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HIGHLIGHTS

e The A10 subregion expands laterally and caudally in nonhuman primates
e The A10, A9, and A8 comprise 52%, 42% and 6% of DA neurons, respectively
e GABAergic neurons are more evenly dispersed across subregions

e The A8 subpopulation has the highest ratio of GABA: DA neurons

ABSTRACT

The ventral midbrain is the primary source of dopamine- (DA) expressing neurons in most
species. GABA-ergic and glutamatergic cell populations are intermixed among DA-expressing
cells and purported to regulate both local and long-range dopamine neuron activity. Most work
has been conducted in rodent models, however due to evolutionary expansion of the ventral
midbrain in primates, the increased size and complexity of DA subpopulations warrants further
investigation. Here, we quantified the number of DA neurons, and their GABA-ergic complement
in classic DA cell groups A10 (midline ventral tegmental area nuclei [VTA] and parabrachial
pigmented nucleus [PBP]), A9 (substantia nigra, pars compacta [SNc]) and A8 (retrorubral field
[RRF]) in the macaque. Because the PBP is a disproportionately expanded feature of the A10
group, and has unique connectional features in monkeys, we analyzed A10 data by dividing it
into ‘classic’ midline nuclei and the PBP. Unbiased stereology revealed total putative DA
neuron counts to be 210,238 +/- 17,127 (A10 = 110,319 +/- 9,649, A9= 87,399 +/-7,751 and
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A8=12,520 +/- 827). Putative GABAergic neurons were fewer overall, and evenly dispersed
across the DA subpopulations (GAD67= 71,215 +/- 5,663; A10=16,836 +/- 2,743; A9=24,855 +/-
3,144 and A8=12,633 +/- 3,557). Calculating the GAD67/TH ratio for each subregion revealed
differential balances of these two cell types across the DA subregions. The A8 subregion had
the highest complement of GADG7-positive neurons compared to TH-positive neurons (1:1),

suggesting a potentially high capacity for GABAergic inhibition of DA output in this region.

ABBREVIATIONS

CaBP, calcium binding protein D28k; CLi, caudal linear nucleus; DA, dopamine; lll, third nerve
root; GABA, Gamma-Aminobutyric Acid; GAD67, glutamic acid decarboxylase 67; Glu,
Glutamate; IF, intrafascicular nucleus; IP, interpeduncular nucleus; PBP, parabrachial
pigmented nucleus; PN, paranigral nucleus; RN, red nucleus; RRF, retrorubral field; RMTg,
rostromedial tegmental nucleus; scp, decussation of the superior cerebellar peduncle; SN,
substantia nigra; SNc, substantia nigra, pars compacta; SNr, substantia nigra, pars reticulata;

STN, subthalamic nucleus; TH, tyrosine hydroxylase; VTA, ventral tegmental area.
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INTRODUCTION

An explosion of research in the last 20 years has significantly increased understanding of the
function and diversity of the midbrain dopamine (DA) neuronal subregions, and their roles in
behavior. These subregions-- A10, A9, and A8--are commonly known as the ventral tegmental
area (VTA), substantia nigra, pars compacta (SNc), and retrorubral field (RRF), respectively. It
is now recognized that DA neurons’ role in diverse behaviors--from reward learning, to social
motivation, to executive functions and motor output--results from a complex neuroanatomic and
circuit organization through the midbrain, with differential gene expression profiles,
electrophysiologic properties, and co-transmitter content (Watabe-Uchida et al., 2012; Beier et
al., 2015; Lerner et al., 2015; Morales and Margolis, 2017; Zhang et al., 2017; Farassat et al.,
2019; Poulin et al., 2020). For example, recent evidence, mainly from rodent models, indicates
various DA neurons can co-contain glutamate (Sulzer et al., 1998; Root et al., 2016), and
various neuropeptides (Seroogy et al., 1988; Bouarab et al., 2019; Pristera et al., 2019;
Nagaeva et al., 2020).

Beyond DA neuron diversity, it has long been known that GABAergic neurons comprise the
largest non-dopaminergic subpopulation in the ventral midbrain (Oertel et al., 1982; Nagai et al.,
1983; Mugnaini and Oertel, 1985; Nair-Roberts et al., 2008; Margolis et al., 2012). GABAergic
neurons are embedded among DA cells in each of the DA subregions. GABAergic neurons are
also heterogeneous based on morphology and immunostaining for calcium binding proteins,
peptides, and nitric oxide synthase (Parent et al., 1995; McRitchie et al., 1996; Paul et al., 2018;
Nagaeva et al., 2020). Glutamatergic neurons also comprise a neuronal subpopulation in the
ventral midbrain (Olson and Nestler, 2007; Nair-Roberts et al., 2008; Root et al., 2016), but are
less abundant than GABAergic neurons and are largely confined to midline VTA (Nair-Roberts
et al., 2008; Root et al., 2016). The non-dopaminergic cell types also have long-range
projections, and it is not yet clear what proportion exert local control through axon collaterals, or
simply function as interneurons (Van Bockstaele and Pickel, 1995; Carr and Sesack, 2000;
Mailly et al., 2003; Omelchenko and Sesack, 2009; Dobi et al., 2010; Henny et al., 2012; Taylor
et al., 2014).

