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Nonpyramidal neurons in the primate basolateral amygdala: A
Golgi study in the baboon (Papio cynocephalus) and long-tailed
macaque (Macaca fascicularis)
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Abstract

Nonpyramidal GABAergic interneurons in the basolateral nuclear complex (BNC) of the
amygdala are critical for the regulation of emotion. Remarkably, there have been no Golgi studies
of these neurons in nonhuman primates. Therefore, in the present study we investigated the
morphology of nonpyramidal neurons (NPNSs) in the BNC of the baboon and monkey using the
Golgi technique. NPNs were scattered throughout all nuclei of the BNC and had aspiny or spine-
sparse dendrites. NPNs were morphologically heterogeneous and could be divided into small,
medium, large, and giant types based on the size of their somata. NPNs could be further divided
on the basis of their somatodendritic morphology into four types: multipolar, bitufted, bipolar, and
irregular. NPN axons, when stained, formed dense local arborizations that overlapped their
dendritic fields to varying extents. These axons always exhibited varying numbers of varicosities
representing axon terminals. Three specialized NPN subtypes were recognized because of their
unique anatomical features: axo-axonic cells, neurogliaform cells, and giant cells. The axons of
axo-axonic cells formed “axonal cartridges,” with clustered varicosities that contacted the axon
initial segments of pyramidal neurons (PNs). Neurogliaform cells had small somata and numerous
short dendrites that formed a dense dendritic arborization; they also exhibited a very dense axonal
arborization that overlapped the dendritic field. Giant cells had very large irregular somata and
long, thick dendrites; their distal dendrites often branched extensively and had long appendages. In
general, the NPNs of the baboon and monkey BNC, including the specialized subtypes, were
similar to those of rodents.
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1| INTRODUCTION

The basolateral nuclear complex (BNC) of the amygdala is a critical hub in forebrain circuits
regulating emotional behavior and emotional memory. The main cell types in the BNC
mediating projections to other forebrain regions are glutamatergic neurons with pyramidal or
semi-pyramidal somata and spiny dendrites. These neurons are often termed pyramidal
neurons (PNs) because of their resemblance to cortical pyramidal cells (McDonald, 1992;
Millhouse & DeOlmos, 1983). Like the cortex, the BNC also contains a variety of
interneuronal GABAergic nonpyramidal neurons (NPNs) with aspiny or sparsely-spiny
dendrites that tightly regulate the firing of PNs (Capogna, 2014; McDonald, 1992, 2019;
Spampanato, Polepalli, & Sah, 2011; Veres, Nagy, & Hajos, 2017; Veres, Nagy, Vereczki,
Andréasi, & Hajos, 2014).

NPN subpopulations with distinct morphological characteristics were originally described in
Golgi preparations in rodents and other nonprimate species (Hall, 1972; Kamal & Témbdl,
1975; McDonald, 1982, 1984; McDonald & Culberson, 1981; Millhouse & DeOlmos, 1983;
Mukhina & Leontovich, 1970; Tombdl & Szafranska-Kosmal, 1972). Subsequent
immunohistochemical studies in rodents demonstrated that NPNs with different
neurochemical signatures exhibited distinctive innervation patterns in relation to separate PN
compartments and/or other NPNs (Bienvenu, Busti, Magill, Ferraguti, & Capogna, 2012;
Capogna, 2014; McDonald, 2019; Muller, Mascagni, & McDonald, 2003, 2005, 2006, 2007;
Rhomberg et al., 2018; Vereczki et al., 2016). For example, rodent NPNs that express the
calcium-binding protein parvalbumin (PV) or the neuropeptide cholecystokinin (CCK)
mainly innervate the perisomatic compartment of pyramidal cells where they can control PN
spiking (Muller et al., 2006; Vereczki et al., 2016; Veres et al., 2014, 2017), whereas those
that express somatostatin (SOM) mainly innervate the distal dendritic compartment of PNs
where they can regulate synaptic plasticity involved in emotional learning by shunting
excitatory inputs (Capogna, 2014; Muller et al., 2007; Wolff et al., 2014). GABAergic
interneurons also control oscillatory activity in the rodent BNC, which has been shown to be
critical for synaptic plasticity involved in fear learning and extinction in rodents (Capogna,
2014; Pape and Paré, 2010). Because disruption in GABAergic inhibition in the BNC in
humans produces hyperexcitability which results in increases in anxiety, emotional
dysregulation, and seizure activity (Prager, Bergstrom, Wynn, & Braga, 2016), it is critical to
analyze the structure and function of GABAergic NPNs in the primate BNC. Moreover,
comparisons of inhibitory systems of primates and rodents will be necessary to determine if
data on GABAergic mechanisms gleaned from studies in rodents also apply to the BNC of
human and nonhuman primates.

Although there have been fewer immunohistochemical studies of NPN subpopulations in
human and nonhuman primates, for the most part similar subpopulations appear to exist in
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these species as well. Thus, BNC NPNs in monkey are GABAergic (McDonald &
Augustine, 1993; Pitkdnen & Amaral, 1994), and separate subpopulations in monkeys and
humans express PV (Mascagni, Muly, Rainnie, & McDonald, 2009; Pitk&nen & Amaral,
1993a; Sorvari et al., 1995) or SOM (Amaral, Avendafio, & Benoit, 1989; Desjardins &
Parent, 1992; Mascagni et al., 2009; McDonald, Mascagni, & Augustine, 1995).
Remarkably, although there have been two Golgi studies of the BNC in humans (Braak &
Braak, 1983; Tosevski et al., 2002), and two Golgi studies of PNs in monkeys (Herzog,
1982; Morgan & Amaral, 2014), there have been no studies of BNC NPNSs in nonhuman
primates using the Golgi technique.

