aix-Marseille Université, Marseille, France

Abstract Neurons have complex electrophysiological properties, however, it is often dif cult to
determine which properties are the most relevant to neuronal function. By combining current-clamp
measurements of electrophysiological properties with multi-variate analysis (hierarchical clustering,
principal component analysis), we were able to characterize the postnatal development of
substantia nigra dopaminergic neurons' electrical phenotype in an unbiased manner, such that
subtle changes in phenotype could be analyzed. We show that the intrinsic electrical phenotype

of these neurons follows a non-linear trajectory reaching maturity by postnatal day 14, with two
developmental transitions occurring between postnatal days 3-5 and 9—11. This approach also
predicted which parameters play a critical role in phenotypic variation, enabling us to determine
(using pharmacology, dynamic-clamp) that changes in the leak, sodium and calcium-activated
potassium currents are central to these two developmental transitions. This analysis enables an
unbiased de nition of neuronal type/phenotype that is applicable to a range of research questions.
DOI: 10.7554/eLife.04059.001

Introduction

The morphology and assortment of voltage-dependent and voltage-independent conductances dis -
played by one particular neuronal type provide it with speci c passive and active properties (  Johnston
and Wu, 1995 ; Hille, 2001 ). In turn, passive and active properties de ne the way the neuron produces
or processes information, that is, its electrical phenotype. An important question we are facing as
neurophysiologists is how to characterize the electrical phenotype of a neuronal type in the most unbi -
ased manner, such that we can then study subtle variations in this phenotype under varying condi -
tions (development, perturbations, disease). In the current study, we propose an approach based on
the combination of current-clamp measurements and multi-dimensional analysis of the measured elec -
trophysiological properties, which allowed us to characterize and precisely quantify developmental
changes in the electrical phenotype of dopaminergic neurons of the substantia nigra pars compacta.

In vivo, mature SNc dopaminergic neurons can display regular tonic, irregular or bursting activity
depending on the behavioral context ( Grace and Bunney, 1984a , 1984b ; Tepper et al., 1990 ; Kitai
etal., 1999 ; Grace et al., 2007 ). These variations in activity patterns are associated with a modula-
tion of dopamine release such that, for instance, immediate early gene activation is triggered only by
bursting patterns of activity ( Kitai et al., 1999 ). From a biophysical point of view, regular tonic
activity seems to rely mainly on SNc dopaminergic neuron intrinsic conductances while both irregular
and bursting patterns necessitate the release of various neurotransmitters (glutamate, acetylcholine)
by SNc synaptic inputs (Kitai et al., 1999 ; Grace et al.,, 2007 ). In vitro however, mature SNc
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elife digest The brain contains hundreds of types of neurons, which differ in size and shape,
and also in the chemicals that they use to communicate with each other. However, one thing all
neurons have in common is that they all carry electrical signals that depend on the ow of ions
through specialized channels in the membranes that surround each neuron. Nevertheless, the
number and identity of these channels also vary markedly from one type of neuron to the next.

This biophysical diversity underlies a variety of complex patterns of electrical activity observed in
different types of neurons. This complexity often makes it dif cult to pinpoint which of the myriad
features of a neuron are most important for determining its function, and which ones are most
affected by processes such as aging or disease. To address this problem, Dufour et al. have devised
an approach for characterizing the electrical properties of neurons in a systematic manner, in order
to generate a ‘phenotypic’ pro le for individual types of neurons.

Neurons from a region of the brain called the substantia nigra pars compacta were chosen for
the study. These neurons are known for the fact that they are among the rst to degenerate in
Parkinson's disease. Using electrodes to record from slices of rat brain, a total of 16 electrical
properties were measured for each neuron, including how often each cell * red” and how variable
its ring pattern was. The experiments were repeated using brain slices from rats aged between
2 and 29 days, and the data from more than 300 neurons were then analyzed using statistical
techniques designed to identify groups of features that change together over time.

The analysis revealed that the cells could be grouped into three developmental stages, separated
by two transitions: one occurring around days 3-5 and another around days 9-11. This was con rmed
by experiments showing that cells could be made to revert back to an earlier stage by applying
chemicals and electrical currents to reverse the changes that had occurred during development.

