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Abstract

The vertebrate ciliary ganglion (CG) is a relay station in the parasympathetic pathway activating 

the iris sphincter and ciliary muscle to mediate pupillary constriction and lens accommodation, 

respectively. While the postganglionic motoneurons in the CG are cholinergic, as are their inputs, 

there is evidence from avian studies that GABA may also be involved. Here, we used light and 

electron microscopic methods to examine the GABAergic innervation of the CG in Macaca 
fascicularis monkeys. Immunohistochemistry for the gamma aminobutyric acid synthesizing 

enzyme glutamic acid decarboxylase (GAD) and choline acetyltransferase (ChAT) revealed that all 

CG neurons are contacted by ChAT-positive terminals. A subpopulation of 17.5% of CG neurons 

was associated with terminal boutons expressing GAD-immunoreactivity in addition. Double-

labeling for GAD and synaptophysin confirmed that these were synaptic terminals. Electron 

microscopic analysis in conjunction with GABA-immunogold staining showed that (1) GAD-

positive terminals mainly target dendrites and spines in the perisomatic neuropil of CG neurons; 

(2) GABA is restricted to a specific terminal type, which displays intermediate features lying 

between classically excitatory and inhibitory endings; and (3) if a CG neuron is contacted by 

GABA-positive terminals, virtually all perisomatic terminals supplying it show GABA 

immunoreactivity. The source of this GABAergic input and whether GABA contributes to a 

specific CG function remains to be investigated. Nevertheless, our data indicate that the 

innervation of the ciliary ganglion is more complex than previously thought, and that GABA may 

play a neuromodulatory role in the control of lens or pupil function.
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1 | INTRODUCTION

The ciliary ganglion (CG) of vertebrates is a small cluster of nerve cells, located behind the 

ocular bulb, between the optic nerve and the lateral rectus muscle. It consists of 

parasympathetic, postganglionic, cholinergic neurons (Martin & Pilar, 1963a; Landmesser & 

Pilar, 1972) that are driven by preganglionic neurons in the Edinger-Westphal nucleus 

(EWpg) and project to the ciliary and sphincter pupillae muscles to mediate lens 

accommodation and pupillary constriction, respectively (Burde, 1967; Hultborn, Mori, & 

Tsukahara, 1978; Martin & Pilar, 1963b; Marwitt, Pilar, & Weakley, 1971; Neuhuber & 

Schrödl, 2011; Reiner, Karten, Gamlin, & Erichsen, 1983). Physiological studies 

demonstrated that firing rates, recorded from macaque monkey EW units, are correlated with 

the activity of the ciliary and sphincter pupillae muscles (Gamlin, Zhang, Clendaniel, & 

Mays, 1994; McDougal & Gamlin, 2015). In birds, an additional subpopulation of CG 

neurons innervates the choroid (Neuhuber & Schrödl, 2011; Reiner et al., 1983). 

Traditionally, it is believed that the CG receives its main preganglionic input from 

parasympathetic, cholinergic motoneurons of the EWpg, which corresponds to the 

cytoarchitecturally defined EW in monkey and birds (Gamlin & Reiner, 1991; Gamlin, 

Reiner, Erichsen, Karten, & Cohen, 1984; Horn, Eberhorn, Härtig, Ardeleanu, Messoudi, & 

Büttner-Ennever, 2008; Kozicz et al., 2011; May, Reiner, & Ryabinin, 2008a; May, Sun, & 

Erichsen, 2008b; Narayanan & Narayanan, 1976; Vasconcelos et al., 2003).

Immunohistochemical studies carried out in birds and mammals indicate that, besides the 

classical preganglionic cholinergic input to CG neurons, a peptidergic input is present (for 

review, see McDougal & Gamlin, 2015; Neuhuber & Schrödl, 2011). This includes the 

neuropeptides substance P, enkephalin (Erichsen, Karten, Eldred, & Brecha, 1982a; 

Erichsen, Reiner, & Karten, 1982b; Kirch, Neuhuber, & Tamm, 1995; Zhang, Tan, & Wong, 

1994b), neuropeptide Y (Grimes, Koeberlein, Tigges, & Stone, 1998), and calcitonin gene-

related peptide (CGRP) coexpressed with substance P (Kirch et al., 1995). Ultrastructural 

analysis using electron microscopic methods (EM) also demonstrated heterogeneity in 

preganglionic axon terminal properties (May & Warren, 1993). All these observations 

indicate that transmission through the CG may, in fact, be more complex than previously 

thought.