DA neurons were classically divided into A10, A9, and A8 neuronal groups in rats and primates
(Pearson et al., 1983; Bjorklund and Lindvall, 1984; Hokfelt et al., 1984), based on morphology

and immunohistochemical staining to tyrosine hydroxylase (TH). Many of the chemical markers
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mentioned above have helped enormously to identify the neuronal groups across species.
These studies show differences in size, shape and location of DA subregional boundaries,
serving as cell-specific markers as the entire system expands from rodent to monkey and
human (reviewed in, Bjorklund and Dunnett, 2007). The classic DA subgroup boundaries in
monkey and human are drawn according to immunoreactivity for TH immunoreactivity, and for
expression of the calcium binding protein D28k in TH neurons of specific subgroups (CaBP; a
marker of the A10 and A8 DA subpopulations, but not the majority of A9 neurons) (Yamada et
al., 1990; Lavoie and Parent, 1991; Gaspar et al., 1993; Haber et al., 1995; McRitchie et al.,
1996). The A9 TH-IR neurons are specifically highly enriched in the g-coupled protein inward-
rectifying potassium channel 2 (Girk2) (Schein et al., 1998; Chung et al., 2005; Margolis et al.,
2012; Reyes et al., 2012; Fudge et al., 2017). Almost nothing is known of the relative
distribution of GABAergic neurons within these subpopulations in human and nonhuman

primates.

There are very few quantitative studies of the main cellular units in the DA subregions in
nonhuman primates assessed by modern stereological techniques. To begin to understand to
relative size and extent of the A10, A9, and A8 subregions, as well as the basic balance of DA
and GABAergic cells within each, we applied stereological counting methods to the ventral
midbrain regions in Macaques. Our goal was to develop a spatial map of the subregions in an
animal model close to the human. We also sought to examine the complement of GABAergic

neurons within and across the main DA subregions.

EXPERIMENTAL PROCEDURES

Animals. All experiments were carried out in accordance with National Institute of Health
guidelines (NIH Publications No. 80-23). Experimental design and techniques were aimed at
minimizing animal use and suffering and were reviewed by the University of Rochester
Committee on Animal Research. To conserve animals, we used perfused tissue from 3 young
male monkeys (Macaque fascicularis) that had received tracer injections in other brain regions

as part of other studies (Table 1).

Histology. All animals were sacrificed under deep anesthesia (pentobarbital) by intracardiac
perfusion, first with 0.9% sterile saline and then 6L of 4% paraformaldehyde in a solution of

sucrose and phosphate buffer. Brains were harvested and placed in 4% paraformaldehyde
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overnight, and then sunk in increasing gradients of sucrose solution (10%, 20%, and 30%). The
entire brain was coronally sectioned on a freezing microtome at 40um, and all sections were
saved in serial wells (‘compartments’) in a cold cryoprotectant solution containing 30%sucrose

and 30% ethylene glycol in phosphate buffer. They were stored at -20°C.

Calbindin D28k (CaBP), glutamic acid decarboxylase 67 (GAD67), and tyrosine hydroxylase

(TH) immunoreactivity (IR): 1:24 adjacent sections through the ventral midbrain were

immunostained for TH (a synthetic enzyme, and marker, of DA neurons the ventral midbrain;
Pearson et al., 1983), CaBP (a marker of the A10 and A8 DA subpopulations; Yamada et al.,
1990; Lavoie and Parent, 1991; Gaspar et al., 1993; McRitchie et al., 1996; Haber and Fudge,
1997), and GADG67 (a synthetic enzyme for GABA, and marker of GABAergic neurons; Margolis
et al., 2012). The A9 neuronal group is identified by its marked absence of CaBP-IR, which
matches the distribution of relatively high Girk2-IR (not shown, Schein et al., 1998; Chung et al.,
2005; Reyes et al., 2012; Fudge et al., 2017) . Using 1:24 sections yielded 6 evenly spaced
coronal sections through the ventral midbrain, with 960 um between sections. In brief, we
section the entire brain in the coronal plane, collecting each section in 24 consecutive wells.
Therefore, each well has 1:24 sections with a unique rostrocaudal starting point, which is
randomly selected for processing. After immunostaining the entire well, and mounting the tissue
(see below), sections through the ventral midbrain region that contain the regions of interest are
marked. Each case yielded 6 sections; therefore, the rostrocaudal extent of the ventral

midbrain is approximately 5.75-6 mm.