Golgi techniques can provide morphological information about all parts of individual
impregnated neurons: somata, dendrites, and axons. Immunohistochemical studies typically
stain somatodendritic and axonal compartments separately, but rarely allow the entire extent
of individual neurons to be appreciated. In addition, the Golgi technique potentially permits
the visualization of neurons that do not express any of the neurochemical markers currently
used to identify NPN subpopulations. Intracellular filling of neurons also affords complete
staining of individual neurons but has the disadvantage that each cell is filled individually, as
opposed to Golgi techniques where thousands of cells are visualized in one preparation. In
the present study, the rapid Golgi technique was used to stain NPNs in baboons (Papio
cynocephalus) and long-tailed macaques (Macaca fascicularis). Morphological heterogeneity
was observed in somata, dendrites, and local axonal arborizations of NPNs in both species.

2| MATERIALS AND METHODS
2.1| Animals

Four adult male savanna baboons (Papio cynocephalus, obtained from the Southwest
National Primate Research Center, Southwest Foundation for Biomedical Research, San
Antonio, Texas) and two adult male macaques (Macaca fascicularis, obtained from Upjohn,
Kalamazoo, Michigan) were used in this study. The macaques had been used previously by
Upjohn for blood pressure studies. Both sets of animals were housed in the Animal Research
Facility on the School of Medicine Campus of the University of South Carolina. Their
housing and care followed the NIH “Guide for the Care and Use of Laboratory Animals”.
Veterinary care was available at all times.

2.2 | Tissue processing

Vascular perfusion-fixation was carried out under deep anesthesia using ketamine
hydrochloride (I.P, Veterinary Products, Bristol Laboratories, Division of Bristol-Myers,
Syracuse, NY) supplemented with sodium pentobarbital (1.V.; Veterinary Laboratories,
Lenexa, KS) (Augustine & White, 1986). The descending aorta was clamped and the
animals were perfused using a gravity perfusion method (Cox, Heys, & Heys, 1977).
Following an initial wash with 0.1 M phosphate-buffered saline (PBS) at room temperature
for 30 s, the animals were perfused with 4 L of Sorensen’s phosphate-buffered 4%
glutaraldehyde-0.5% paraformaldehyde (for baboons) or 4% paraformaldehyde (for
macaques) at room temperature delivered over a 30 min interval. The brains were removed
and postfixed for 6 hr at 4°C in the perfusate. Amygdalas were excised, sliced into 5-mm
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blocks, and impregnated using a modification of the rapid Golgi technique (Lund, 1973).
After impregnation, blocks were encased in a shell of paraffin (Fox, Ubeda-Purliss, lhrig, &
Biagioli, 1951) and sectioned at 150 um in the coronal plane. Every fifth section, however,
was cut at 50-75 um and stained with cresyl violet to aid in determining the location of
Golgi-impregnated neurons in surrounding thick sections. The thick sections (150 um) were
collected between sheets of filter paper in 100% alcohol, cleared in xylene, mounted on
glass slides, and coverslipped with Permount (Fisher Scientific, West Columbia, SC). The
thin sections (50-75 um) were collected in 100% alcohol in ice cube tray cubicles with
perforated bottoms. While in the ice cube tray cubicles, sections were hydrated in
descending alcohols, stained with cresyl violet, dehydrated in ascending alcohols, cleared in
xylene, mounted on glass slides, and coverslipped with Permount.

2.3| Analysis

Sections were analyzed using an Olympus BX51 microscope (Tokyo, Japan). Digital light
micrographs were taken with an Olympus DP2-BSW camera system. NPNs were identified
on the basis of exhibiting aspiny or spine-sparse dendrites. In contrast, dendrites of PNs
were densely-spiny. The location of all neurons was determined using the descriptions and
photographs of BNC nuclei in the long-tailed macaque (Macaca fascicularis) provided by
Amaral and coworkers (1992) (Figure 1). The cytoarchitecture of the BNC in Nissl-stained
preparations of baboons and macaques appeared identical. The same nuclear subdivisions
were present and their shapes and relative proportions were the same in both species,
although the baboon BNC was slightly larger than that of the macaque. All drawings of
Golgi-impregnated NPNs were made with a 100X oil-immersion objective and a drawing
tube. A calibrated ocular reticule was used to measure the widths of dendrites, diameters of
axonal varicosities, lengths of axonal cartridges of axo-axonic cells, and the lengths and
widths of NPN somata. The sum of the lengths and widths of somata was used as a measure
of somatic size. Axo-axonic cells in the present study formed “axonal cartridges” containing
clustered axonal varicosities; we measured the length of 20 randomly selected cartridges in
the baboon accessory basal nucleus, where they were most commonly seen, and counted the
numbers of varicosities seen in each cartridge.

3| RESULTS

3.1| General characteristics and classification of BNC NPNs based on differences in
somatic size and shape

Golgi-stained neurons in the BNC of both primate species were similar. The great majority
of Golgi-stained neurons were PNs with very spiny dendrites (Figure 2a). NPNs, exhibiting
aspiny, or spine-sparse dendrites (Figure 2b), were observed in the BNC of all brains, but
were more common in the baboon BNC. In addition, the morphology of NPNs were easier
to examine in the baboon because the staining was less dense. Therefore, most of the
drawings and photographs of NPNs in this article are from the BNC of the baboon. In both
species, small numbers of NPNs were seen in all of the BNC nuclei where they appeared to
be scattered randomly throughout each nucleus.
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NPNs in the primate BNC were morphologically heterogeneous. For the most part, BNC
NPNs appeared to constitute a continuous morphological spectrum in regard to somatic,
dendritic, and axonal anatomy. However, three “specialized” subtypes could be identified on
the basis of unique anatomical features: (a) axo-axonic (chandelier) cells; (b) neurogliaform
cells; and (c) giant cells. We will first describe the general somatic, dendritic, and axonal
features of NPNs and then describe the morphology of the three specialized cell types.