In addition to peptides, there is evidence for GABA in the CG. Studies in chick provide 

strong evidence that the CG neurons are controlled by gamma amino butyric acid (GABA), 

which is known as a fast-acting transmitter. This is indicated by the expression of GABA-A 

receptors (McEachern, Margiotta, & Berg, 1985), GABA-immunoreactive terminals on 

ciliary neurons in the chicken embryonic CG, and the complete block of transmission 

through the chick CG after application of GABA in in-vitro and in-vivo studies (Liu, Neff, & 

Berg, 2006; Tuttle, Vaca, & Pilar, 1983). To the best of our knowledge, similar studies in 

mammals have not been carried out. To explore whether a GABAergic innervation of the CG 

is also present in mammals, we investigated the CG of macaque monkeys (Macaca 
fascicularis) using immunohistochemical methods in combination with light and electron 

microscopic techniques.
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2 | MATERIALS AND METHODS

2.1 | Animal procedures

Ciliary ganglia (CG) from seven adult or young adult, male macaque monkeys (Macaca 
fascicularis), that had been sacrificed in the context of other research projects, were 

investigated in this study. At the time of sacrifice, the animals were sedated with a dose of 

ketamine hydrochloride (10 mg/kg, i.m.) and deeply anesthetized with sodium pentobarbital 

(100 mg/kg, i.v.). Next, animals were transcardially perfused with 0.1 M, phosphate buffered 

saline (PBS) (pH 7.2), followed by a fixative containing 4% paraformaldehyde in 0.1 M, 

phosphate buffer (PB) (pH 7.4) for light microscopic examination (4 animals) or a mixture 

of 1.0% paraformaldehyde (Fisher Chemical, Pittsburgh, PA) and 1.5% glutaraldehyde 

(Fisher Chemical) in 0.1 M, PB (pH 7.2) for electron microscopic studies (3 animals). All 

procedures were approved by the University of Mississippi Medical Center or Washington 

National Primate Research Center Institutional Animal Care and Use committees and were 

performed in accordance with National Institutes of Health policies.

2.2 | Tissue processing for light microscopy

The CG were removed from the orbit. After dissecting them free of connective tissue, they 

were equilibrated in 10%, 20%, and 30% sucrose in 0.1 M PBS (pH 7.4) for frozen 

sectioning. The ganglia were cut longitudinally at 10 μm with a cryostat (HM, Thermo 

Scientific-Microm, Walldorf, Germany) and directly thaw-mounted onto glass slides 

(Superfrost Plus, M&B Stricker, Oberschleissheim, Germany).

2.3 | Antibody characterization

2.3.1 | Glutamic acid decarboylase (GAD)—>In 4% paraformaldehyde fixed tissue 

GABAergic terminals were detected with the rabbit polyclonal antibody against the two 

molecular isoforms glutamate decarboxylase 65 and 67 (AB1511, LOT NG17374444, 

Millipore, Billerica; http://antibodyregistry.org/AB_90715, Journal of Comparative 
Neurology Database) (Table 1). Whereas GAD65 is a membrane-anchored protein 

responsible for vesicular GABA production, the cytoplasmatic GAD67 is responsible for the 

basal levels of GABA synthesis. The immunogen was a synthetic peptide with the amino 

acid sequence [C]DFLIEEIERLGQDL from rat glutamate decarboxylase (GAD65; C-

terminus residues [Cys] + 572–585). In western blot analysis the antibody (diluted 1:500) 

stains a doublet at approximately 65/67 kDa on 10 μg of mouse brain lysates 

(manufacturer’s technical information). The antibody has been used previously at brainstem 

tissue of the same monkey species with a similar staining pattern around neurons (Zeeh, 

Hess & Horn, 2013).

