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Structural correlates of heterogeneous in vivo activity
of midbrain dopaminergic neurons

Pablo Henny!~3, Matthew T C Brown!>>, Augustus Northrop!, Macarena Faunes®3, Mark A Ungless!>,

Peter ] Magill** & J Paul Bolam'*

Dopaminergic neurons of the substantia nigra pars compacta (SNc) exhibit functional heterogeneity that likely underpins their
diverse roles in behavior. We examined how the functional diversity of identified dopaminergic neurons in vivo correlates with
differences in somato-dendritic architecture and afferent synaptic organization. Stereological analysis of individually recorded
and labeled dopaminergic neurons of rat SNc revealed that they received approximately 8,000 synaptic inputs, at least 30% of
which were glutamatergic and 40-70% were GABAergic. The latter synapses were proportionally greater in number and denser
on dendrites located in the substantia nigra pars reticulata (SNr) than on those located in SNc, revealing the existence of two
synaptically distinct and region-specific subcellular domains. We also found that the relative extension of SNc neuron dendrites
into the SNr dictated overall GABAergic innervation and predicted inhibition responses to aversive stimuli. We conclude that
diverse wiring patterns determine the heterogeneous activities of midbrain dopaminergic neurons in vivo.

Midbrain dopaminergic neurons, including those of the SNc, are
important for a variety of brain functions, including voluntary
movement and the encoding and prediction of behaviorally relevant
stimuli’2. The release of dopamine in their principal target region,
the striatum, depends on their firing rate and pattern®?, which results
from the interactions between the intrinsic membrane properties that
endow autonomous pacemaking activity and the synaptic inputs that
modify firing in a task- and stimulus-dependent manner*°. Midbrain
dopaminergic neurons can encode behaviorally salient events, such
as unexpected rewards and aversive stimuli, through phasic increases
(bursts) and decreases (pauses) in firing®®10. Bursting activity is pro-
moted by glutamatergic and cholinergic afferents*?, suppressed by
GABA!1, and results in transient increases in the release of dopamine
in targets>. Inhibitory responses are mediated by GABAergic affer-
ents!!. However, not all dopaminergic neurons respond in a specific
way to a given stimulus?, perhaps indicating that subpopulations
of neurons are responsive to different stimuli and/or differentially
encode the salience, motivational or alerting values of stimuli®~10, For
instance, in the rat SN¢, most dopaminergic neurons are unresponsive
to noxious stimuli, but a small proportion is inhibited’.

We hypothesized that the functional heterogeneity of SNc dopamin-
ergic neurons is a consequence of differences in the architecture and
afferent connectivity of their dendrites. Although the wiring diagram
of SNc¢ dopaminergic neurons at the population level has been par-
tially elucidated with respect to their multiple inputs'!-16, precise
definition of relationships between structure and function neces-
sitates correlative analysis of connectivity at the level of individual
identified neurons whose activity has been characterized in intact

circuits. We tested our hypothesis by first recording and labeling func-
tionally diverse single SNc neurons in vivo and then, after verifying
their dopaminergic phenotype, reconstructing their somatodendritic
domains and carrying out a stereological analysis at the ultrastructural
level of the number and distribution of glutamatergic and GABAergic
afferent synapses. Our results establish a direct correlation between
dendritic architecture, synaptic innervation and in vivo responses to
salient stimuli, thus defining the structural substrates underlying the
functional heterogeneity of midbrain dopaminergic neurons.

RESULTS

Dendritic architecture of SNc dopaminergic neurons

To correlate the in vivo electrophysiological properties with the
dendritic architecture and innervation of individual dopaminergic
neurons, we extracellularly recorded action potential discharges from
single neurons of the substantia nigra (Fig. 1a,b) in anesthetized rats,
tested their responses to standardized aversive sensory stimuli (see
below) and then juxtacellularly labeled the same neurons with neuro-
biotin”:1”. We identified the neurobiotin-labeled neurons as dopamin-
ergic by their expression of the catecholamine synthetic enzyme
tyrosine hydroxylase (Fig. 1c-e). Of the dopaminergic neurons
located in the SNc (Fig. 1f), we selected those that had complete labe-
ling of their soma and dendrites with the neurobiotin, a condition that
was essential to effectively carry out the anatomical analyses. These
neurons came from a larger pool of recorded and labeled neurons
whose firing characteristics were recently detailed’. The investigators
(P.H.and A.N.) were blinded to the electrophysiological characteristics
of the neurons during the anatomical analyses.
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Figure 1 Recording and identification of SNc dopaminergic neurons.

(a,b) Spontaneous firing (a) and action potential waveform (average of

150 spikes, b) of a typical dopaminergic neuron in vivo. (c—e) The neuron
was labeled with neurobiotin (cyan, c); it expressed tyrosine hydroxylase
immunoreactivity (red, d), identifying it as a dopaminergic neuron, and was
located in the SNc (merged image at low magnification, e). (f) Location of
cell bodies of all of the dopaminergic neurons that we studied (six for light and
electron microscopy (LM and EM) and six for light microscopy alone), in three
lateral views (top) and one projected dorsal view (bottom). Scales bars represent
0.5 mV (vertical bars inaand b), 1 s (a), 2 ms (b), 20 um (c,d) and 100 um
(e). AP, anteroposterior; ML, mediolateral; SNI, substantia nigra pars lateralis.

To examine the dendritic architecture of labeled dopaminer-
gic neurons and facilitate the systematic sampling of their afferent
inputs, we digitally reconstructed the cells from serial 50-pum-thick
sections under high magnification (Fig. 2a, Online Methods and
Supplementary Table 1)!8. The dendrites of SNc dopaminergic
neurons varied in size (length, approximate surface area and number
of segments) and complexity (numbers of primary dendrites and high-
est branch order) (Supplementary Table 1). Moreover, the neurons
also varied greatly in the degree to which their dendrites descended
into the SNr (ranging from none to over half of total dendritic length;
Fig. 2a and Supplementary Table 1; also see ref. 19). Because previ-
ous studies have suggested that dopaminergic neurons expressing the
calcium-binding protein calbindin have minimal or no extension of
dendrites into the SNr2%21, we further tested for the expression of
calbindin immunoreactivity (Supplementary Fig. 1). We found no
differences in dendritic size, complexity and relative extension into
SNr between calbindin-positive and calbindin-negative dopaminergic
neurons (P> 0.05, Student’s t test; Supplementary Fig. 1). In addition,
we found no relation between the dorso-ventral position of the cell
bodies in the SNc and either the dendritic size or the proportion of
dendrites located in the SNr (data not shown; see ref. 20).