The majority of NPNs had somata that were smaller than those of surrounding PNs in all
BNC nuclei. For description purposes four classes of NPNs can be distinguished based on
differences in the size of their somata (i.e., the sum of the lengths and widths of somata): (a)
small (sum of 15-29 pm); (b) medium-sized (sum of 30-39 pm); (c) large (sum of 40-49
um); and giant (sum of 50-70 pm). NPNs with giant somata also exhibited unique dendritic
and axonal morphology; these specialized NPNs are termed “giant cells” in this account.
They will be described separately (see below).

The shape of NPN somata was largely determined by the number, thickness, and place of
origin of their primary dendrites from the soma. Four types of BNC NPNs were thus
distinguished: (a) multipolar; (b) bitufted; (c) bipolar; and (d) irregular. Multipolar NPNs
typically had four or more primary dendrites that extended in all directions giving these
neurons a stellate appearance (Figures 2b, 3b,c, 4b,c, 6a, 7, 10, 11). Bitufted NPNs had
fusiform somata, and most primary dendrites arose from opposite poles of the soma (Figures
3a, 4a, 8, 9). Bipolar NPNs had fusiform somata, and two primary dendrites that arose from
opposite poles of the soma (Figure 12). Irregular NPNs, which were mainly giant cells, had
somata that were distorted by the presence of a small number of very thick primary dendrites
(Figure 16).

3.2 | Dendritic morphology of BNC NPNs

The thickness of primary dendrites of NPNs was correlated with somatic size. Small NPNs
had primary dendrites that were 1.0-1.5 um thick (Figures 3c, 4c, 10, 11) whereas medium-
sized NPNs had primary dendrites that were 1.5-3.0 pm thick (Figures 3b, 4a, 8, 9). The
primary dendrites of most large NPNs were 2—4 um thick (Figures 2b, 3a, 4b, 7). Secondary
dendrites were thinner than primary dendrites. More distal dendrites were usually not
significantly thinner than secondary dendrites, but were often varicose (e.g., Figure 2b).

Dendrites of some NPNs had very few if any spines (Figures 3c, 4c, 9-12), but most had a
small number of spines randomly distributed along their dendrites and could thus be
considered “spine-sparse” (Figures 2b, 3a,b, 4a,b, 7, 8). Most of these spines were short,
resembling those of PNs, but some were longer.

Dendrites of most NPNs had 0-3 branch points. The size and shape of dendritic
arborizations was often correlated with the size and shape of somata. Multipolar neurons
typically had round or ovoid dendritic fields. Dendritic fields of most small multipolar NPNs
were usually about 200-250 pm in diameter (e.g., Figures 3c, 4c, 10, 11) whereas large
multipolar NPNs had dendritic arborizations that were often over 500 um in diameter.
Bipolar and bitufted NPNs typically had dendritic fields that were elliptical and could
measure up to 500-600 um long and 250-300 um wide (Figures 3a, 44, 8, 9, 12)
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Two separate varicose dendrites of one NPN in the baboon LvI formed a series of intimate
dendrodendritic contacts with varicose distal dendrites of two other NPNs whose somata
were not in the same section (Figure 5). In both cases, the dendrites made a series of
contacts within a span of 20 um. In the case illustrated in Figure 5 the dendrite on the left
was a distal dendrite of the neuron whose soma was contained in the section; the dendrite on
the right was the distal tip of the other dendrite and it terminated at the point shown in the
photomicrograph. The other dendrite of the neuron whose soma was in the section had a
similar series of contacts onto the initial portion of a secondary dendrite whose origin from
its primary dendrite was only 20 pm from its soma.

Axonal morphology of BNC NPNs

Axons of BNC NPNs usually originated from somata, but occasionally from primary
dendrites. Although axons of some NPNs were not stained (Figures 3a, 4a,b), the majority of
NPNs exhibited axonal staining. Most axons were 1-2 um thick at their origin and gave rise
to several fairly thick branches (ca. 1.0 pm thick) near the cell body. These secondary
branches gave off many fine collaterals that branched extensively. Most of these axonal
arborizations appeared to be fairly extensive but were often difficult to follow and draw
because of dense axonal staining of other neurons in the vicinity. The axons of 8 NPNs were
relatively isolated from surrounding staining and could be accurately drawn (Figures 6-14).
The axonal arborizations of some NPNs virtually completely overlapped their dendritic
arborizations (Figures 7, 11), while those of others were confined to one side (Figures 8-10).

Axonal branches of all NPNs exhibited variable numbers of varicosities, most likely
corresponding to axon terminals, that varied in size depending on the neuron. Axons of some
NPNs had relatively small varicosities (1.0-1.5 um in diameter) whereas others had larger
varicosities (up to 2.5 um in diameter). In some neurons the varicosities tended to be
clustered (Figures 7, 8, 12).