2.3.2 | Gamma-aminobutyric acid (GABA)—For EM analysis of GABAergic terminals 

a rabbit polyclonal antibody against GABA (Sigma Aldrich, A2052, http://

antibodyregistry.org/AB_477652, Journal of Comparative Neurology Database) was used 

(Table 1). The immunogen was GABA-bound to bovine serum albumin (BSA). The GABA 

antibody shows positive binding with GABA and GABA-keyhole limpet hemocyanin, but 

not BSA, in dot blot assays (manufacturer’s technical information). In cat and monkey 

tissue, this antibody has been shown to stain axon terminals at the EM level with 
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postembedding immunogold staining in cat and monkey brainstem tissue (Bickford, Wei, 

Eisenback, Chomsung, Slusarczyk, & Dankowsi, 2008; Wang, Perkins, Zhou, Warren, & 

May, 2013).

2.3.3 | Choline acetyltransferase (ChAT)—Cholinergic motoneurons were detected 

with a polyclonal antibody against choline acetyltransferase (ChAT) raised in goat (AB144P, 

LOT LV1583390, Millipore, Billerica; http://antibodyregistry.org/AB_2079751, Journal of 
Comparative Neurology Database) (Table 1). The antibody is directed against the whole 

enzyme isolated from human placenta, which is identical to the brain enzyme (Bruce, 

Wainer, & Hersh, 1985). In western blot analysis the antibody (diluted 1:1000) recognizes a 

68- to 70-kDa protein on 10 μg of mouse brain lysates (manufacturer’s technical 

information). The appearance of ChAT-positive neurons in the present study are identical to 

data from previous reports of ChAT-positive neurons in the brainstem of the same monkey 

species after application of this ChAT antibody (Horn et al., 2008; May et al., 2008a).

2.3.4 | Synaptophysin (Syn)—Synaptic nerve endings were detected with a monoclonal 

mouse antibody against synaptophysin (Dako; No. MO776; http://antibodyregistry.org/

AB_2199013) (Table 1). The antibody was obtained by immunization with coated vesicles 

of bovine brain tissue (Wiedenmann & Franke, 1985) and recognizes a region between 

amino acids 269 and 289 in the cytoplasmic domain of synaptophysin. On a western blot of 

synaptic vesicle fraction from the mouse brain, it recognizes a single band of 38 kDa 

(Wiedenmann & Franke, 1985). The antibody produced a punctate staining in brain and eye 

muscle tissue in the same monkey species (Büttner-Ennever, Horn, Scherberger, & 

D’Ascanio, 2001; Ugolini et al., 2006).

2.4 | Combined immunoperoxidase labeling for GAD and ChAT

The GABA synthetizing enzyme glutamic acid decarboxylase (GAD) is an established 

marker for cells and terminals that use the transmitter gamma aminobutyric acid (Erlander, 

Tillakalatne, Feldblum, Patel, & Tobin, 1991). To detect GAD-immunoreactive neuronal 

profiles within the CG, a series of sections of each CG was processed for combined 

immunoperoxidase labeling for GAD and choline acetyltransferase (ChAT). Before and after 

pretreatment with 1% H2O2 in 0.1 M Tris buffered saline (TBS) (pH 7.4) for 30 min to 

suppress endogenous peroxidase activity, sections were washed in 0.1 M TBS (pH 7.4). To 

block unspecific binding sites, the sections were treated with 5% normal horse serum in 

0.3% Triton X-100 in 0.1 M TBS (pH 7.4) for 1 h at room temperature, then incubated in a 

1:2000 dilution of rabbit anti-GAD 65/67 (Millipore Cat# AB1511, RRID:AB_90715) in 

TBS with 5% normal horse serum in 0.3% Triton X-100 (Sigma) for 48 h at 4 °C. After 

three washes in 0.1 M TBS, the sections were incubated in biotinylated horse anti-rabbit IgG 

(1:200, Vector) in 0.1 M TBS (pH 7.4) containing 2% bovine serum albumin (BSA) for 1 h 

at room temperature. After three washes in 0.1 M TBS (pH 7.4), the sections were treated 

with ExtrAvidin-peroxidase (1:1000, Sigma) for 1 h, washed and subsequently reacted with 

0.025% diaminobenzidine HCL (DAB), 0.2% ammonium nickel sulfate and 0.015% H2O2 

in 0.05 M TBS (pH 8.0) for 10 min to yield a black reaction product in GAD-positive 

neuronal profiles. After thorough washing and blocking of residual peroxidase activity in 1% 