Synaptic innervation of individual dopaminergic neurons
To accurately estimate the number and distribution of synaptic inputs
to functionally diverse SNc dopaminergic neurons, we applied stereo-
logical methods?>2* (see Online Methods) to six recorded, labeled,
identified and fully reconstructed neurons. We performed systematic
random sampling of synapses formed with the dendrites and cell
bodies of the labeled neurons and then counted the synapses using a
physical fractionator??, which consisted of a 500-nm-thick dissector
located at the upper surface of all sections containing the neurobiotin-
labeled processes (see Online Methods and Supplementary Table 2).
We found that SNc dopaminergic neurons each formed, on average,
~8,000 afferent synapses (Table 1), 61.8% of which were formed with
dendrites located in the SNc and 38.2% with dendrites located in the
SNr. The glutamatergic synapses were revealed by immunolabeling of
the presynaptic terminals for vesicular glutamate transporter type 2
(VGIuT2) in five neurons. In four of these, GABAergic synapses were
also revealed by immunolabeling alternate sections for the vesicu-
lar GABA transporter (VGAT; Figs. 2b and 3a). The dopaminergic
neurons received significantly more GABAergic synaptic inputs
(VGAT™, 50.2% of all synapses, n = 4 neurons) than glutamatergic
synaptic inputs (VGluT2%, 31.5% of all synapses, n = 5 neurons;
Student’s ¢ test, P < 0.05). The remaining 18.3% of synapses were not
neurochemically identified, but presumably include glutamatergic
(but using a different vesicular transporterz“’zs, see below), cholin-
ergic!? and serotonergic?® terminals.

We next tested whether the proportions of glutamatergic and
GABAergic synapses made with the dendrites of the dopaminergic neu-
rons varied according to whether they were in the SNc or the underlying
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SN, two subdivisions of the nigra that receive different afferent innerva-
tion!3-1320.21.27 ‘We found a significant interaction between the type of
synapse and region (vesicular transporter (VGIuT2, VGAT) x region
(SN, SNr) as factors, F; = 14.3, P < 0.05, two-way ANOVA, n = 5 for
VGIuT2 and n = 4 for VGAT). Pairwise multiple comparisons (Student-
Newman-Keuls post hoc test) revealed that the proportion of glutama-
tergic synapses was significantly higher on dendrites located in the SNc¢
(35.4%) than on those located in the SNr (20.1%) (P < 0.05), that the
proportion of GABAergic synapses was higher on dendrites located in
the SNr (68.5%) than on those located in the SNc¢ (43.7%) (P < 0.05),
and that the proportion of GABAergic synapses was significantly higher
than that of glutamatergic synapses on dendrites located in the SNr
(P < 0.05), but not on those located in the SNc (P > 0.05) (Fig. 3b and
Table 1). These findings indicate that the innervation of dendrites of
dopaminergic neurons by neurochemically identified afferents depends
on dendrite location (SNc versus SNr), validating earlier qualitative
observations at the population level!3.

We further tested whether the relative extension of dendrites of
individual neurons into the SNr was a predictor of the overall levels
of glutamatergic or GABAergic innervation. There was a signifi-
cant correlation between the proportion of dendrites located in the
SNr and the proportion of synapses that were GABAergic (Pearson’s
product moment correlation, R = 0.96, P < 0.05, n = 4 neurons;
Fig. 3¢). In contrast, the proportion of glutamatergic synapses was
independent of dendritic extension into the SNr (Pearson’s product
moment correlation, R = 0.08, P> 0.05, n = 5 neurons; Fig. 3c). These
data demonstrate that the proportion of the dendritic field of SNc
dopaminergic neurons that extends into the SNr defines the degree
of excitatory and inhibitory synaptic afferents that they receive.
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Figure 2 Three-dimensional digital reconstructions of identified SNc dopaminergic neurons. (a) Two SNc dopaminergic neurons, as seen in different
planes. Both have dendrites in the SNc (light blue), but the cell on the left also has dendrites in the underlying SNr (orange). Axons are shown in black.
(b) Neurobiotin (Nb)-labeled dendrites (white arrowheads) located in SNc, as seen directly in the tissue sections or with the projected three-dimensional
reconstruction overlaid (+Tracing, blue). Glutamatergic (VGIuT2 immunopositive) and GABAergic (VGAT immunopositive) presynaptic terminals appear
as lighter brown, punctuate labeling. Scale bars represent 200 um (a) and 5 um (b).

Synaptic density in different subcellular domains

Correlative analysis of synaptic innervation with vector-based digital
reconstructions of the same neurons!® allowed us to quantify syn-
aptic densities on different parts of the somato-dendritic tree. We
defined proximal dendrites in the SNc as those within 20% of the
distance from the cell body to the furthest dendritic tip in the SNc¢
and distal dendrites as those located in the remaining 80% (Fig. 4a,
see Online Methods for criteria). We pooled all SNr dendrites into
a single group because, according to the same definition used for
SNc dendrites, almost all SNr dendrites were located distally (Online
Methods and Fig. 4a). We precisely localized each randomly sampled
synapse (VGluT2*, VGluT2", VGAT*, VGAT", unidentified) along the
somato-dendritic membrane and used a Sholl analysis to extract data
for the estimated synapse number and approximate surface area of the
neuron. With these data, we estimated values for absolute (Table 2)
and relative (Fig. 4b,c) synaptic densities for the proximal, distal and
SNr dendritic compartments (see Online Methods).

Synaptic density was higher on dendrites located in the SNr
than on proximal or distal dendritic compartments located in the
SNc (one-way ANOVA, F, = 4.3, P < 0.05; pairwise comparisons,
P < 0.05; n = 5 neurons, Student-Newman-Keuls post hoc test;
Fig. 4b). These differences were a result of a denser GABAergic
innervation of dendrites in SNr compared with proximal or distal
dendrites in SNc (Fig. 4¢). In contrast, the density of glutamatergic
synapses was similar in SNc proximal dendrites, SNc distal den-
drites and SNr dendrites (two-way ANOVA, significant interaction
for vesicular transporters (VGluT2, VGAT) and region (proximal,
distal, SNr) factors, F = 4.3, P < 0.05; pairwise comparisons, P < 0.05
for SNr versus proximal SN¢, SNr versus distal SNc within VGAT,
and VGIuT?2 versus VGAT within SNr, n = 5 for VGIuT2 and »n = 4 for
VGAT; Fig. 4¢). Because the densities of innervation of proximal SNc¢
and distal SNc dendrites were similar, it is likely that the region in
which dendrites are located (SNc versus SNr) is the main determinant

of the composition and densities of glutamatergic and GABAergic
synapses, rather than distance from the cell body per se.