Axo-axonic cells

The axons of axo-axonic cells (AACs) formed “axonal cartridges” that contacted the axon
initial segments (AlSs) of PNs (Figure 6b, 12, 13). Axonal cartridges are short segments of
axons (ca. 20-30 um long) that are dominated by a high density of large varicosities (Figure
13). The mean length of 20 randomly selected cartridges in the baboon accessory basal
nucleus was 24.90 um + 1.18 (Mean £ SEM). In many cases the axon forming the cartridge
folded back upon itself, or gave off a branch that was restricted to the cartridge, thus
increasing the number of varicosities contained in the cartridge (Figure 13a, b). Axonal
cartridges of BNC AACs typically contained 9-16 varicosities (13.35 + 1.07; Mean + SEM,
n=20). It is well established from Golgi studies (McDonald & Culberson, 1981) and
ultrastructural immunohistochemical studies (Bienvenu et al., 2012; Muller et al., 2006) in
nonprimate species that the varicosities of axonal cartridges of BNC AACs are axon
terminals forming symmetrical synapses with AISs of BNC PNSs. In our preparations, it was
rare to observe axonal cartridges contacting AlSs since that requires the staining of both the
AAC axon and the postsynaptic PN (Figure 13d). Only two completely stained AACs (i.e.,
with axons seen arising from somata) were seen in this study (one of these is seen in Figures
6b and 12), and both were observed in the baboon accessory basal nucleus (one in ABvm

J Comp Neurol. Author manuscript; available in PMC 2021 July 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McDonald and Augustine Page 7

35|

3.6

4|

and one in ABmc). However, isolated axons (i.e., not continuous with their soma of origin)
forming axonal cartridges were seen in all nuclei of the BNC, but were especially numerous
in the accessory basal nuclei.

Neurogliaform cells

NGFCs are characterized by small somata (8-13 pm in diameter) and many (at least 6) short
tortuous dendrites that branch sparingly and have few spines (Figures 14 and 15). The
dendritic arborizations are less than 200 um in diameter. They often appear to form contacts
with the spiny dendrites of PNs. The distal dendrites of some of these neurons were thin and
beaded, resembling axons (Figure 14B). When observed, the axons arise from somata or the
proximal portions of primary dendrites and branch extensively within the field of the
dendritic arborization. One NGFC appeared to have two axons. Axonal varicosities were
numerous and small (0.5-1.0 um in diameter). NGFCs were found in small numbers
throughout the BNC of both baboons and macaques. However, in one macaque brain there
were 15 NGFCs in the Lvl in just two sections; there was no axonal or dendritic overlap
between these 15 cells.

Giant cells

Giant cells are the NPNs with the largest somata (Figure 16). The sum of the lengths and
widths of these somata were 47—70 um. Somata were typically irregular in shape because
they were distorted by giving rise to 2-3 primary dendrites that were very thick (3—7 um).
Dendrites often branched extensively, especially near their terminations, and commonly
extended for over 400 um. Distal dendrites sometimes gave rise to many spines, some of
which were very long (Figures 16 and 17). Spines on more proximal dendrites were short
and sparse. Only the initial portions of the axons (first 20-35 um) were ever stained. Most
giant cells were seen in the lateral and accessory basal nuclei.

DISCUSSION

This is the first study to investigate the morphology of NPNs in the BNC of nonhuman
primates using the Golgi technique. These neurons were identified by the presence of aspiny
or spine-sparse dendrites. They were randomly scattered throughout all BNC nuclei but were
greatly outnumbered in each nucleus by spine-dense PNs. NPNs were morphologically
heterogeneous. For the most part, BNC NPNs appeared to constitute a continuous
morphological spectrum in regard to somatic, dendritic, and axonal anatomy. Their somata
were usually smaller than those of neighboring PNs, but some were as large, or even larger,
than PNs. The dendrites of most NPNs had only a small number of branches, but the axons
of most NPNs, when stained, typically formed dense local arborizations typical of
interneurons. Three “specialized” subtypes could be identified on the basis of unique
anatomical features: (a) axo-axonic (chandelier) cells; (b) neurogliaform cells; and (c) giant
cells. As discussed below, the morphology of NPNs in the primate BNC, including the
specialized subtypes, are very similar to those of rodents. This suggests that
electrophysiological and behavioral findings in rodents can probably be extrapolated to
NPNs of nonhuman primates and humans.
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Comparisons with Golgi studies in other species

There have been two Golgi studies of BNC NPNs in humans (Braak & Braak, 1983;
Tosevski et al., 2002). As in the nonhuman primate BNC, Braak and Braak (1983) described
spiny “class 1” neurons as well as NPNs (class Il neurons) in the human amygdala. The
latter closely resembled the generalized (i.e., “nonspecialized”) NPNs seen in the present
study. As in the baboon and monkey, the morphology of the somata and dendrites of these
class Il neurons varied greatly. Although some contained lipofuschin granules and some did
not, the overall morphology of both types was similar. Unfortunately the axons of these cells
were not stained. The Braaks also described somewhat smaller lipofuschin-negative neurons
with short dendrites and an axon that arborized modestly near the soma. It was suggested
that these “class 111" neurons might correspond to the neurogliaform neurons seen in
nonprimates. However, most of these cells had only 4-6 dendrites and somata that could be
as large as 20 pm in diameter, suggesting that they most likely correspond to the small non-
NGF NPNs seen in the present study rather than the NPNs we termed NGFCs. Tosevski et
al. (2002) described two types of spiny neurons (Types 1 and 2) as well as aspiny or spine-
sparse (Type 3) neurons in the human BNC. Like the NPNs in the present study these Type 3
neurons in the human BNC were “morphologically heterogeneous” and had axons that
“ramified considerably,” although no drawings or photographs documented the extent and
density of these arborizations. Their Type 3 neurons included a subclass of “gliaform”
neurons that appear to correspond to the NGFCs of the present study. They had small
spherical somata (9 x 7 um), 5-9 spine-sparse dendrites that were short and profusely
branched, and dense local axonal arborizations. Neither AACs nor their axonal cartridges
have been seen in Golgi studies of the human BNC. However, axonal cartridges have been
observed in light and electron microscopic immunohistochemical studies of the human BNC
using antibodies to PV (Sorvari, Soininen, Paljarvi, Karkola, & Pitk&nen, 1995). The failure
to observe AACs in the human BNC in Golgi-stained preparations is undoubtedly related to
the well-established selectivity and capriciousness of staining with this technique (Morest,
1981).