Adjacent compartments through the ventral midbrain were processed using mouse anti-CaBP
(1: 10,000, C9848, Sigma, St. Louis, MO), mouse anti-TH (1:10,000, MAB318, EMD Millipore
Corp, Temecula, CA), and mouse anti-GADG67 (1:10,000, MAB5406, EMD Millipore Corp,
Temecula, CA) (Table 1). These antibodies have been used in many studies across species
(e.g. JCN Database 14.0), and their distribution was similar to that in recently published work on
monkey and human (e.g. CaBP: Rice et al., 2016; eg. TH: Fudge et al., 2017; e.g. GAD67:
Mabry et al., 2020; Selemon and Begovic, 2020). All cases (animals) for each individual stain
were batch processed, under identical parameters. Selected sections were first thoroughly
rinsed in 0.1M phosphate buffer solution containing 0.3% Triton-X (PB-TX) followed by an
overnight incubation in the same solution The following day, tissue was treated with an
endogenous peroxidase solution (10% methanol, 3% hydrogen peroxide [H>O-] in 0.1M PB pH

7.4) for 5 minutes and rinsed thoroughly in PB-TX. Sections were incubated in blocking solution
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containing 10% normal goat serum in PB-TX (NGS-PB-TX) for 30-min followed by a ~96- hour
shaker incubation in primary antisera and NGS-PB-TX at 4°C. Tissue was then rinsed in PB-TX,
blocked with 10% NGS-PB-TX, and incubated in biotinylated goat anti-mouse secondary
antibody (1:200, BA-9200, Vector Laboratories) for 40 minutes at room temperature. Following
additional rinses, tissues were incubated for 1-hour in an avidin biotin complex solution (per kit
instructions, ABC Peroxidase, PK-6100, Vector Laboratories) at room temperature. Tissues
were then rinsed several times in 0.1M PB followed by 0.05M Tris Buffer (TB) and incubated in
solution containing 0.05% 3,3’-diaminobenzidine (DAB) with 3% H>O- in TB for 10 minutes.
Sections were rinsed thoroughly in 0.1M PB and mounted out of a gelatin-based solution
(0.05% 275 bloom gelatin, 20% ethanol in ddH-O) onto gelatin coated slides. Once dry, slides
were dehydrated through xylene and cover-slipped using DPX mounting media (Electron
microscopy systems [EMS], Cat. 13510).

Analysis

Delineation of DA subpopulation boundaries (Fig. 1). CaBP-IR of cell bodies was used to

identify the general boundaries between the A10 neurons and A8 neurons, and the ventrally
located A9 neurons (Lavoie and Parent, 1991). We also considered morphologic characteristics
of TH-positive cells. The A10 neurons in the nonhuman primate extend the entire rostrocaudal
extent of the midbrain, and include the following subnuclei: the rostral linear nucleus (RLi), the
caudolinear nucleus (CLi), the intrafascicular nucleus, the ventral tegmental nucleus (VTA), the
paranigral nucleus, and the parabrachial pigmented nucleus (PBP, Halliday and Tork, 1986;
McRitchie et al., 1995). The PBP is an unusually large subnucleus of the A10 in the monkey
and human (Halliday and Tork, 1986; Olszewski and Baxter, 2014), with large mediolaterally
oriented neurons that sweep dorsally over the entire A9 region, and merge caudally with the A8
group. We therefore grouped all the VTA subnuclei medial to the PBP as the ‘midline VTA’
group and designated the PBP as a separate A10 subnucleus. The A9 neuronal group was
delineated by the CaBP-poor region, which overlaps with Girk2-IR neurons (not shown, Fudge
et al., 2017). The A9 DA subpopulation is also easily recognized with densely packed, large-
sized TH-positive neurons (see Fig. 2) which form vertically oriented cell clusters with their
dendrites reaching deeply into the pars reticulata. The A8 neurons are situated in the
retrorubral field and are embedded in and around the fibers of the medial lemniscus. In coronal
sections, at the level where the medial lemniscus is first detected, the medial A8 cell group

merges with the caudal PBP.
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To define the boundaries of the subpopulations in each animal, sections were first
photographed under low-power magnification (Plan Apo 2X/ 0.08 objective, Olympus BX51
brightfield microscope equipped with an Insight 4p Mosaic camera) and saved as a TIFF image
using the SPOT 5.6 software (v. 5.6.3, Spot Imaging, Diagnostic Instruments, Inc.). Boundaries
for the subnuclei and cell groups were mapped onto the TIFF image at the microscope under

higher power (UPlan 10X/ 0.30 objective), with reference to cellular morphology and location.

Unbiased stereology of TH-positive and GADG67-positive neurons. _In conjunction with

subregion maps (Fig. 1), we used the optical fractionator method (West and Gundersen, 1990)
to count neurons in the A10 ‘midline VTA’ and the PBP, the A9 group, and the A8 group. Slides
were examined using an Olympus Provis AX70 microscope equipped with a Prior motorized
stage (Proscan Ill) and mounted with an Olympus DC1394 (1IDC) camera under brightfield
conditions. Sampling was implemented using the Microbrightfield Stereolnvestigator software
package (v. 2021.1.3, MBF Bioscience, Williston, VT) at 40X magnification (UPlanFIl 40x/0.75
air objective). For GAD67-IR sections, we focused only on the A10, A9, and A8 subpopulations;
therefore, the rostromedial tegmental nucleus (RMTg), pars reticulata, and the interpeduncular
nucleus (IP), were excluded from the analysis. Neurons in the animal’s left hemisphere were
counted. Subpopulation boundaries were registered onto TH-IR sections and adjacent GAD67-
IR sections in the same animal, aligning fiducial markers such as blood vessels in the adjacent
sections. Prior to the beginning of the study, average section thickness was measured on
several sections from different brains, resulting in an approximate 25-30 um final section
thickness. Due to differences in cell size and packing densities across the subpopulations,
sampling parameters for TH- and GAD67-IR neurons in each subregion were determined in
advance in pilot studies. In all cases, we chose parameters where the Gundersen coefficient of
error, m=1 (CE), was <0.1. For all sections, we selected a 15 um Z plane to avoid any top or
bottom cell distortions, with a 5 um guard zone. Based on preliminary studies for each region,
final sampling parameters for TH-IR sections were: PBP, A8, SNc: a 100 x 100 counting frame,
and grid size of 212 x 212 was selected; midline VTA: 100 x 100 counting frame, and grid size
300 x 300. For GADG67-IR sections, sampling parameters were: PBP, A8, SNc: 100 x 100
counting frame with 115 x 115 grid size; midline VTA nuclei: 115 x 115 frame and 230 x230 grid
size. Section height was measured at each sampling site, and the estimated population was
calculated using number weighted section thickness. The top of each cell was chosen as the
‘leading edge’ for counting. The total neuron number for each cell type in each region is