Glutamatergic and GABAergic innervation of SNc and SNr
To further define the rules that govern the synaptic innerva-
tion of these two subcellular compartments, we quantified the

Table 1 Estimates of synapses made with SNc-located and
SNr-located dendrites of individual SNc dopaminergic neurons

NATURE NEUROSCIENCE VOLUME 15 | NUMBER 4 | APRIL 2012

Mean S.e.m. Range
All synapses (n = 6 neurons)
Total number of synapses on neuron 8,063 851 5,152-10,908
% of all synapses on SNc dendrites 61.8 11.3 30-100
% of all synapses on SNr dendrites 38.2 11.3 0-70
VGIuT2* synapses (n =5 neurons)
On the entire neuron
Total number of synapses 7,155 453 5,704-8,390
% of synapses VGIuT2* 31.5 2.0 26-38
On the SNc dendrites
Total number of synapses 4,859 422 3,643-5,704
% of synapses VGIuT2* 35.4 4.3 26-48
On the SNr dendrites
Total number of synapses 2,870 808 1,395-4,747
% of synapses VGIuT2* 20.1 7.3 0-35
VGAT* synapses (n = 4 neurons)
On the entire neuron
Total number of synapses 8,050 1,957 4,600-12,880
% of synapses VGAT* 50.2 6.5 40-67
On the SNc dendrites
Total number of synapses 5,796 2,014 3,312-11,776
% of synapses VGAT* 43.7 3.0 38-50
On the SNr dendrites
Total number of synapses 3,005 1,548 1,104-6,072
% of synapses VGAT* 68.5 5.5 60-79
615
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Figure 3 Proportions and localization of

glutamatergic and GABAergic synapses made
* with individual dopaminergic neurons.
L | . .
* (a) Electron micrographs of glutamatergic
1

(VGIuT2*, blue arrows) and GABAergic (VGAT,
red arrows) axon terminals forming synapses
(small arrowheads) with a neurobiotin-labeled
(large arrowheads) cell body (4) and dendrites
in SNc (1, 2 and 5) and SNr (3 and 6). Scale
bar represents 200 nm. (b) The proportion

of GABAergic (VGAT™) synapses made with
dendrites located in the SNr was significantly
greater than that of GABAergic synapses in SNc
= and glutamatergic synapses in the SNr, whereas
z the proportion of glutamatergic (VGIuT2*)
synapses was significantly greater in the SNc
than in SNr (mean + s.e.m.). (c) The proportion
of GABAergic synapses, but not glutamatergic
synapses, was correlated with the proportion of
total dendritic length in the SNr. Five neurons
were analyzed for VGIuT2* synapses and four for
VGAT* synapses. *P < 0.05.
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overall proportions of glutamatergic and GABAergic synapses and
varicosities in the SNc¢ and SNr and compared them with those
forming synaptic contacts with the identified dopaminergic neu-
rons. First, we quantified the proportion of VGluT2* and VGAT*
synapses in the immediate vicinity of the labeled dopaminergic
neurons and dendrites using the stacks of serial electron micro-
graphs that were used to define their afferent input (see Online
Methods). There was no significant difference between the
proportions of VGAT™* (40.5 + 7.6% of total synapses, mean *
s.e.m.) and VGluT2* (33.1 £ 0.3%) synapses made on unlabeled
dendrites in the SNc, but there were significantly more VGAT*
(50.6 £ 5.3%) than VGIuT2* (28.8 + 3.4%) synapses in the SNr
(two-way ANOVA with transporters and regions as factors, F = 9.4,
P < 0.05; Student-Neuman-Keuls post hoc test, P < 0.05 for pairwise
significant comparisons, n = 3). Second, we performed a systematic
random sampling of VGAT®*, VGIuT2* and VGIuT1* varicosities
in the SNc and SNr at the light microscopic level (Supplementary
Fig. 2 and Online Methods). We included VGIuT1* varicosities
in this analysis to give an indication of

the proportion of the unlabeled terminals

in our electron microscopic analysis that a

were glutamatergic. As in the ultrastruc-
tural analysis, we found no difference
between the proportions (percent of all -
labeled varicosities) of VGAT' (55.3 + 20%
5.5%) and VGIuT2* (40.6 £ 5.6%) vari-
cosities in SNc, although the proportion
of VGAT™ varicosities was significantly
larger than the proportion of VGluT1*
(4.0 + 1.0%) varicosities. Consistent with
the ultrastructural analysis, the proportion
of VGAT™" (70.1 = 2.8%) varicosities was
significantly larger than the proportion
of VGIuT2* (29.1 £ 2.9%) varicosities in
the SNr, as were the differences between
the VGAT* and VGIuT1* varicosities

SNc dendrites

100% *—

Dendritic length in SNr (%)

) SKIr dendrites

and VGIuTI1" varicosities (each value is
the mean * s.e.m.; two-way repeated-
measures ANOVA with vesicular trans-
porters and regions as factors, F = 21.6,
P < 0.05; Student-Neuman-Keuls post hoc test, P < 0.05 for pairwise
significant comparisons, n = 3).

These ultrastructural and light microscopic analyses indicate
that the somato-dendritic domains of SNc dopamine neurons in the
SNc and SNr receive afferent synaptic input that reflects the syn-
aptic environment in which they are located, at least with respect
to GABAergic and glutamatergic inputs. The light microscopic ana-
lysis also revealed that VGluT1* varicosities only account for a small
proportion of all of the GABAergic and glutamatergic synapses in
both the SNc (4%) and SNr (0.8%), indicating that this class of gluta-
matergic afferents has a relatively minor contribution to the overall
glutamatergic innervation of the substantia nigra and probably also
the innervation of individual dopaminergic neurons.