There have been Golgi studies in a wide variety of nonprimate species including the dog,
cat, opossum, rabbit, fox, pig, and several rodent species (Hall, 1972; Kamal & Tomb6ol,
1975; McDonald, 1982, 1984; McDonald & Culberson, 1981; Millhouse & DeOlmos, 1983;
Mukhina & Leontovich, 1970; Rowniak, Szteyn, & Robak, 2003; Témbdl & Szafranska-
Kosmal, 1972). In all of these species there are scattered aspiny or spine-sparse NPNs in the
BNC with dense local axonal arborizations that exhibit considerable morphological
diversity, and these are greatly outnumbered by densely-spiny PNs. However, axo-axonic
NPNSs (AACs) and their axonal cartridges were only observed in previous Golgi studies in
the opossum (McDonald & Culberson, 1981) and rat (McDonald, 1982). Given that AACs
are present in diverse species, such as the opossum, rat, and baboon, it seems likely that the
failure to stain them in all species is due to the capriciousness of the Golgi stain rather than
their absence in other species. In the opossum and rat BNC the simple axonal cartridges
were called “axonal clusters” because of their clustered varicosities, and the more complex
cartridges were termed “axonal nests.” These BNC NPNs were termed “amygdaloid
chandelier cells” in these earlier studies and are identical to the AACs seen in primates in the
present study. As in the present study in primates, contacts of axonal varicosities of AAC
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cartridges with the initial segments of PN axons was observed in the opossum and rat
(McDonald, 1982; McDonald & Culberson, 1981).

Chandelier cells were first described in the cerebral cortex where the axon initial segments
of cortical PNs (and the axonal cartridges contacting them) are all parallel to each other, thus
giving the axonal arborization of these NPNs the appearance of the candlesticks of a
chandelier (Fairén & Valverde, 1980; Somogyi, 1977). Since this parallel arrangement of PN
axon initial segments is not found in the BNC of any species, the axonal cartridges of BNC
axo-axonic chandelier cells are randomly oriented (Figure 12). In the opossum and rat, as in
the primate BNC in the present study, the great majority of axons forming cartridges cannot
be traced back to their soma of origin. There is evidence in the opossum that the axons of
AACs may be myelinated a short distance from their initial segments (McDonald &
Culberson, 1981). Since myelin is known to prevent the staining of axons of NPNs in the
neocortex (Peters & Proskauer, 1980), this may be the reason that the presumably
unmyelinated distal portion of axons that form cartridges usually cannot be followed to their
somata of origin. This may also explain why many NPNs with well-impregnated somata and
dendrites in the present study did not exhibit significant axonal staining.

Neurogliaform cells (NGFCs) similar to those seen in the primate BNC in the present study
closely resemble those seen in previous Golgi studies of the cat (Kamal & Témbél, 1975;
Témbol & Szafranska-Kosmal, 1972), opossum (McDonald & Culberson, 1981), rat
(McDonald, 1982), human (Tosevski et al., 2002), and several other nonprimate mammals
(Rowniak et al., 2003). In all species, they have small somata and a large number of short,
varicose, spine-sparse dendrites that are very thin. Dendrites of NGFCs in the BNC of
primates in the present study often contacted the spiny dendrites of PNs. This was also seen
in the opossum (see Figure 8 of McDonald & Culberson, 1981) and rat (see Figs. 19 and 20
of McDonald, 1982). When stained, the axon forms a very dense local arborization that is
largely confined to the small spherical dendritic field of the cell. One very interesting aspect
of these neurons is that although individual isolated NGFCs were seen throughout the BNC
of both the baboon and macaque BNC, 15 of them were concentrated in two sections of the
Lvl in one of the macaque brains. This clustering of NGFCs is also seen Golgi preparations
of the cat BNC where they were often found in pairs (see Figure 8 of Kamal & Témbdl,
1975). Similarly, only four NGFCs were observed in a Golgi study of the rat brain, but three
of these NGFCs were seen in the one brain among the 50 used in the study (McDonald,
1982). Likewise, Golgi-stained NGFCs in the monkey cerebral cortex are often observed in
clusters of three or more neurons (Jones, 1975). The reason for this clustering is not clear.

Another distinctive type of NPN seen in the present study were the giant cells. They had
very large somata and long, thick dendrites. The distal tips of the dendrites of some of these
neurons underwent extensive branching and exhibited numerous dendritic appendages, some
of which were very long. Similar dendrites were seen in a Golgi study of the rat BNC (see
Figure 8 of McDonald, 1982). Only the initial portion of the axon was stained in all of the
giant cells seen in the present study, which suggests that their axons are myelinated (see
above). Interestingly, Millhouse and DeOlmos described neurons that appear to be located in
the ventral endopiriform nucleus (although they identified the region as the deep part of the
rat piriform cortex) that had very large somata and long, thick dendrites whose distal tips
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branched extensively and were adorned with numerous long appendages (see Fig. 19 of
Millhouse & DeOlmos, 1983). Some of these dendrites remained arborized in the piriform
cortex but others extended medially across the external capsule to arborize in the BNC. Just
like the giant cells in primates in the present study, only the initial portions of the axons of
these cells were stained. Thus, although these very large NPNs in the rat appear to be
identical to primate BNC giant cells, they were located in the endopiriform nucleus, just
lateral to the BNC. The amygdalar and endopiriform distribution of giant cells, as well as
their morphology, strongly suggests that they may correspond to a special population of
large NPNs with irregularly-shaped somata located throughout the ventral forebrain that
project to the medial portion of the mediodorsal thalamic nucleus (MDm) in rats
(McDonald, 1987; Price & Slotnick, 1983) and primates (Russchen, Amaral, & Price, 1987;
Timbie & Barbas, 2015). The abrupt termination of Golgi impregnation after the initial
segment of their axons, presumably due to myelination, is also more typical of projection
neurons than interneurons.