estimated by the equation N=XQ x 1/ssf x 1/asf x 1/hsf, where ZQ is the actual cell number


https://doi.org/10.1101/2022.02.08.479596

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.08.479596; this version posted May 26, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

counted in the sample, ssf= section sampling fraction (sampling interval, 1:24), asf= area
sampling fraction (grid size/counting frame area), and hsf= height sampling fraction (average

mounted section thickness/dissector height).

Statistics. Unbiased, blinded counts of TH- and GAD67-positive neurons in each region of
interest were summed for each case and compared across animals using a Mann Whitney test
(pooled estimates) and a two-way ANOVA with Tukey multiple comparisons test (corrected) to
investigate population estimates across ventral midbrain regions. Ratios of TH/GADG67-positive
neurons per region was also calculated, using sums of cells in each region across all three
animals. The relative proportion of TH and GAD-67-IR neurons in each section through the
anterior-posterior plane were also calculated for each region. Estimated cell counts per level in
each of the cases were pooled, and presented as a log10 scale for presentation/comparison
purposes. A two-way ANOVA with Tukey’s multiple comparison tests were applied to assess
rostrocaudal differences across cell-type at each rostrocaudal level (S1-S6). p<0.05=+x,

p<0.01=xx* (#), p<0.001=x*xx (c0), p<0.0001<=+*x*xx (+). Error bars are presented as SEM.

RESULTS

The A10, A9, and A8 subpopulations. The boundaries of A10 (VTA, PBP), A9, and A8 neuronal

groups at two rostrocaudal levels of the midbrain are shown in Fig. 1. The midline VTA

subnuclei boundaries are shown in black, the PBP in yellow, the SNc in pink, and the RRF in
blue. The TH-IR neurons across the ventral midbrain vary in size, orientation and morphology
as has been reported previously (Yelnik et al., 1987; Fig. 2A-J). The TH-containing neurons in
midline VTA nuclei were generally smaller than those in the PBP, SNc, and RRF (Fig 2D
compared to B, C and E-F). There was morphologic heterogeneity with paranigral TH-positive
neurons being very small and round (15-20 um), while neurons in other regions (i.e the VTA, Rli
and Cl subnuclei) were slightly larger and often bipolar. TH-positive neurons in the PBP, SNc,
and RRF were often very large, with elongated soma measuring approximately 40-50 um in

diameter, flanked by thick, tapering proximal dendrites that were oriented in the same plane.

GADG67-positive neurons were present and interspersed across the A10, A9, and A8 regions.
These cells were much more diffusely distributed than TH-positive neurons, and had small

round, or multipolar soma. Across subregions, GAD-67-positive neurons ranged from
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approximately 15-30 um in diameter and had varying intensities of GAD67 immunoreactivity in

all regions.

Dopaminergic neuron counts. The total number of DA neurons per hemisphere, indicated by

TH-labeling, is shown in Table 2. Per hemisphere, the average number of TH-positive cells for
all subpopulations (n=3, 3 subpopulations) was 210,238 +/- 17,127, consistent with prior studies
in monkey (Blesa et al., 2012; Selemon and Begovic, 2020). The total A10 neurons comprised
52% of the total DA population (110,319 +/- 9,649), with the midline VTA nuclei containing 29%
and the PBP containing 23% of total TH-IR cells. The A9 and A8 accounted for 42% (87,399 +/-
7,751) and 6% (12,520 +/- 827) of total TH-IR cells, respectively.

GABAergic neuron counts. GAD67-positive neurons across the A10, A9, and A8 regions were

summed and averaged across cases (Table 2, n=3). The substantia nigra pars reticulata and
RMTg, which are GABAergic, and outside the DA subregions, are excluded from these
analyses. Overall, there were 71,215 +/- 5,663 GAD67+ neurons among the A10, A9, and A8
subpopulations per hemisphere. These were found in all the DA subregions, consistent with
rodent studies (Nair-Roberts et al., 2008). The mean GADG7-labeled cells in the A10
(uniliateral) were 33,727 +/- 1,923 (47% of the total GAD67 population [32% for the midline VTA
nuclei and 15% for the PBP]). The A9 GADG67-IR neurons totaled 24,855 +/- 3,144 (35% of the
total), and the A8 GADG67 neurons were 12,633 +/- 3,557 (18% of the total).