Responses to aversive stimuli correlate with structure

Previously, we found that most identified SNc dopaminergic neurons
have no response during aversive stimuli (a pinch applied to the hind
paw), whereas a small proportion is inhibited”. We asked whether this
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Figure 4 Densities of synapses made with different dendritic compartments. (a) Fan diagram showing
classification of an individual dopaminergic neuron’s dendrites in SNc (light blue) and SNr (orange)
into proximal and distal domains. Inset shows the neuron at low magnification. Scale bar represents
200 um. (b) The relative density of synapses was greater for SNr dendrites than for distal or proximal
SNc dendrites in individual neurons. (c) The relative density of GABAergic synapses (VGAT*) was
greater for SNr dendrites than for distal or proximal dendrites in the SNc, and also greater than that
for glutamatergic synapses (VGIuT2%) in the SNr (mean + s.e.m. for b and c¢). *P < 0.05.
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Table 2 Absolute density of synapses made with individual SNc
dopaminergic neurons

Synaptic density (synapses per um?2) Mean S.e.m. Range
All synapses (n = 6 neurons)
Entire neuron 0.53 0.06 0.32-0.65
Proximal SNc dendrites 0.44 0.09 0.18-0.71
Distal SNc dendrites 0.51 0.07 0.36-0.73
SNc dendrites, total 0.47 0.06 0.25-0.59
SNr dendrites 0.73 0.12 0.40-0.93
VGIuT2* synapses (n = 5 neurons)
Entire neuron 0.16 0.02 0.10-0.23
Proximal SNc dendrites 0.19 0.06 0.05-0.32
Distal SNc dendrites 0.15 0.04 0.04-0.29
SNc dendrites, total 0.16 0.02 0.11-0.25
SNr dendrites 0.12 0.05 0.00-0.23
VGAT* synapses (n = 4 neurons)
Entire neuron 0.31 0.06 0.17-0.46
Proximal SNc dendrites 0.21 0.07 0.00-0.30
Distal SNc dendrites 0.26 0.06 0.14-0.41
SNc dendrites, total 0.23 0.03 0.17-0.30
SNr dendrites 0.58 0.13 0.44-0.85

Absolute density is calculated as the number of estimated synapses per um?
of approximate surface area of different somatodendritic compartments of
dopaminergic neurons, as obtained from digital reconstructions using light
microscopy (see Online Methods).

heterogeneity is a consequence of differences in dendritic architecture
and, thus, synaptic input (Fig. 5). We retrospectively analyzed the
responses of our anatomically characterized neurons (n = 11) to
aversive stimuli and divided them into those that were significantly
inhibited and those that showed no response, according to previously
established criteria based on mean firing rate” (see Online Methods).
This was possible because none of the SNc neurons were excited
according to our criteria, as shown in our previous studies’. The
neurons inhibited by the stimuli had, on average, a larger proportion
of their dendrites extending into the SNr than neurons that did not
respond (Student’s ¢ test, P < 0.05, n = 5 neurons for inhibition group
and n = 6 for no response group; Fig. 5b,c).

Figure 5 The responsiveness of individual a

ARTICLES

Consistent with our finding that the proportion of GABAergic syn-
apses relates to the proportion of the dendritic field in the SNr, the
mean proportion of GABAergic synapses in contact with inhibited
neurons was higher than that of neurons that did not respond (ratio
of VGAT synapses to total number of synapses = 0.67 and 0.54 for two
inhibited neurons (mean = 0.61), and 0.4 for two neurons showing no
response; Fig. 5d), whereas the mean proportion of glutamatergic syn-
apses was similar between the two groups (ratio of VGluT2 synapses
to total number of synapses = 0.32, 0.31 and 0.31 for three inhibited
neurons, and 0.26 and 0.38 (mean = 0.32) for two neurons show-
ing no response). There was no difference between the two groups
of neurons in terms of the total dendritic length (Student’s ¢ test,
P>0.05, n=11 neurons; Fig. 5¢) and the number of dendritic segments
(45.0 £10.3 for inhibited versus 57.3 * 8.8 for nonresponsive neurons,
Student’s ¢ test, P> 0.05, n = 11 neurons). Moreover, the mean baseline
firing rates of inhibited and nonresponsive neurons were similar
(3.6 £ 1.0 Hz for inhibited versus 2.9 + 0.3 Hz for nonresponsive
neurons; Student’s ¢ test, P > 0.05, n = 11 neurons), and baseline firing
rates were not correlated with the proportions of dendrites extending
into the SNr (R = 0.22, P> 0.05, Pearson’s product moment correlation,
n =11 neurons).

To further characterize the relationship between functional
properties and morphological characteristics, we tested for a cor-
relation between the proportional change in firing rate in response
to the stimulus and the proportion of dendrites extending into the
SNr (Fig. 5f). This analysis included both decreases and increases
in firing, irrespective of whether they reached the statistical crite-
ria that we previously used to define the responsiveness of neurons’
(Fig. 5c-e). A larger proportion of dendrites located in the SNr was
associated with larger reductions in firing rate (inhibition) dur-
ing stimulation (R = -0.52, P = 0.052, Pearson’s product moment
correlation, n = 11 neurons). Together, these data indicate that the
relative extension of SNc¢ neuron dendrites into the SNr not only
dictates overall GABAergic innervation (Fig. 3¢) and the likelihood of
neurons being inhibited (Fig. 5¢), but also determines the magnitude
of the change in activity in response to aversive stimuli (Fig. 5f).

[

Sumulus — stmuus — B VGIuT2*
dopaminergic neurons to aversive stimuli 260, % __ 80 1@ VGAT*
is correlated with the proportion of their T 50 £ 60
dendrites located in SNr. (a) Examples of a % WMWWMWWW & 40 8 20
neuron inhibited (arrow) by a noxious stimulus E 38 § 20
(hind paw pinch) and another neuron that § ? 10 2
did not respond. (b) Digital reconstructions 2 2 a0 & 0 & &
of the same neurons (left, lateral view; right, o 0 v\;@\\ o&m v\-\@‘\\ 00"“
in frontal view). SNr dendrites are shown in 5 15 20 25 5 15 20 25 & © &
orange and SNc dendrites in light blue. Note T'me ) T'me ) f
that a larger proportion of the dendrites of the Ee 10 c
inhibited neuron extended into SNr (orange) 2 8 S~
than those of the nonresponsive neuron. ﬁ? 6 s by
Scale bar represents 200 um. (c) Neurons 5 E 4 g%
that were inhibited by the stimulus (inhibition g i L
group) had a significantly greater proportion & 0, 0 10 20 30 40 50 60
of their dendrites in the SNr compared “@\ S Length in SNr (%)
with the no response group. *P < 0.05. N @EQ

(d) Inhibited neurons had a greater proportion of

GABAergic (VGAT") synapses on their dendrites than did nonresponsive neurons. The proportions of glutamatergic (VGIuT2*) synapses were similar for
both groups. Five neurons were analyzed for VGIuT2* synapses (three inhibited, two no response) and four of them for VGAT* synapses (two inhibited,
two no response). (e) Inhibited and nonresponsive neurons were not significantly different in size, as measured in terms of total dendritic length (or
number of dendritic segments or baseline firing rates before the stimulus delivery). (f) Mean percentage change in firing rate following the stimulus
showed a negative correlation with the proportion of dendrites in SNr such that larger proportions of dendrites in SNr of dendrites were associated with
larger decreases in rate (R =-0.52, P=0.052, Pearson’s product moment correlation). The data in c, e and f were derived from 11 neurons analyzed at
the light microscopy level; five were significantly inhibited and six were not responsive (mean + s.e.m. for c—e).
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DISCUSSION