While the current study has provided insights into the postnatal development of one particular
class of neurons in the substantia nigra, the approach could in principle be applied to any type of
neuron. The detailed pro le that is obtained will make it easier to identify subtle changes in neurons
in response to development, aging, or disease.

DOI: 10.7554/eLife.04059.002

dopaminergic neurons mainly display a regular tonic (also called pacemaker) ring behavior ( Grace
and Onn, 1989 ; Liss et al., 2001 ; Seutin et al., 2001 ; Puopolo et al., 2007 ; Guzman et al., 2009 ;
Putzier et al., 2009b ; Tateno and Robinson, 2011 ; Amendola et al., 2012 ). The irregular pattern of
spontaneous activity is observed in immature SNc DA neurons in vitro (postnatal days 9-16, P9—P16)
and seems to be due to transient spontaneous activation of T-type calcium channels ( Seutin et al.,
2000; Cuietal., 2004 ) and subsequent activation of calcium-activated potassium channels (SK) (Seutin
et al., 1998 ; Wolfart and Roeper, 2002 ; Cui et al., 2004 ). Finally, the spontaneous bursting pat -
tern of activity is usually absent from mature SNc¢ DA neurons in vitro, but can be observed in juvenile
neurons (P15-P21) and depends on the activation of NMDA receptors ( Mereu et al., 1997 ), or can
be promoted by pharmacological blockade of T-type calcium channels and SK potassium channels
(Wolfart and Roeper, 2002 ).

Although these different studies suggest that the activity pattern of SNc dopaminergic neurons
changes during the rst three postnatal weeks, involving modi cations in both intrinsic and synaptic
input properties, our knowledge of the precise timecourse of their electrophysiological development
is still fragmented. In the current study, we have performed a detailed analysis of the development of
the intrinsic properties of SNc dopaminergic neurons over the rst four postnatal weeks (from P2 to
P29). We measured 16 electrophysiological parameters, exhaustively characterizing the passive and
active properties of SNc dopaminergic neurons. Applying multi-variate statistical analyses (agglomer -
ative hierarchical clustering and principal component analysis) to the measured electrophysiological
parameters revealed that the acquisition of mature regular pacemaking involves biphasic changes
occurring mainly during the rst two postnatal weeks: intrinsic electrophysiological maturity is essen -
tially reached by the end of the second postnatal week. In addition, this type of analysis allowed us to
determine the participation of specic ion currents (leak, sodium and calcium-activated potassium
currents) to changes in the global electrical phenotype. This study provides the rst comprehensive
analysis of postnatal development of the intrinsic properties of SNc dopaminergic neurons and
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demonstrates the utility of high-dimensional electrophysiological characterization associated with
multi-variate analysis methods to precisely de ne quantitative changes in electrical phenotype and to
investigate the underlying biophysical mechanisms.

Results

In order to de ne the postnatal development of the intrinsic electrophysiological properties of SNc
dopaminergic neurons, we recorded from SNc dopaminergic neurons in acute midbrain slices made
from rats aged between 2 and 29 postnatal days (P2 to P29) in the presence of blockers of glutamater -
gic and GABAergic synaptic activities (Kynurenate and Picrotoxin). SNc dopaminergic neurons were
identi ed based on their location, size, and morphology ( Figure 1A ) and their characteristic electro -
physiological properties, including a slow AP and the presence of a large sag in response to hyperpo -
larizing current pulses (Figure 1B ). Independent of the developmental stage, these electrophysiological
features allowed reliable identi cation of SNc dopaminergic neurons vs SNc GABAergic neurons:
when post hoc tyrosine hydroxylase immunolabeling was performed, dopaminergic identity was con -
rmed in 100% of the cases (n = 121, see Figure 1A).

Developmental evolution of spontaneous activity patterns

We rst analyzed the spontaneous activity patterns displayed by SNc dopaminergic neurons, using
two simple measures capturing the general features of activity: the averaged InterSpike Interval
(ISky), and the coef cient of variation of the ISI (CV ), which is proportional to the irregularity of ring
(Figure 2A'). While ISL,, was found to be stable from P2 to P29 ( Figure 2B,C ), CVg strongly decreased
over the rst two postnatal weeks, reaching a stable value by P10-11 ( Figure 2B,D , Table 1, Figure 3).
The decrease in CVjg, was correlated with changes in ring pattern, with high CV g values associated
with a bursting pattern, intermediate values associated with irregular tonic ring and low values with
regular tonic ring ( Figure 2B). In fact, CV,g threshold values of 20% and 80% were found to reliably
separate these three types of ring patterns ( Figure 2D,E ). Using these thresholds, the proportions of
high CVg, (bursting cells), medium CV,g (irregular cells), and low CVg, (regular cells) were calculated for
each developmental stage (Figure 2E ): all neurons were found to be bursters at P2—-3, most neurons
were irregular between P5 and P11, while pacemaker neurons became predominant after P12 and
were the only type of neurons encountered after P21 ( Figure 2E).