Estimated counts of each type of neuron were also assessed across individual cases (Table 3)
to ascertain within-animal variability. For all animals, there was a significant difference in
between cell-type comparisons only (TH-positive vs GAD67-positive, two-way ANOVA with
Tukey’s multiple comparison, F(1,2)= 62.89, p=0.0155), and no significant differences in the
number of each cell type across cases [F(2,2)=1.118, p=0.4722]). Thus, there was not
significant individual variability across the three male animals of approximately the same age

and pubertal status.

Proportions of TH- and GADG67-positive neurons by subregion. There were significantly more

TH-positive cells compared to GAD67-positive cells overall (Table 2, Fig. 3A, Mann Whitney
test, p=0.05). Overall, there were approximately 3 times more TH-positive than GAD67-positive
neurons in the ventral midbrain as a whole. By subregion, significant differences in TH-IR cell

numbers were found between the midline VTA group (triangles) and SNc and RRF, but not
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between the midline VTA and PBP (both A10 groups) (two-way ANOVA with Tukey’s multiple
comparisons test, F(3,16)=16.11, p<0.0001; VTA vs SNc, p=0.0178, VTA vs RRF, p<0.0001,
VTA vs PBP, p=0.5205). Similarly, the PBP (gray circles) had significant differences in TH-
positive cell numbers compared with the SNc (open circles, Tukey’s multiple comparisons test,
p=0.0004) and RRF (black squares, Tukey’s multiple comparisons test, p=0.0008). The SNc
had significantly greater TH-IR cell counts than all other regions (Tukey’s multiple comparisons
test; midline VTA [p=0.0178], PBP [p=0.0004], RRF [p<0.0001]), while the RRF had significantly
fewer TH-positive neurons than all other regions (Tukey’s multiple comparisons test; midline
VTA [p<0.0001], PBP [p=0.0008], and SNc [p<0.0001]).

When compared across DA subregions, there were no significant differences in GAD67-positive
neurons in the midline VTA, the PBP, SNc, or RRF. Comparing TH-IR and GAD-67-IR neuron
numbers across subpopulations, there were significantly more TH-IR neurons compared to
GADG7-positive cells for every subpopulation except the RRF (A8) (Fig. 3B, two-way ANOVA
with Tukey’s multiple comparisons test, solid black pairwise comparison lines, F(3,16)=16.11,

p<0.001). GADG67-positive cell counts did not differ significantly across subregions.

We then calculated the ratio of GAD67 to TH-labeled cells for each subregion, to compute the
relative contribution of each cell type within the classic DA subpopulations. This revealed that
the A8 (RRF) subpopulation had the highest complement of GAD67-positive neurons, slightly
exceeding the proportion of TH-positive cells (Table 4). In contrast, all other subpopulations
had a significantly lower relative proportion of GAD-67-positive neurons compared to TH-IR
cells. The proportion of GAD-67-IR neurons, compared to TH-IR neurons, in the midline VTA
A10 was 38%, and 25% and 28% in the PBP and SNc, respectively.

Rostrocaudal shifts for TH and GAD67. We also evaluated the relationship between TH-

positive and GADG67-positive neurons along the rostro-caudal axis (Fig. 4A-F). Levels are
arranged from the rostral-most section (S1) of the ventral midbrain at the level of the
subthalamic nucleus (STN), through the last section of the RRF (S6), at the level of the
interpeduncular nucleus (IP). The RRF occupies only the latter third of the ventral midbrain
(levels S5 and S6; Fig. 4E-F). Level designations are relative, and not aligned to a specific
stereotaxic coordinate since sections were selected at random starting points for purposes of
stereology. TH-IR neuron counts generally exceeded GAD67-IR neuron counts at most levels
for the midline VTA, PBP and SNc (Fig. 4 G-I; see Table 5 for estimated count data), but

10
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converged in the caudal midbrain where TH-IR and GAD-67-IR cell counts were most similar to
one another (Fig. 4J; see Table 5 for estimated count data). To investigate potential differences
at each rostrocaudal level, we performed individual two-way ANOVAs to assess the effect of
dopaminergic subregeion (VTA, PBP, SNc and RRF) and cell type (TH vs GADG67) on estimated
neuronal counts (Table 6). We found a significant difference between cell types at several
analyzed levels (specifically S2-S4, see Table 6 for statistical results). We also noted a
significance based on the particular subregion at the S1 and S3 levels. To determine which
rostocaudal level might be influencing the overall neuronal estimates the most, we further
performed Tukey’s mulitple comparisons tests amongst the estimated number of dopaminergic
(TH+) and GABAergic (GAD67+) neurons within each subregion and at each rostrocaudal level.
Here we noted significantly more TH-positive (black circle) to GAD67-positive (gray circle) at S2
(in VTA, p=0.0059; in SNc, p=0.0353), S3 (in VTA, p=0.0118; in PBP, p=0.0002; and SNc,
p=<0.0001) and S4 (in SNc, p=0.0052). Estimated count differences between TH-positive and

GADG7-positive neurons at the most rostral and caudal levels were not significantly different.