We tested the hypothesis that the heterogeneity in the responses of
individual dopaminergic neurons to behaviorally relevant stimuli®~1°
is a consequence of differences in dendritic architecture and gluta-
matergic and GABAergic synaptic innervation. Our analyses revealed
that the likelihood of a dopaminergic neuron being inhibited by aver-
sive stimuli, as well as the magnitude of such inhibition, correlates
with the proportion of the dendrites located in the SNr, where they
receive a higher proportion of GABAergic inputs. Our findings thus
provide a structural basis for the diversity of the functional properties
of SNc dopaminergic neurons in vivo.

Our finding that at least ~30% of presynaptic terminals are gluta-
matergic (VGluT2") and that ~50% are GABAergic is supported by
previous immunohistochemical studies of putative glutamatergic
and GABAergic terminals in synaptic contact with dopamin-
ergic processes in the substantia nigra!>!°. We also found that
about one fifth of synaptic terminals were neither GABAergic
nor VGIuT2*. Only a small proportion of these were VGluT1*
(4.0% in SNc and 0.8% in SNr of all of the GABAergic and gluta-
matergic terminals), which are presumably of cortical origin?42°,
suggesting that this remainder must also include cholinergic terminals
from mesopontine tegmentum!>!# and serotonergic terminals from
raphe nuclei?®.

Our single-cell analyses revealed that the proportions of glutama-
tergic and GABAergic afferent synapses vary throughout the somato-
dendritic domain of a dopaminergic neuron. Thus, we found that
glutamatergic synapses were more numerous on the dendrites and
perikaryon located in the SNc than on those located in the SNr (~35%
of synapses in the SNc versus ~20% of those in SNr), which may be
explained by a lower proportion of GABAergic synapses on SNc den-
drites. In contrast, a higher proportion of GABAergic synapses was
found on dendrites located in the SNr (~43% of synapses in the SNc¢
versus ~69% of those in SNr), where they were more densely packed,
as had been suggested in earlier qualitative analyses!3. Notably, these
proportions reflect the overall proportions of glutamatergic and
GABAergic synapses in the SNc and SN, suggesting that innervation
of dopaminergic neuron dendrites is more region specific than cell
specific. This supports the notion that the dendrites of SNc dopamin-
ergic neurons that penetrate the SNr define an additional subcellular
compartment with different synaptic inputs and different rules of
connectivity (Supplementary Fig. 3).

By being proportionally more numerous and closer to the axon
initial segment (located at the soma or a proximal dendrite?), gluta-
matergic inputs to SNc-located processes may be better suited to drive
the activity of dopaminergic neurons than glutamatergic inputs to
SNr-located dendrites of the same neurons. Presumably, the efficacy
of glutamatergic inputs to SNr dendrites would be further reduced by
local interaction with the more numerous GABAergic synapses act-
ing on these dendrites?®?°. Our finding that neurons with a smaller
proportion of dendrites in the SNr have smaller reductions in activity
in response to the aversive stimuli supports this notion. We also found
that the approximate densities of glutamatergic synapses did not differ
between proximal and distal dendrites in the SNc. Thus, glutamatergic
synapses targeting proximal regions may be more effective at driving
the activity of dopaminergic neurons?, provided that there are no
mechanisms in distal dendrites actively scaling up synaptic efficacy°.
The functional relevance of two dendritic compartments (SNc versus
SNr) is further emphasized when considering the segregation of gluta-
matergic inputs in SNc and SNr. Afferents from the superior collicu-
lus®! and mesopontine tegmentum!4, which preferentially target SNc
and contain neurons expressing VGIuT2 (refs. 32,33), are theoretically

in a better position to drive dopaminergic neurons than afferents from
the glutamatergic subthalamic nucleus** that favor the SNr?’.

The synaptic organization of functionally distinct dopaminergic
neurons also sheds lights on the mechanisms that mediate inhibition
of firing. Given the higher number, ratio and density of GABAergic
inputs to SNr dendrites, inhibitory synapses on dendrites located in the
SNr may be more effective at hyperpolarizing or shunting the mem-
brane potential than synapses made with dendrites located in the SNc,
thereby allowing distal SNr dendrites to mediate inhibition. Indeed,
our results provide structural evidence supporting previous findings
that electrical stimulation of SNr is more efficient at eliciting mono-
synaptic inhibitory postsynaptic potentials in dopaminergic neurons
than stimulation in the SNc itself>°. The lower number, ratio and den-
sity of GABAergic synapses that we observed in proximal regions (that
is, in the SNc), unlike the innervation of cortical pyramidal cells36:37,
SNr or pallidal neurons!®, may also explain the comparatively lower
efficacy of inhibition by GABA of dopaminergic neurons®®3°. The
multiple GABAergic inputs to the substantia nigra (which include
those arising in basal ganglia nuclei!*1640 that preferentially target the
SNr), the rostromedial tegmentum (which preferentially targets the
SNc*!) and the local collaterals of SNr neurons (which innervate both
nigral regions*?) may inhibit dopaminergic neurons*>*143> through
parallel actions in these two dendritic compartments.

Our results establish a direct correlation between the dendritic
architecture, synaptic innervation and in vivo firing of identified
midbrain dopaminergic neurons. These new rules of connectivity
have important functional implications. The inhibitory responses
of SNc dopaminergic neurons, which, by transiently decreasing
dopamine release, contribute to signaling, encoding and learn-
ing of non-favorable behavioral contingencies>®~10, are related
to the relative length of dendrites in the SNr and therefore over-
all GABAergic innervation. For SNc dopaminergic neurons with
dendrites in the SN, it is tempting to speculate that inhibition is
facilitated by the concerted action of brainstem structures inner-
vating the SNc*!#4 and of basal ganglia nuclei (striatum, pallidum,
SNr)#0, through which the cortex and other high-order forebrain
structures may exert a top down control over the their activity*>.
Inhibition of dopaminergic neurons with most of their dendrites in
the SNc may be limited to the action of fewer regions, which would
include those brainstem structures related to processing and relay of
ascending somato-sensory inputs (bottom up control)*4. Thus, one
might conjecture that functional diversity in dopaminergic neurons
is a reflection of a differential degree of forebrain control over their
activity. A dual forebrain and brainstem influence may be also be
seen as an important factor in facilitating inhibition, as we previ-
ously found that dopaminergic neurons in SNr, whose somata and
entire dendritic field were located in the SNr, were no more likely
to be inhibited than SNc neurons’. The structural determinants
of activity that we describe here are probably relevant to other
neurons, including ventral tegmental area dopaminergic neurons,
whose diverse functional properties may relate to different degrees
or patterns of GABAergic innervation“®.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureneuroscience/.