Several studies have suggested that bursting and irregular ring patterns are controlled in part by
the calcium-activated potassium channels (SK1-3) responsible for the medium afterhyperpolarization
(AHP) following APs (Seutin et al., 1998 ; Wolfart et al., 2001 ; Wolfart and Roeper, 2002 ; Cui et al.,
2004 ; Johnson and Wu, 2004 ; Vandecasteele et al., 2011 ). In SNc dopaminergic neurons, it was
demonstrated that SK channels determine the regularity of spontaneous activity ( Seutin et al., 1998 ;
Wolfart et al., 2001 ; Cui et al., 2004 ; Vandecasteele et al., 2011 ), and that AHP developmental
increase correlates with the disappearance of irregular ring ( Vandecasteele et al., 2011 ). Since our
recordings were performed using 10 mM EGTA in the intracellular solution, we wondered whether the
resulting calcium chelation could inhibit SK channel activation and thus modify spontaneous activity
patterns (favoring irregular or bursting ring patterns). We therefore performed two types of control
experiments. In the rst series of experiments, we reduced the intracellular EGTA concentration to
0.5 mM (Figure 2— gure supplement 1A—C ). In spite of the reduced calcium chelation, all ring pat -
terns observed in 10 mM EGTA were also present in 0.5 mM EGTA (Figure 2— gure supplement 1A ).
Moreover, the average CV  values were not statistically different between both EGTA concentrations
(p =0.201, n = 80 for 10 mM, n = 34 for 0.5 mM, unpaired t test; Figure 2— gure supplement 1B )
when measured in neurons of the same developmental stage (P18-P22). Since the AHP can be inu -
enced by calcium chelation and is involved in de ning CV g, we also veri ed that AHP amplitude was
not signi cantly modi ed by changes in EGTA concentration (  Figure 2— gure supplement 1C ): the
mean AHP amplitude was not statistically different between both EGTA concentrations in P18-22
neurons (p = 0.129, n = 100 for 10 mM, n = 28 for 0.5 mM, unpaired t test; Figure 2— gure supple -
ment 1C). As 0.5 mM EGTA could still be considered as a calcium chelation condition that could sig -
ni cantly modify ring ( Grace and Bunney, 1984b ), we also veri ed that the three types of ring
observed in whole-cell recordings in 0.5 mM EGTA or 10 mM EGTA were also present in cell-attached
recordings. As demonstrated in Figure 2— gure supplement 1D, the ring patterns observed in
0.5 mM EGTA whole-cell recordings were found to be qualitatively similar to the ring patterns
observed in cell-attached recordings in the same neurons before going whole-cell: regular, irregular,
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Figure 1 . Identi cation of substantia nigra pars compacta dopaminergic neurons during postnatal development.
(A), top, uorescent streptavidin labeling of P2 (left), P7 (center) and P21 (right) neurons lled with neurobiotin (NB).
Middle, tyrosine hydroxylase (TH) immunolabeling of the same neurons. Bottom, merged images showing the NB
(red) and TH (green) labeling, con rming the dopaminergic nature of the recorded neurons. ( B), characteristic
voltage traces obtained from P2 (top left), P7 (top center) and P21 (top right) subtantia nigra pars compacta
dopaminergic neurons in response to hyperpolarizing (blue) and depolarizing (red) current pulses (bottom traces).
At each developmental stage, dopaminergic neurons displayed consistent TH labeling ( A), as well as a typical sag
Figure 1. Continued on next page
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Figure 1. Continued

in response to hyperpolarizing current pulses (B) and a broad AP (not shown). Scale barsA, 10 um; B, vertical
20 mV, horizontal 500 ms. The horizontal dotted line in B indicates 60 mV.
DOI: 10.7554/eLife.04059.003