DISCUSSION

An explosion of studies in recent years documents profound heterogeneity of DA cells across
the expanse of the ventral midbrain, which includes circuit-specific differences in neurochemical
and electrophysiologic properties of specific DA neurons. However, basic data on the anatomy
of the DA subregions is lacking in the Macaque, a model which is the best anatomic match to
the human. Diseases associated with DA neuron dysregulation or pathology are well-described
in humans, ranging from mood disorders, social anxiety disorders, drug addictions and
schizophrenia to neurodegenerative conditions such as Parkinson disease. As such, precision
in mapping circuit specific paths and functions in a higher animal model is needed. We recently
showed subregion-specific inputs/outputs in amygdala-DA-striatal paths in the Macaque, which
involved the PBP and A8 neurons (Fudge et al., 2017). Meanwhile, behavioral roles for
projection-specific DA cells inside and outside the midline VTA have now been identified in
monkeys, using electrophysiologic techniques. These studies show that the anatomic position of
the DA neurons predict specific circuits and functions (Kim et al., 2014, 2015; Stauffer et al.,
2016). In this study, we take a first step in quantifying the distribution of DA neurons and their
GABAergic counterparts throughout the A10, A9 and A8 subregions of the ventral midbrain in
the macaque. We found significant subpopulation differences in the relative balance of putative

DA and GABAergic neurons, which will inform future anatomic and physiologic studies.
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Comparison with previous studies in nonhuman primates

Our stereological results for total TH-IR neuron counts are generally consistent with several
other nonhuman primate studies using similar stereological techniques (Emborg et al., 1998;
Francois et al., 1999; Blesa et al., 2012; Selemon and Begovic, 2020). For comparison, in
humans, TH-positive neuron counts are about twice the number found in the nonhuman
primate, although this literature is widely divergent depending on methods (reviewed in Stark
and Pakkenberg, 2004; Bjorklund and Dunnett, 2007; Fu et al., 2016). Previous studies in
nonhuman primates did not divide the TH-neurons into subregions prior to sampling and used
uniform sampling parameters throughout the entire structure. Most did not take the RRF (A8)
group into account (although seeFrancois et al., 1999). Our study represents an attempt to
apply standard boundaries for each subpopulation based on calbindin-D28K staining in DA
neurons, which is a reliable marker across species (McRitchie et al., 1996; Fu et al., 2016). We
also updated subdivisional schemes based on newer appreciation of the DA subregions in the
nonhuman primate. Important to note is the appreciation of the parabrachial pigmented nucleus
(PBP) as a lateral extension of the classic A10 VTA (Halliday and Tork, 1986; Olszewski and
Baxter, 2014). Prior to widespread use of subregional immunocytochemical markers, this region
was considered to comprise the ‘dorsal A9’ group by many groups, including ours (Francois et
al., 1999; Cho and Fudge, 2010). Older studies therefore likely over-represent A9 counts by
including the PBP in the dorsal A9.

There are no studies, to our knowledge, quantifying GAD67-positive counts throughout the full
extent of the classic DA subpopulations in Macaque. Our finding that there are about 3 times
more DA neurons than GABAergic neurons in the DA subpopulations is consistent with studies
in rats (Swanson, 1982; Nair-Roberts et al., 2008). A study using in situ hybridization for
GADG65/67 in rat compared percentages of putative GABAergic neurons to total neurons
(labeled by NeuN), and found that GAD65/67 mRNA positive neurons formed approximately
23% and 13%, respectively, of total neurons in the VTA and SNc, respectively (compared with
TH-immunoreactive cells comprising 55% and 88% of total neurons, in the same regions)
(Margolis et al., 2012).

In mice, GABAergic neuron heterogeneity can be extensively studied in transgenic animals, as

well as in different strains (reviewed in Bouarab et al., 2019), but to our knowledge, GAD67-

labeled cell numbers have not directly been compared to TH-positive neuron counts in this
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species using modern cell counting techniques. An important endeavor for all animal models is
to attempt to define specific GABAergic groups as interneurons versus long-range projection
neurons using co-markers (Paul et al., 2018). In mice, optogenetic and chemogenetic
techniques can enable silencing of long-range GABAergic projections, and thus dissociate
interneuron activity and function (Tan et al., 2012; van Zessen et al., 2012). It will be important
to determine the proportion of GABAergic neurons that actually participate in long-range

projections in monkeys, especially with respect to anatomic location in the midbrain.

Species variations highlight the need to expand knowledge in monkeys

The complexities of the ventral midbrain subregions differ across species (Bjorklund and
Dunnett, 2007), in both the nature of efferent/afferent connectivity as well as cellular
composition. The ventral midbrain of rats has about 20,000-30,000 TH-positive neurons per
hemisphere (German and Manaye, 1993); mice have approximately 10,000-15,000 depending
on strain (Nelson et al., 1996; Zaborszky and Vadasz, 2001; Brichta and Greengard, 2014). The
ventral tegmental area (VTA) is a primary source of dopamine to the cortex, ventral striatum,
and amygdala in the rodent. Newer studies in rodents make clear that DA neurons in the
medial versus 'lateral' VTA have differential projections and responses to ‘emotional cues’
(i.e.Lammel et al., 2011; Chaudhury et al., 2013; Beier et al., 2015; Lerner et al., 2015; Morales
and Margolis, 2017).