Comparisons with immunohistochemical studies in primates and rodents

Immunohistochemical studies of the BNC of all species, including rodents (McDonald,
1985) and primates (McDonald & Augustine, 1993; Pitk&nen & Amaral, 1994), indicate that
the great majority of NPNs in the BNC, as in the cortex (Kawaguchi & Kubota, 1997), are
GABAergic interneurons, although at least some GABAergic NPNs in rats expressing
somatostatin, calbindin, or neuropeptide Y are known to project to the basal forebrain or
entorhinal cortex (McDonald, Mascagni, & Zaric, 2012; McDonald & Zaric, 2015).
Immunohistochemical studies in the rat suggest that the BNC contains at least four distinct
subpopulations of GABAergic NPNs that can be distinguished on the basis of their content
of calcium-binding proteins and peptides. These subpopulations are: (a) parvalbumin+/
calbindin+ (PV+/CB+) neurons, (b) somatostatin+/calbindin+ (SOM+/CB+) neurons, (c)
large multipolar cholecystokinin+ (CCK+) neurons that are often calbindin+ and (d) small
bipolar and bitufted interneurons that exhibit extensive colocalization of calretinin (CR),
CCK, and vasoactive intestinal peptide (VIP) (Kemppainen & Pitk&nen, 2000; Mascagni &
McDonald, 2003; McDonald & Betette, 2001; McDonald & Mascagni, 2001, 2002). In
addition, a subpopulation of SOM+ neurons, but not other NPN subpopulations, expresses
neuropeptide Y (NPY; McDonald, 1989). Interestingly, NPN subpopulations in the rat cortex
closely resemble those in the rat BNC, including the two types of CCK+ neurons (Kubota &
Kawaguchi, 1994, 1997).

Likewise, immunohistochemical studies of NPNs in the BNC of human and nonhuman
primates have shown that subpopulations of these neurons express the calcium-binding
proteins PV (Pantazopoulos, Lange, Hassinger, & Berretta, 2006; Pitkdnen & Amaral,
1993a; Sorvari et al., 1995), CB (Pantazopoulos et al., 2006; Pitkdnen & Amaral, 1993b;
Sorvari et al., 1996b) and CR (McDonald, 1994; Sorvari et al., 1996a), as well as the
neuropeptides SOM (Amaral et al., 1989; Desjardins & Parent, 1992; McDonald et al.,
1995; Schwartzberg, Unger, Weindl, & Lange, 1990), NPY (McDonald et al., 1995;
Schwartzberg et al., 1990), and CCK (McDonald & Mascagni, 2019). The same
morphological diversity of NPNs seen in the present Golgi study was also observed in the
immunohistochemical studies of each of these calcium binding proteins and neuropeptides
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in primates. Thus, immunolabeled NPNs had small, medium-sized, or large somata, and
multipolar, bitufted, or bipolar NPNs were observed. There were, however, differences in the
percentages of different types of NPNs expressing these markers. For example, in both the
monkey (McDonald, 1994) and human BNC (Sorvari et al., 1996a) the majority of CR+
NPNSs had small somata. Colocalization studies using dual-labeling immunohistochemistry
have demonstrated that the NPN subpopulations in primates, including humans, are similar,
but not identical, to those seen in the rat (Mascagni et al., 2009; Pantazopoulos et al., 2006;
Schwartzberg et al., 1990).

There is evidence from light and electron microscopic studies in rodents and primates that
different NPN subpopulations have different postsynaptic targets, and thus play specific
roles in the circuitry of the BNC (McDonald, 2019). In both rodents (Bienvenu et al., 2012;
Vereczki et al., 2016) and primates (Pitkdnen & Amaral, 1993a; Sorvari et al., 1995;
McDonald & Mascagni, 2019), two separate GABAergic subpopulations, PV+ and CCK+
NPNs, are basket cells that innervate the soma and proximal dendrites of PNs. Remarkably,
although a high density of pericellular baskets contacting PN somata are observed in the
BNC in immunohistochemical studies of all species studied using antibodies to GABA, PV,
or CCK, to the authors’ knowledge they have not been described in Golgi studies of the
BNC in any species, including the present study. The reason for this is not clear, although
there is “a well-known peculiar tendency of the Golgi method to avoid the staining of
contiguous structures” (Ramon-Moliner, 1967). The other NPN subpopulation providing
perisomatic inputs to BNC PNs are AACs. In nonhuman (Pitkanen & Amaral, 1993a) and
human primates (Sorvari et al., 1995), as in rodents (McDonald & Betette, 2001; McDonald
& Mascagni, 2001; Veres et al., 2014), the axonal cartridges formed by AACs in the BNC
are PV+. In contrast to basket cells, AACs and their axonal cartridges have been observed
contacting the axon initial segments of PNs in the BNC of opossum (McDonald &
Culberson, 1981) rat (McDonald, 1982) and primates (present study) using the Golgi
technique. The use of the Golgi technique has permitted the visualization of the somata,
dendrites and axonal arborizations of individual AACs, whereas immunohistochemical
techniques stain the axonal cartridges but do not permit the identification of the cells of
origin of these axons.