H2O2 in 0.1 M TBS (pH 7.4) for 30 min, the sections were again blocked with 5% normal 
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horse serum in 0.1 M TBS (pH 7.4) containing 0.3% Triton X-100 for 1 h, and then 

incubated with goat anti-ChAT (1:100, Millipore Cat# AB144P, RRID:AB_2079751) in 0.1 

M TBS (pH 7.4) containing 0.3% Triton X-100 (Sigma) for 48 h at 4 °C. After washing in 

0.1 M TBS (pH 7.4), the sections were incubated in biotinylated horse anti-goat IgG (1:200; 

Vector) in TBS containing 2% BSA for 1 h at room temperature. The antigen binding site 

was detected by incubating sections in Extravidin peroxidase (1:1000; Sigma) for 1 h and a 

subsequent reaction with 0.025% DAB and 0.015% H2O2 in 0.05 M TBS (pH 8.0) for 10 

min to yield a brown staining of cholinergic neuronal profiles. After washing, the sections 

were air-dried, dehydrated in alcohol, and coverslipped with DPX (Sigma).

2.5 | Combined immunofluorescence labeling for GAD and Syn or GAD and ChAT

To verify that GAD-positive bouton-like structures represent terminals, selected cryosections 

were immunolabeled for GAD and synaptophysin (Syn) (Dawson, Dawson, & Snyder, 

1992). To investigate whether GABAergic terminals within the CG also express ChAT 

immunoreactivity, selected cryosections were stained for ChAT and GAD using a double-

immunofluorescence protocol. Sections were pretreated with 5% normal donkey serum in 

0.3% Triton X-100 in 0.1 M TBS (pH 7.4) for 1 h at room temperature. Then, sections were 

incubated in a cocktail containing rabbit anti-GAD 65/67 (1:500, Millipore, AB1511) and 

mouse anti-Syn (1:20, Dako Cat# M0776, RRID:AB_2199013) or goat anti-ChAT (1:25, 

Millipore AB144P) in 5% normal donkey serum with 0.3% Triton X-100 in 0.1 M TBS (pH 

7.4) for 48 h at 4 °C. After three washes in TBS, sections were again treated with a cocktail 

containing Cy3-tagged donkey anti-rabbit IgG (1:200, Dianova, Jackson ImmunoResearch) 

and donkey anti-mouse or donkey anti-goat IgG, tagged with the fluorescent dye Alexa 488 

(1:200, Molecular Probes) in 0.1 M TBS (pH 7.4) and 2% BSA for 1–2 h at room 

temperature. After several buffer rinses the slides were dried at room temperature. 

Fluorochrome-labeled sections were coverslipped with permanent aqueous mounting 

medium Gel/Mount (Biomeda, San Francisco, CA) and stored in the dark at 4 °C.

2.6 | Controls

All antibodies were also applied to monkey brainstem and cerebellum sections and revealed 

staining patterns as known from previous studies (see Antibody Characterization).

2.7 | Light microscopic analysis

The slides were examined with one of two light microscopes (Leica; DMRB, Bensheim, 

Germany, or Zeiss; Axioplan, MicroImaging, Oberkochen, Germany), under either 

brightfield conditions or by using filters for red fluorescent Cy3 (Leica: N2.1; excitation 

filter BP 515–560 nm, dichromatic mirror 580 nm, suppression filter LP 590 nm; Zeiss: 

excitation filter BP 546 nm, dichromatic beam splitter FT 580 nm, barrier filter LP 590 nm) 

and green fluorescent Alexa 488 (Leica: I3; excitation filter BP 450–490 nm, dichromatic 

mirror 510 nm, suppression filter LP 515 nm; Zeiss: excitation filter BP 475 nm, 

dichromatic beam splitter FT 500 nm, barrier filter LP 530 nm). Photomicrographs were 

taken with a digital camera (Pixera Pro 600 ES, Klughammer, Markt Indersdorf, Germany) 

and processed in Photoshop 7.0 (Adobe Systems, Mountain View, CA; RRID:SCR_014199). 