In our own work examining connections of the midbrain DA system, we have found that the
midline VTA (A10) and lateral A10 (PBP) have differential projections to the striatum and
amygdala. As a group, the midbrain DA neurons project to the striatum in progressive
increments along their mediolateral and dorsoventral axis, to target the striatum in a
ventromedial to dorsolateral gradient (Haber et al., 2000). With respect to the amygdala, we
have found that the midline VTA is not the sole, or main input projection; rather the majority of
DA-amygdala projections originate in the A10 neurons lateral to the midline VTA -i.e. the PBP
(previously termed the A9dt)-- and the A8 neurons (Cho and Fudge, 2010). Our recent work
indicates that, in the opposite direction, the amygdala-DA pathway also largely terminates
outside the midline VTA, with labeled terminals most concentrated over the A10 PBP, A9 dorsal
SNc, and the A8 RRF (Fudge et al., 2017). In other work, discrepancies regarding
dopaminergic projection patterns to the cerebral cortex have been shown between rodent and
higher order primates (Lewis et al., 1987; Berger et al., 1991). In primates, large regions of the

cortex (including the motor, supplementary motor, parietal, and association cortices) receive DA
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innervation, whereas in rodents, DA terminals are largely confined to the anterior cingulate and
to a lesser extent. Indeed, older tract tracing studies which apply large retrograde injections into
various cortical regions in nonhuman primates indicate that much of the cortical input from the
ventral midbrain originates in a broad continuum of midbrain neurons stretching from the midline
VTA, across the 'dorsal A9' (now recognized as the PBP) to the A8 RRF (Gaspar et al., 1989;
Williams and Goldman-Rakic, 1998).

Functional Significance

It is now well-established that the DA system can no longer be considered as simply a 'two
transmitter system' composed of either DA or GABAergic neurons. Cells throughout the DA
subpopulations are an admixture of DA-, glutamate-, and GABA- containing neurons (Dobi et
al., 2010; Margolis et al., 2012; Yamaguchi et al., 2015; Root et al., 2016; Morales and Margolis,
2017), a proportion of which are 'multiplexed’ (expressing multiple neurotransmitter profiles),
and participate in a variety of motivated behaviors (Lammel et al., 2012; Tan et al., 2012; Root
et al., 2018; Farassat et al., 2019). A large amount of recent work has focused on the complex
role of glutamatergic signaling in the ventral midbrain mainly in the rodent (Dobi et al., 2010;
Gorelova et al., 2012; Hnasko et al., 2012; Morales and Margolis, 2017; Root et al., 2018), but
more recently, in non-human primates as well (Root et al., 2016).The anatomic and functional
role of GABA, amongst and within these cell groups, is less understood (see review by,
Bouarab et al., 2019). VTA GABAergic neurons drive conditioned place aversion (Tan et al.,
2012) and disruption of reward consumption (van Zessen et al., 2012; Wakabayashi et al.,
2019; Lowes et al., 2021), and their activation is associated with exposure to acute stressors
(Cohen et al., 2012; Tan et al., 2012; Zhou et al., 2019). Conversely, inhibiting GABAergic
neurons in the ventral midbrain increases DA firing and is associated with opiate reward-
seeking (Margolis et al., 2014; Galaj et al., 2020). While GABAergic activation can inhibit DA
firing (at least in the VTA), the question of whether this occurs via direct interneuron-like activity,
or a less direct route is still not clear. Given these basic questions, determining the complement
of DA and GABAergic neurons in anatomic subpopulations of primate ventral midbrain is an

important starting point.

While some of our general results were similar to existing rodent data, this was not the case
when we examined the relationship of GABA:DA neuron in the RRF (A8). In contrast to other
regions where the proportion of GABAergic neurons were significantly less than DA cells, an

equal proportion of each neuron type occurred in the A8 RRF. Functionally, A8 falls within the

14


https://doi.org/10.1101/2022.02.08.479596

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.08.479596; this version posted May 26, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

presumptive “salience-detecting” neurons (Matsumoto and Hikosaka, 2009; Matsumoto and
Takada, 2013). In the nonhuman primate, these neurons project to the ‘limbic associative
striatum’, (reviewed in, Francois et al., 1999; Haber, 2014; Fudge et al., 2017), the amygdala
(Cho and Fudge, 2010), the thalamus (Sanchez-Gonzalez et al., 2005), and broadly throughout
the cortex (Gaspar et al., 1989; Williams and Goldman-Rakic, 1998). The 1:1 relationship
between TH and GADG67 (presumptive elevated inhibitory tone) within this region may suggest
differential modulation of dopaminergic signaling, or even the presence of long-range GABA

projections, to these downstream targets.
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FIGURE LEGENDS

Table 1. Experimental Cases.