Note: Supplementary information is available on the Nature Neuroscience website.
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ONLINE METHODS

Experimental procedures were performed on adult male Sprague-Dawley
rats (Charles River or from facilities at the Pontificia Universidad Catdlica de
Chile) and in accordance with the UK Animals (Scientific Procedures) Act,
1986, and guidelines of the Committee for Ethics and Welfare of Animals
(CEBA-MedUC).

Extracellular recording and juxtacellular labeling. Unless specified, proce-
dures were carried out as described previously’. Anesthesia was induced with
isofluorane (Isoflo, Schering-Plough) and maintained with urethane (1.3 g per kg
of body weight, intraperitoneal, ethyl carbamate, Sigma) and a mixture of ketamine
(30 mg per kg, intraperitoneal, Ketaset, Willows Francis) and xylazine (3 mg per kg,
intraperitoneal, Rompun, Bayer). Epidural electrocorticogram was recorded
from motor cortex to monitor spontaneous and driven brain states’. Extracellular
recordings of single-unit activity were made using glass electrodes (~1.5-pm tip
diameter, 10-25 MQ) containing 0.5 M NaCl and 1.5% neurobiotin (wt/vol, Vector
Laboratories). Stereotaxic coordinates were derived from ref. 47. Responses of
putative dopaminergic neurons to somato-sensory stimulation were tested by 15-s
pinches of the hind paw using pneumatically driven forceps’. Following the record-
ings, the same neurons were labeled by the juxtacellular method”. After 2-12 h, the
rats were perfuse-fixed with ~100 ml of phosphate-buffered saline (PBS, pH 7.4),
followed by 300 ml of 0.1% glutaraldehyde (wt/vol) and 4% paraformaldehyde
(wt/vol) in phosphate buffer (pH 7.4), and then ~100 ml of PBS.

For quantification, baseline spontaneous firing was recorded for 30 s imme-
diately preceding the pinch and compared with the activity during the pinch.
Firing rate was plotted against time (1-s bins); a neuron was defined as being
significantly responsive if two consecutive histogram bins (in the 15-s stimulus
period) lay outside 2 s.d. from the baseline mean rate. To ensure that the absence
of significant responses to a pinch was not a result of excessively deep anesthesia,
activation of the electrocorticogram in response to the pinch was confirmed’.
Changes in response to the pinch were further characterized (see Fig. 5f) by
calculating the mean changes in firing rate in response to consecutive (1 to 7)
pinches (percentage change = [(FR,, — FR;, )/ FR, ]x100; FR;, . = mean spon-
taneous firing rate immediately preceding the pinches, 30 s; FR, = mean firing
rate during the pinches, 15s).

Neurons processed and analyzed, and special cases. Neurons were selected
for study at the time of the fluorescence labeling used to confirm the presence
of tyrosine hydroxylase immunoreactivity (see below) and/or after permanent
labeling (see below). The first neuron analyzed was recorded and labeled under
isofluorane anesthesia and only the anatomical analyses (at the light and elec-
tron microscopy level) were performed. As the project and the method evolved
(including the systematic use of urethane for electrophysiological analysis, as
described above), we included immunolabeling of presynaptic terminals. Initially,
we immunolabeled all of the sections of one neuron for VGIuT2 and then alter-
nate sections of four neurons for VGluT2 and VGAT. In the neurons analyzed at
the electron microscopy level, an average of 79 synapses were counted per neuron
(Supplementary Table 2). Six additional electrophysiologically characterized
dopaminergic neurons were reconstructed and analyzed at the light microscopy
level only. We thus examined 12 neurons at the light microscopy level; six of these
were subjected to the detailed electron microscopy analysis, of which one was
only stained to reveal the neuron (and not analyzed electrophysiologically, see
above), one was also immunostained for VGIuT2, and four were immunostained
for both VGIuT2 and VGAT.

Fluorescent immunolabeling for neurochemical identity. The brains were cut in
the parasagittal plane on a vibrating microtome (Leica) at 50 um. The first section
was cut at a random thickness (between 1 to 50 um) to ensure random sampling®>.
Sections containing the substantia nigra were incubated overnight in Cy3-conju-
gated streptavidin (1:1,000, Zymed) to reveal the neurobiotin. The sections were
examined in an epifluorescent (Leica microsystems) or laser-scanning confocal
(Zeiss) microscope. Sections containing the cell body and/or thick primary den-
drites were selected, blocked in 10% normal donkey serum (NDS, vol/vol, Jackson
Immunoresearch), and incubated with mouse antibody to tyrosine hydroxylase
(1:1,000, Sigma) and goat antibody to calbindin (1:500, Santa Cruz Biotechnology)
in 1% NDS PBS. They were then incubated in AlexaFluor488-conjugated donkey
antibody to mouse IgG or goat IgG (1:1,000, Invitrogen), and Cy5-conjugated

donkey antibody to mouse IgG or goat IgG (1:1,000, Jackson Immunoresearch) and
mounted. AlexaFluor488 fluorescence was imaged with excitation from an argon
488-nm laser, with emission restricted by a BP 510-530 filter. Cy3 fluorescence was
imaged with excitation from a helium/neon 543-nm laser, with emission restricted
by a LP 560 filter (for the shorter wavelengths) and a NFT 635 VIS 2° dichroic (for
longer wavelengths). Cy5 fluorescence was imaged with excitation from a helium/
neon 633-nm laser, with emission restricted by either a LP 650 filter. Labeling
for neurobiotin and colocalization with calbindin and tyrosine hydroxylase was
assessed. In cases where staining was not clear, the sections were freeze-thawed (see
ref. 48) and the processing repeated. Only neurochemically identified (tyrosine
hydroxylase expressing) SNc dopaminergic neurons were analyzed.