Selected ChAT- and GAD-labeled immunofluorescence sections were examined with a laser-

scanning confocal microscope (Leica SP5, Mannheim, Germany). Z-series were collected 
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every 0.49 μm through every section. Dual-channel imaging of Alexa 488 and Cy3 

fluorescence was sequentially recorded. Image stacks were processed by using ImageJ 

software (RRID:SCR_003070) (Schneider, Rasband, & Eliceiri, 2012). The sharpness, 

contrast, and brightness were adjusted to reflect the appearance of the labeling seen through 

the microscope. In all flourescence images red color was converted to magenta for the 

benefit of color-blind readers (e.g., Fig. 1C,F,I) he figure panels were arranged and labeled 

with CorelDraw (version 11.0; Corel, Ottawa, Canada, RRID:SCR_014235).

2.8 | Tissue processing for electron microscopy

To extend the findings seen with light microscopy, we used electron microscopy techniques 

on paraformaldehyde/glutaraldehyde fixed monkey CG tissue. These CG sections were 

processed to allow investigation of their ultrastructure and for postembedding 

immunohistochemistry using immunogold labeling with an antibody to glutaraldehyde fixed 

GABA (Barnerssoi & May, 2015). Specifically, after perfusion, the ganglia from 3 monkeys 

were removed from the orbit, dissected free of overlying connective tissue, cut in half, post-

fixed in the same fixative solution for 1 to 2 h, and then stored in phosphate buffer (PB) at 

4 °C. Subsequently, the tissue was rinsed in 0.1 M PB (pH 7.0), then treated for 2 h with 1% 

osmium tetroxide in 0.1 M PB (pH 7.0). After several washes in deionized water, the tissue 

was dehydrated with increasing concentrations of acetone for 10 min each (70%, 90%, 95%, 

three times 100%). The ganglia were embedded by placement in a 1:3 mixture of Durcupan 

ACM Epoxy (EM Sciences) and acetone overnight, then in a 3:1 mixture of Durcupan and 

acetone for 3 h, and then in 100% Durcupan for 1 h. Finally, the CG were embedded in fresh 

100% Durcupan, which was polymerized at 60 °C overnight. After trimming, a 1.0 μm 

semithin section was taken from each block and stained with Toluidine Blue for orientation 

purposes. Ultrathin silver/gold sections, cut with a glass or a diamond knife on a microtome 

(Reichert Ultracut E) were mounted onto either 200 mesh copper grids for ultrastructural 

observation or onto nickel slot grids, treated with formvar (EM Sciences), for GABA 

postembedding. Sections on copper-mesh grids underwent routine electron microscopic 

staining processing, composed of treatment with 2.0% uranyl acetate (EM Sciences) for 3 

min and calcinated lead citrate for 30 sec.

2.9 | Postembedding immunogold for GABA

Sections on formvar-coated, nickel slot grids were used for postembedding 

immunohistochemical staining for the presence of GABA containing terminals (for details 

see Barnerssoi & May, 2015). These grids were etched with 3% H2O2 for 3 min, rinsed three 

times with deionized water (dH2O), treated with 0.1 M TBS (pH 7.4) and then incubated in 

0.1 M TBS (pH 7.4) containing 1% BSA for 30 min. Subsequently, they were incubated in a 

1:75 dilution of rabbit anti-GABA IgG (Sigma-Aldrich Cat# A2052, RRID: AB_47765) in 

0.1 M TBS (pH 7.4) containing BSA and 0.05% Tween 20 overnight. Sections were then 

rinsed with TBS/BSA/Tween 20, followed by incubation in a 1:40 dilution of the secondary 

antibody (goat-anti-rabbit IgG conjugated to 15nm gold particles, Aurion) in 0.1 M 

TBS/BSA/Tween 20 for 2 h. Grids were then rinsed again with and dH2O. Finally, 2% 

glutaraldehyde in 0.1 M PB (pH 7.0) was used to fix the samples. Once again, uranyl acetate 

and calcinated lead citrate were used to stain the sections. All stained ultrathin sections were 

examined and photographed using a Zeiss Leo transmission electron microscope.
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3 | RESULTS

3.1 | GABAergic inputs onto cholinergic, postganglionic CG neurons

At the light microscopic level, combined immunoperoxidase staining for choline 

acetyltransferase (ChAT) and the GABA synthetizing enzyme glutamic acid decarboxylase 

(GAD) revealed that all CG somata exhibit moderate to strong ChAT immunoreactivity 

(Figure 1A, brown), while none of the cell somata stained positively for GAD (Figure 1A). 