In the present study, one Golgi-stained NPN had two of its dendrites contacted by the
dendrites of two different NPNs (see Figure 5). These contacts could represent
dendrodendritic gap junctions between PV+ NPNs that have been identified in ultrastructural
studies of the rat BNC (Muller et al., 2005). Both ultrastructural and electrophysiological
studies have shown that the rodent BNC contains a network of PV+ interneurons
interconnected by chemical and gapjunctional electrical synapses (Muller et al., 2005;
Woodruff & Sah, 2007). Applying a combination of optogenetics, electrophysiology, and
high-resolution microscopy allowed Andrasi et al. (2017) to demonstrate that actually both
PV+ and CCK+ basket cells form separate networks that are interconnected by chemical
synapses and gap junctions. However, both types of basket cells synapse with P\V+ AACs.
Hajos and coworkers conducted quantitative analyses of the innervation of individual PN
AISs by AACs in the mouse BNC (Vereczki et al., 2016; Veres et al., 2014). It was found
that each AAC in the mouse BNC formed an average of eight contacts with each AIS
targeted. Our counts of cartridge varicosities in the baboon BNC were higher (mean of 13).
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However, this may be due to the fact that better differentiated cartridges were selected for
measurement in our study since smaller cartridges with fewer varicosities may not have been
recognized as cartridges, especially because their postsynaptic targets were rarely stained. In
the mouse BNC the density of AAC inputs to AlISs was highest between 20 and 40 um of the
soma, similar to that seen in the present study (Figure 13), where the threshold for action
potential generation was lowest, and where 10-12 AAC synapses, originating from 2 to 3
AACs could block PN firing (Veres et al., 2014). The myelination of AAC axons suggested
by Golgi studies should promote near simultaneous release of GABA upon AlSs of many
PNs, which could be important for the temporal precision of rhythmic oscillations in the
BNC. Prominent theta and gamma oscillations occur in the BNC during emotional arousal
(Oya, Kawasaki, Howard, & Adolphs, 2002; Paré & Collins, 2000; Paré, Collins, &
Pelletier, 2002; Seidenbecher, Laxmi, Stork, & Pape, 2003). These network rhythms are
critical for synaptic plasticity associated with the formation and retrieval of emotional
memories (Bocchio, Nabavi, & Capogna, 2017; Pape & Paré, 2010; Paré et al., 2002).

Like NGFCs in the cortex (Overstreet-Wadiche & McBain, 2015), NGFCs in the mouse
BNC express SOM and NPY (Manko, Bienvenu, Dalezios, & Capogna, 2012). However,
whereas there are some SOM + and NPY+ NPNs in the primate and rat BNC that have small
somata typical of NGFCs, the great majority of SOM+ and NPY+ neurons in these species
are larger and have fewer and thicker dendrites than the NGFCs seen in Golgi preparations
(Amaral et al., 1989; Desjardins & Parent, 1992; McDonald, 1985, 1989; McDonald et al.,
1995; Schwartzberg et al., 1990). Therefore, NGFCs appear to be a minority subpopulation
of SOM+/NPY+ NPNs in the BNC of these species. The many apparent contacts of NGFC
dendrites with PN dendrites suggest the possibility that these cell types many be connected
by dendrodendritic gap junctions. NGFCs in the neocortex and hippocampus form electrical
synapses mediated by gap junctions with several subtypes of NPNS, including other NGFCs,
but not with PNs (Price et al., 2005; Simon, Olah, Molnar, Szabadics, & Tamés, 2005). It
remains to be determined whether gap junctions between NGFCs, or some other common
attribute of these neurons, may be responsible for their tendency to occur in clusters in Golgi
preparations. Ultrastructural studies of NPY+ NGFCs in the mouse BNC suggest that most
of their axon terminals do not form classical synapses, but instead form nonsynaptic
appositions with surrounding neurons (Manko et al., 2012). This is con- sistent with
electrophysiological evidence that NGFCs in the BNC, like those in the neocortex
(Overstreet-Wadiche & McBain, 2015), are responsible for a slow GABAergic inhibition
mediated by volume transmission (Manko et al., 2012).
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FIGURE 1.
Coronal Nissl-stained section through the amygdala of the macaque monkey. Nuclei of the

monkey amygdala (nomenclature of Amaral, Price, Pitkanen, & Carmichael, 1992): ABmc,
magnocellular accessary basal nucleus; ABpc, parvicellular accessary basal nucleus; ABvm,
ventromedial accessary basal nucleus; Bi, intermediate basal nucleus; Bmc, magnocellular
basal nucleus; Bpc, parvicellular basal nucleus; CL, lateral central nucleus; CM, medial
central nucleus; Ldm, dorsomedial lateral nucleus; Lvl, ventrolateral lateral nucleus; M,
medial nucleus; PAC, periamygdaloid cortex; PL, paralaminar nucleus. Scale bar = 750 um
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FIGURE 2.
Photomontages of a typical PN (a) and NPN (b) in the baboon BNC, showing the differences

in dendritic spine densities. (a) PN in the Ldm of the baboon. Arrow points to the dendrite
shown at higher power in the inset. Note the high spine density. (b) Large multipolar NPN in
the ABmc of the baboon. Arrow points to the dendrite shown at higher power in the inset.
Note the low spine density on this varicose dendrite. Scale bar = 50 um for a and b; insets
are at higher power
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FIGURE 3.
Drawings of NPNs selected to illustrate variations in their somatodendritic morphology.

Arrows indicate initial portions of the axon. (a) Large bitufted NPN in the Lvl (baboon).
Axon was not stained. (b) Medium-sized multipolar NPN in the Bpc (baboon). (c) Small
multipolar NPN in the ABmc (baboon). Scale bar = 50 pm
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FIGURE 4.
Drawings of NPNs selected to illustrate variations in their somatodendritic morphology.