Permanent labeling. Neurons that were strongly labeled with neurobiotin were
selected (blind to electrophysiological phenotype) and processed for permanent,
peroxidase labeling. Sections were freeze-thawed*® and then incubated in avidin-
biotin peroxidase complex (ABC Elite, 1:100, Vector) to reveal the neurobiotin,
together with rabbit antibodies to VGIuT2 (1:2,000, Synaptic Systems) or VGAT
(1:500, Synaptic Systems) in alternate sections. For one neuron, all sections were
incubated with antibody to VGluT2. They were then incubated with donkey anti-
body to rabbit IgG (1:100, Jackson) for a subsequent peroxidase-anti-peroxidase
(PAP) reaction. After washing, the sections were incubated in Tris buffer (0.05 M,
pH 7.6) containing 0.002% H,O, (wt/vol, Sigma), 0.025% diaminobenzidine
tetrahydrochloride (DAB, wt/vol, Sigma) and 0.5% nickel ammonium sulfate
(wt/vol, Sigma). This labeled neurobiotin-filled neurons with a blue/black pre-
cipitate (see Fig. 2b). The sections were then incubated with rabbit PAP (1:100
dilution, Jackson) and the DAB procedure was repeated, but without nickel.
This resulted in VGluT2- or VGAT-immunoreactive axon terminals labeled by
abrown precipitate (see Fig. 2b). The sections were then post-fixed in 1% osmium
tetroxide (wt/vol in PBS, pH 7.4, Oxkem, including 5% B-D-glucose), dehydrated,
infiltrated with resin (Durcupan ACM, Fluka), mounted on slides and cured at
60 °C for 70 h*8.

Digital reconstructions. All digitally reconstructed neurons were completely
filled; all of the dendrites extended to natural tapering ends and none faded
away, and axons were traced for long distances (up to the internal capsule).
They were digitally reconstructed in three dimensions using Neurolucida
(MicroBrightField), a Nikon Eclipse microscope (100x objective) equipped with
an x, y, z motor stage and Lucivid (MicroBrightField). Neuronal fragments from
every section were traced onto a corresponding digital section using the Serial
Section Manager in Neurolucida. High- (100x objective) and low-magnification
(2x and/or 10x objectives) images were acquired at the top of each section to
assist the electron microscopy analysis (see below). Contours of the SNc and SNr
were drawn at lower magnification. After all processes and contours were traced
in each individual digital section, a copy of the file (the unspliced file) was saved to
assist subsequent sampling of synapses in Stereo Investigator (MicroBrightField).
A second copy of the file was used to produce full neuron reconstructions (see
Figs. 2a and 5b) through splicing of corresponding dendritic fragments (the
spliced file). A shrinkage correction factor was applied to the x (6.3%), y (6.0%)
and z (8.0%) dimensions*. Quantitative data for anatomical parameters were
obtained using the Neurolucida Explorer software.

Re-embedding and acquisition of images. Tissue pieces containing dendritic (or
cell body) segments were cut out of the sections and re-embedded for ultrathin
sectioning. Blocks were produced for all dendritic or cell body fragments located
at the top of every section. Series of ultrathin sections (50 nm, at least ten per
single-slot grid) were cut on an ultramicrotome (Leica Microsystems, EM UC6)
and contrasted in lead citrate?S. Sections were examined in an electron micro-
scope (Philips CM100) and fragments of dendrites (or cell body) were identified.
Electron micrographs were acquired of the labeled structures in each ultrathin
section (UltraScan 1000 CCD camera, Gatan). Given the random and systematic
nature of the analysis, which quantifies only synapses that are located at the upper
surface of 50 m of the sections, we did not always have access to the cell body or
the axon initial segment. They were not analyzed separately, but were included
in the proximal region of neurons.

Offline counting of synapses. The unspliced file copy of the digital recon-
struction of each section was opened in Stereo Investigator, where the optical
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fractionator probe was set up. Using the workflow option, a counting frame of
equal size to the sampling grid was set up so as to sample all dendritic/cell body
fragments. The dissector height (or sampling region at the top of the section) was
set to 0.5 um (corresponding to 10 x 50 nm ultrathin sections). Block advance
(50 um) and mounted section thickness (46 {m as a result of shrinkage*”) were
specified. In each fractionator probe, stacks of serial images were loaded at the
exact magnification and location of the corresponding traced dendritic fragment/
cell body. Only the ‘tops’ of synapses were counted?. A synapse was identified
by the presence of presynaptic vesicles, flattening of the opposed membranes,
synaptic cleft and cleft material. Synaptic boutons were defined as VGluT2*,
VGATY, unlabeled (VGIuT2~ and VGAT") or unidentified (Fig. 3). The pro-
cedure was repeated for all of the traced neuronal fragments. The total number
of synapses of individual neurons was then estimated. This was computed by
dividing the number of counted markers by the height sampling fraction (0.5 um/
46 um = 0.01087 for quantification of all synapses or 0.5 um/92 pm = 0.00543
for quantification of synapses in VGIuT2 or VGAT series).

Distribution and density of synapses across dendrites. Each dendrite was clas-
sified as located in SNc or SNr. For SNc dendrites, they were defined as proximal
when located within a distance equivalent to 20% of the longest possible distance
from the cell body to any dendrite tip in the SNc. Proximal SNc regions included
~66% of primary dendritic length and only ~3% of the highest order (5-8° branch
order) dendritic length. Conversely, proximal dendritic length consisted of ~23%
primary dendrites (68% primary and secondary dendrites) and only ~1% from
highest order dendrites. Almost all of the dendrites in SNr (~95% SNr dendritic
length) were distal and were therefore pooled into one group: SNr. The 20%/80%
criterion separates the neuron into compartments of approximately similar size
in terms of surface and number of synapses, allowing one to carry out statistical
analyses. In Neurolucida, markers of the different synapses were placed in the
exact location from which they were sampled. A Sholl analysis was performed
on the spliced file with the different synapses assigned to proximal or distal SNc¢
dendrites or to SNr dendrites. Estimates of number of synapses in each compart-
ment were then combined with approximate length or approximate surface area
for the same compartments to estimate synaptic density.

Proportions of synapses on unlabeled dendrites in SNc and SNr. The stacks
of electron micrographs used for stereological analysis of individual neurons
(see above) were used to count synapses on unlabeled dendrites located in the
immediate vicinity of the labeled dopaminergic dendrites (up to ~2.8 um from
the labeled structures, that is, maximum distance from the center of a 4.0 x 4.0 um

micrograph to an edge). Proportions of immunopositive synapses are expressed
as percentage of the total number of synapses. Only micrographs from neurons
stained for VGIuT2 and VGAT, and with dendrites in SNc¢ and SNr (n = 3)
were included.