Figure 1. Macroscopic views of DA subpopulations in Macaque. A-B. TH-positive

immunoreactivity in rostrocentral (A) and caudal (B) ventral midbrain. A’-B’. Adjacent sections
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immunostained for CaBP-protein. The A10 (black, midline VTA,; yellow, PBP outlines) and A8
(blue outline) regions contain many CaBP-positive cell bodies, which are not appreciated at this
magnification. The absence of CaBP-positive neurons is striking in the A9 subpopulation (pink
outline). The nondopaminergic SNr has dense CaBP-positive neuropil. Abbreviations: CLi,
caudal linear nucleus; Ill, third nerve root; IF, intrafascicular nucleus; IP, interpeduncular
nucleus; PBP, parabrachial pigmented nucleus; PN, paranigral nucleus; RN, red nucleus; RRF,
retrorubral field; scp; decussation of the superior cerebellar peduncle; SNc, substantia nigra,
pars compacta; SNr, substantia nigra, pars reticulata; STN, subthalamic nucleus; VTA, ventral

tegmental area.

Figure 2. Representative examples of TH and GAD67 immunostaining. Photomicrographs
through rostrocentral (A, K) and caudal (F, P) levels of the midbrain, depicting TH (A-J), and
GADG67 (K-T) immunostaining in adjacent sections. Macroscopic images of TH immunostaining
(A, F). Scale bar= 1 mm. Representative TH-positive neurons in selected regions are shown
under higher power (B-E [rostrocentral], G-J [caudal]). Scale bar= 50um. Macroscopic adjacent
sections of GAD67 immunostaining (K, P). Scale bar= 1 mm. Representative higher power
examples of GAD67-positive cells from boxed regions (L-O [rostrocentral],Q-T [caudal]). Scale

bar= 50um.

Figure 3. Estimated numbers of TH-positive and GAD67-positive cells in primate ventral
midbrain. (A) Optical fractionator estimates of total TH-positive (open circles) and GAD67-
positive (closed circles) cell counts depicting a significant 3-fold more TH-positive cells
throughout the ventral midbrain. Counts were pooled across n=3 cases. Line colors denote
each case. Mann-Whitney test, p=0.05. (B) Stereological estimates of cell types in A10 (VTA +
PBP), A9 (SNc) and A8 (RRF) subregions. A significant proportion of cells originated from the
midline VTA (triangle, hatched bar), PBP (gray circles, black bar) and SNc (open circles, gray
bar) compared to the RRF (black squares, white bar). Solid significance bars correspond to
“within cell type” comparisons. Two-way ANOVA with Tukey’s multiple comparison tests,
F(3,16)= 16.11, p<0.001. Dashed significance bars correspond to “across cell type”
comparisons denoting significantly more TH-positive cells compared to GAD67-positive cells in

all groups except in the RRF.

Figure 4. Rostrocaudal comparisons. Photomicrographs at evenly spaced intervals through the

ventral midbrain, with DA subregions drawn in (A-F; case MF32) assisted by CaBP-IR in
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adjacent sections (A’-F’) along the rostrocaudal axis. Midline VTA groups (black outline), PBP
(yellow outline), SNc (pink outline) and RRF (blue outline) are denoted at each level. G-J.
Rostral (S1) to caudal (S6) TH-positive and GADG7-positive estimated cell counts in midline
VTA (G), PBP (H), SNc (I) and RRF (J). Optical fractionator estimates are expressed as a Log
Base 10 scale for presentation purposes (see Table 5 for estimated count data). We noted
significant differences in estimated TH+ vs GAD67+ neurons at several levels. Two-way
ANOVA with Tukey’s multiple comparisons tests. *= p<0.05, #= p<0.01, o= p<0.0005, +=
p<0.0001.

Table 2. Estimates of TH- and GADG67-positive neurons for each subregion in all cases. The
midline VTA and PBP comprise the A10 subregions, the SNc is the A9 subregion, and the RRF
is the A8 subregion.

Table 3. Estimates of TH-positive and GAD67-positive neurons across experimental cases.

Table 4. TH-positive/GAD67-positive and GAD67-positive/TH-positive ratios.

Table 5. Rostrocaudal comparisons of TH-positive and GAD67-positive estimated cell counts

across experimental cases.

Table 6. Two-way ANOVA results of rostral to caudal estimated neuron counts.
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Table 1. Experimental Cases

Case | Weight (ka) | Age (years)
MFJ32[54 4.1
MFJ38 [3.5 33
MFJ42 (4.1 4.1
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Table 4. Ratios

REGION THVGAD RATIC_GAD/THRATIO
IDLINE VTA (AT0 132 2 038
ey 207 08
Ji2 346 020
Z76£040 0364006
FBP (AI0) 52 260 038
38 B o1a
a2 017
T T T
She (49} 52 410 024
38 216 032
a2 246
TR AR AA+0M
RRF(88) 152 159 03
ey 0ss 120
a2 135 o7e
T17 £0313  1.0620374
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Table 6. Two-way ANOV:
Lovel

s ofrostral to caudal estimated neuron counts.
1 s2

53

Cell Type  F1,12)-2.608 (p=0.1823)
3.970 (p=0.0475]

Subregion  F2,12

FU 12) 34 73 Tp<0.0001™

F(1,12) =118.6 (p<0.0001)™
F (2,12) =13.26 (P=0.0009)"*

£ 8 (p=0.2503)
Lovel sa S5

Cell Type F(1.12)-29.44 (p=0002) (1, 12)= 1.360 (p-0.2664)
Subregion F(2.12)=3.623 (p=0.0588)  F(3,12)=1.586 (p=0.2443)
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