Arrows indicate initial portions of the axon. (a) Medium-sized bitufted NPN in the Bmc
(baboon). Axon was not stained. (b) Large multipolar NPN in the ABmc (baboon). Axon
was not stained. (c) Small multipolar NPN in the Bmc (macaque). Scale bar = 50 pm
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FIGURE 5.
Photomontage of dendrodendritic contacts between dendrites of two different NPNs in the

Lvl nucleus (baboon). The dendrite indicated by arrows arose from a medium-sized
multipolar NPN whose soma was in this section. The dendrite indicated by arrowheads arose
from a soma in an adjacent section. A different dendrite of this same multipolar NPN
exhibited similar contacts with another NPN dendrite. Scale bar = 10 um
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FIGURE 6.
Photomicrographs of two NPNs that had easily traceable axons that were drawn using a

drawing tube. (a) Large multipolar NPN in the ABmc (baboon; see Figure 7 for drawing).
The initial portion of its axon was out of the focal plane of this photomicrograph. (b)
Medium-sized bipolar axo-axonic cell in the ABvm (baboon; see Figure 12 for drawing).
Arrow indicates the initial portion of the axon. Arrowheads indicate three representative
axonal cartridges. Scale bar = 50 pm for both aand b

J Comp Neurol. Author manuscript; available in PMC 2021 July 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

McDonald and Augustine Page 24

A
o

T X

(3

s
55

VAl
>

7

7
\ SN
>

/" N
A
<
A
L
J
|

£
s}

—_

=

\
g

FIGURE 7.
Large multipolar NPN in the ABmc (baboon). Soma and dendrites are black; axon is red.

Arrow indicates the initial portion of the axon. Note that the axonal arborization is aligned
with the dendritic arborization. The axonal varicosities are 1.0-2.5 pm in diameter and tend
to be clustered. This axon made intimate contacts with many spiny dendrites of neighboring
PNs. Scale bar = 50 um
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FIGURE 8.
Medium-sized bitufted NPN in the Bpc (baboon). Soma and dendrites are black; axon is red.

Arrow indicates the initial portion of the axon. The axonal arborization is located along the
right side of the neuron. Its varicosities are 1.0-1.5 pum in diameter. Scale bar = 50 pm
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FIGURE 9.
Medium-sized bitufted NPN in the paralaminar nucleus (baboon). Soma and dendrites are

black; axon is red. Arrow indicates the initial portion of the axon. The axonal arborization is
located along the lower part of the neuron. Its varicosities are 1.0-1.5 pm in diameter. Scale
bar =50 pym
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FIGURE 10.
Small multipolar NPN in the Lvl (baboon). Soma and dendrites are black; axon is red.

Arrow indicates the initial portion of the axon. There are very few well developed
varicosities and most are small (1.0 um). Scale bar = 50 um
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FIGURE 11.
Small multipolar NPN in the LvI (baboon). Soma and dendrites are black; axon is red.

Arrow indicates the initial portion of the axon. The axonal arborization is aligned with the
dendritic arborization. The axonal varicosities are 1.0-2.0 um in diameter and tend to be
clustered. The axon appeared to make contacts with several spiny dendrites of neighboring
PNs. Scale bar = 50 um
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FIGURE 12.
Medium-sized bipolar chandelier cell in the ABvm (baboon). Soma and dendrites are black;

axon is red. Arrow indicates the initial portion of the axon. Note that the axon exhibits many
cartridges, some of which are indicated by arrowheads. Scale bar = 50 pm
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FIGURE 13.
Photomontages of axonal cartridges formed by axo-axonic cells in the ABvm (baboon). (a)

and (b) complex axonal cartridges exhibiting multiple strands adorned with varicosities. (c)
Simple axonal cartridge exhibiting a series of varicosities. (d) Photomontage showing a
soma of a PN in the ABmc (PN) giving rise to two primary dendrites (D) (all of which are
out of focus in this photomicrograph), and a vertically oriented axon initial segment
contacted by an axonal cartridge of an axo-axonic cell. Several varicosities contacting the
axon are indicated by unlabeled arrows. Arrowheads indicate spines on the initial segment of
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the axon of the PN. Scale bar in (a) = 10 um [(b) and (c) are at the same magnification].
Scale bar in (d) = 10 um
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FIGURE 14.
Two neurogliaform cells (NGFCs) in the Lvl (macaque). Soma and dendrites are black; axon

is red. Arrows indicates the initial portions of the axons. The axonal and dendritic
arborizations are more extensive in a than in b. Scale bar = 50 um
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FIGURE 15.
Photomicrographs of two NGFCs in the Lvl (macaque). (2) Photomicrograph of the NGFC

shown in Figure 14a. Segments of dendrites (d) and thinner axons (a) are indicated by
arrows. (b) another NGFC that did not have a stained axon. Scale bar = 10 um for both (a)
and (b)
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FIGURE 16.
Examples of two giant cells. Arrows indicate stained axons; axonal staining ceased within

20-35 of the somata of all giant cells. (a) Giant cell in the Ldm (baboon). (b) Giant cell in
the ABmc (baboon). Note that distal dendrites of both neurons exhibit many appendages,
some of which are long. Scale bar =50 pm

J Comp Neurol. Author manuscript; available in PMC 2021 July 06.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duoasnuepy Joyiny

McDonald and Augustine Page 35

FIGURE 17.
Photomontage of the dendrite of a giant cell in the Lvm (baboon). Note few dendritic spines

on the thick proximal dendrite, but many spines and appendages on its thinner distal
dendrites (arrows). Scale bar =20 um
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