Proportions of varicosities immunopositive for VGluT1, VGIuT2 and VGAT.
Midbrain sections of three paraformaldehyde-fixed (4%) rats were immunostained
to reveal VGIuT2, VGAT and VGIuT1 (1:1,000, monoclonal mouse antibody to
VGIuT1, MAb Technologies) using the ABC method essentially as described
above. The number of varicosities immunopositive for each of the transporters
in SNc and SNr were estimated by an unbiased procedure using the optical frac-
tionator workflow in Stereo Investigator. Contours for SNc and SNr were obtained
from an adjacent Nissl-stained series. The counting frames (10 x 10 m) were
distributed randomly using a 100 x 60 wm grid over the SNc and a 250 x 150 pm
grid over the SNr. For VGIuT2 and VGAT, the optical fractionators had a 100 pm?
surface and were 6 pm thick, with a guard zone of 1 um. For VGIuT1, the
incidence of varicosities using these sampling parameters was near zero, so a
(50 x 50 wm, or 2,500 wm?) surface counting frame was used. For the VGluT1
series, we sampled (mean £ s.e.m.) 416.0 £ 115.5 and 79.3 + 19.5 varicosities in the
SNc and SN, respectively (n = 3). For the VGluT?2 series, we sampled 175.0 +59.0
and 150.3 * 76.9 varicosities in the SNc and SN, respectively (n = 3). For the
VGAT series, we sampled 218.7 + 155.6 and 334 + 155.6 varicosities in the SNc
and SN, respectively (n = 3). The proportions for each marker are expressed as
the percentage of all three presynaptic markers and are thus expected to be higher
than in the electron microscopy analyses.

Statistical analysis. Descriptive (mean, s.e.m. and range), comparative (f test,
one- or two-way ANOVA, repeated-measures two-way ANOVA) and correlative
(Pearson’s correlation) statistics were performed using SigmaPlot 11 or Sigmastat
3.5. Pairwise post hoc comparisons were performed using a Student-Newman-
Keuls post hoc test (refer to SigmaPlot software for details). Data were assessed
for normality using the single-sample Kolmogorov-Smirnov test, on which para-
metric statistics were used. Level of significance was set at 0.05.
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48. Bolam, J.P. Experimental Neuroanatomy: a Practical Approach (IRL Press, Oxford,
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doi:10.1038/nn.3048

NATURE NEUROSCIENCE



Supplementary Table 1. Somato-dendritic features of identified SNc dopaminergic neurons.

ltem [number of neurons] Mean s.e.m. Range
Total dendritic length (um) [6] 6706 868 4190 - 9360
SNc dendritic length (um) [6] 4093 557 2696 — 6276
SNc dendritic length (%) [6] 66 9.6 43-100
SNr dendritic length (um) [6] 2430 838 0-5017
SNr dendritic length (%) [6] 34 9.6 0-57
Somatic surface area (um?) [6] 1095 198 626 - 1649
Somatodendritic surface area (um?) [6] 17630 2921 9735 -27781
SNc somatodendritic surface area (um?) [6] 11094 1277 7003 - 14705
SNc somatodendritic surface area (%) [6] 72 8.6 48 - 100
SNr dendritic surface area (um?) [6] 5563 2182 0-12129
SNr dendritic surface area (%) [6] 29 8.6 0-52
Number of primary dendrites [12] 4.6 0.3 3-6
Highest branch order [12] 7.8 0.6 5-11
Number of segments [12] 55 6.8 24 -99
SNr dendritic length (%) [12] 29 5.4 0-57

Number of neurons examined for each item is shown in parentheses in the first column. Twelve

neurons were reconstructed and examined at the light microscopic level, six of which were

subjected to the detailed electron microscopic analysis.



Supplementary Table 2. Descriptive data generated by the stereological sampling procedure of
the six neurons examined at the electron microscopic level.

ltem Mean Range
Number of sections analyzed per neuron’ 17 6-26
Missing sections per neuron 0.5 0-2
Dendritic fragment” sampled per neuron 52 38-60
Percent of dendritic fragment with synapses 71 63-76
Number of synapses counted 79 56-114

Mean, s.e.m., and range for six SNc dopaminergic neurons are shown. ‘Each histological section
contained one sampling region (a ‘dissector’) located at the upper surface of the tissue section
where counting of synapses was carried out. ?A ‘dendritic fragment’, which corresponds to any
piece of labeled dendrite or soma located within a section, was only sampled when located in the
dissector.
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Supplementary Figure 1 Structural characteristics of dendrites of calbindin-positive (CB+) and
calbindin-negative (CB-) SNc dopaminergic neurons. a. Five seconds of spontaneous spiking
activity (top) and spike waveform (average from 150 spikes, bottom) of an identified dopaminergic
and CB+ neuron recorded in the SNc in vivo. b. The neuron, revealed with neurobiotin (top, in
cyan) expresses tyrosine hydroxylase (middle, in red) and calbindin (bottom, in white). c. Projected
horizontal view showing the locations within the SNc of CB+ (black) and CB- (gray) neurons, also
indicating those analyzed by electron and light microscopy (EM & LM, solid) or only light
microscopy (LM, open). Anteroposterior (AP) distance from Bregma given in mm®’. d. CB+ (n=7)
and CB- (n=5) dopaminergic neurons did not differ in number of dendritic segments (top),
maximum branching orders (middle) or proportions of dendritic lengths in the SNr (bottom). All
comparisons using Student’s t-test, p > 0.05. Scales: 1 s for top and 1 ms for bottom horizontal
bars, and 1 mV for vertical bar for top and bottom in (a); 10 um in bottom image in (c) and applies

to all micrographs.



VGIuT2

Supplementary Figure 2 Immunohistochemical staining of vesicular transporters for glutamate or
GABA in the substantia nigra. Varicosities immunopositive for the vesicular transporters (open
arrowheads) for glutamate type 1 (VGIuT1, left images), type 2 (VGIuT2, central images) and the
vesicular transporter for GABA (VGAT, right images) in the substantia nigra pars compacta (SNc,
top images) or pars reticulata (SNr, bottom images), as seen during the counting procedure (see

Text). Scale bar in bottom right image = 10 um.
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Supplementary Figure 3 Diagram highlighting the main anatomical results of this study. Values for
proportions of synapses according to region and dendritic location (insets) are presented
according to text, Table 1, and Fig. 3. A higher density of synapses in the zoom over an SNr
dendrite is shown, also according to absolute and relative values presented in text, Table 2 and
Fig. 4. Table at bottom right indicates the total number of synapses counted and total number of
synapses estimated per region in each series during the single cell analysis for a representative

neuron (MJX082L, illustrated in figure).
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