and bursting patterns were observed in cell-attached recordings. To ensure that whole-cell recorded
ring patterns were also quantitatively similar to cell-attached recorded ring patterns, we compared

the frequency of regular tonic ring in a subset of 33 neurons (P16—P23) that were recorded both in
cell-attached (before breaking into the neuron) and in whole-cell 10 mM EGTA ( Figure 2— gure sup -
plement 1E ). This analysis revealed that IS}, was not altered by the whole-cell recording con guration
(p=0.898, n =33, paired t test; Figure 2— gure supplement 1E ). Therefore, the activity pattern and
activity level are not signi cantly altered by the recording conditions, and the developmental transition
between the different types of ring patterns cannot be explained by the recording conditions.

Developmental evolution of passive properties

We then analyzed the passive membrane properties of SNc dopaminergic neurons, including the
input resistance (R,,), the membrane capacitance (C,,), and the membrane time constant ( = R, X C.,).
R., C., and # values were extracted from mono-exponential ts of the voltage responses to small
hyperpolarizing current pulses applied around resting membrane potential ( Figure 4A,B ). Except
for P2—-3 where R, values were particularly high (Figure 4C, Table 1), R, and C,, displayed almost
symmetrical changes over the rst four postnatal weeks: R ;, decreased while C,, increased (Figure 3,
Figure 4C,D, Table 1), such that f remained fairly constant over the same timeframe ( Figure 3,
Figure 4E, Table 1). These data suggest that, after P2—3, membrane surface area increases but that
leak conductances' density stays fairly constant, such that the measured input conductance (1/R ;)
scales with C,, (since G, scales with membrane surface area).

Developmental evolution of post-inhibitory rebound properties

SNc dopaminergic neurons are characterized by a speci c response to hyperpolarizing current pulses
consisting of a large sag during the hyperpolarization due to the activation of | ,, and a biphasic post-
inhibitory rebound involving both | ; and the transient potassium current | , (Amendola et al., 2012 ).
We analyzed the response to hyperpolarization by measuring both sag amplitude and rebound delay
(Figure 5A). In spite of the increase in amplitude of | ,; that has been described during postnatal
development in SNc dopaminergic neurons ( Washio et al., 1999 ), we found that both sag amplitude
and rebound delay remained constant during the rst four postnatal weeks (  Figure 3, Figure 5B,C,
Table 1), suggesting that the density of | 4, and I, remained fairly stable during this developmental
timeframe.

Developmental evolution of action potential properties

SNc dopaminergic neurons are also characterized by a slow action potential (AP) ( Grace, 1990 ) that
relies on the activation of multiple currents including calcium, transient sodium, and A-type, delayed
recti er and calcium-activated potassium currents ( Bean, 2007 ; Puopolo et al., 2007 ). In order to
describe the developmental evolution of AP shape, we measured six properties de ning the different
phases of the AP recorded during spontaneous activity ( Figure 6A ): AP threshold, AP rise slope, AP
decay slope, AP half-width, AP amplitude, and AHP amplitude. Except for AP threshold, which was
found to not vary signi cantly during the rst four postnatal weeks ( Figure 6C, Table 1, Figure 3),
most AP features were found to present signi cant modi cations over the same developmental time -
frame (Figure 3, Figure 6B—H , Table 1). Some of these properties presented monophasic changes,
such as AP decay slope, which decreased over time (Figure 6B,F , Table 1), or AHP amplitude, which
increased over time (Figure 6B,H , Table 1). Surprisingly though, AP amplitude, rise slope and half-
width displayed biphasic changes during the same developmental timeframe, with the rst change
between P2-3 and P5 and a second opposite change between P8-9 and P13 (Figure 6B,D,E,G,
Table 1): AP amplitude and AP rise slope rst decreased and then increased, while AP half-width
presented an increase in value followed by a decrease. These changes are clearly visible on the
recordings of APs from P3, P6, and P21 animals (Figure 6B ). Therefore, the different AP properties
measured exhibit distinct evolutions, which suggest heterogeneous changes in expression or gating
properties of the different types of ion channels involved in AP shape de nition.

Dufour et al. eLife 2014;3:e04059. DOI: 10.7554/eLife.04059 5 of 28








































