Virtually all ChAT-positive CG neurons were found to receive input from attached boutonal 

endings expressing ChAT immunoreactivity at varying intensities (Figure 1A, arrows). In 

addition, numerous GAD-positive boutonal endings (Figure 1A, black), were found 

outlining the somata of a subpopulation of ChAT-positive CG neurons (Figure 1A, asterisks). 

The systematic quantitative analysis of 8 CG (at least twenty 10 μm sections per ganglion 

were quantified; spacing between sampled sections was 50 μm) revealed that 17.5% (16,860 

neurons were counted in total; 2,955 neurons out of these were supplied by GAD-positive 

boutons) of all CG neurons were associated with GAD-positive boutonal endings, and that 

these neurons were evenly distributed throughout the whole ganglion. The pattern of GAD-

positive innervation was striking: either a given CG neuron was densely covered by GAD-

positive boutonal structures or it was completely devoid of any GAD-positive input, as 

revealed by analysis of consecutive serial sections (Figure 1A). Scattered GAD-positive 

boutons that were not associated with CG somata were never detected.

3.2 | GAD-positive boutons represent synaptic terminals

To determine whether GAD-positive boutons represent synaptic terminals, we stained 

selected CG cryosections for GAD and synaptophysin (Syn) (Dawson et al., 1992), a 

glycopolypeptide that occurs in the membrane of presynaptic vesicles and therefore is 

commonly used as a marker for synaptic terminals (Rehm, Weidenmann, & Betz, 1986). 

Virtually all CG neurons were densely supplied by green-fluorescing, Syn-positive terminals 

(Figure 1B). Those CG neurons receiving input from magenta-fluorescing, GAD-positive, 

bouton-like structures (Figure 1C, star) were surrounded by Syn-positive terminals that had 

an equivalent distribution (Figure 1B). The complete overlap of the immunostaining with 

these two antibodies (Figure 1D) indicates coexpression of Syn within all GAD-positive 

boutons, verifying that the GAD-positive bouton-like structures do in fact represent synaptic 

terminals. This analysis further revealed that none of the Syn-positive terminals around 

GAD-recipient CG neurons were GAD-negative, suggesting that no other inputs are present 

on these GAD-recipient neurons, based on whole cell analysis in serial sections.

3.3 | ChAT and GAD colocalize within CG terminals

Since a coexpression of GAD and ChAT within terminals around CG neurons could not be 

ascertained from combined immunoperoxidase staining, double-immunofluorescence 

staining was used to explore whether GAD and ChAT colocalize in terminals associated 

with CG neurons receiving a GAD-positive input (Figure 1E–1J). Figure 1E shows a 

confocal image with cholinergic CG neurons (Figure 1E) and their surrounding terminals. 

Figure 1F shows the same cells with GAD-positive terminals fluorescing magenta. These 

terminals supply a subpopulation of green-fluorescing, ChAT-positive, but GAD-negative 

somata (Figure 1F, stars). The overlay of these images revealed that all magenta-fluorescing 
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GAD-positive terminals coexpressed green-fluorescing ChAT immunoreactivity (Figure 1G, 

1J, white), but not all ChAT-positive terminals show GAD immunoreactivity (Figure 1J, 

green). An example of one such neuron is shown at higher magnification in Figure 1H to 1J. 

The cholinergic, GAD-negative neuron (arrow) is surrounded by cholinergic terminals 

(arrowheads in H) that are GAD-positive (arrowheads in I). The magnified overlay 

demonstrates more clearly the coexpression of both markers (J, arrows).

3.4 | Ultrastructural analysis of the CG terminals

After having demonstrated that GAD-positive, bouton-like structures around CG neurons 

represent terminals, the ultrastructural characteristics of these terminals were investigated. 

Synapses were identified by the presence of circumscribed pre- and postsynaptic densities 

around a synaptic cleft and the collection of vesicles in the presynaptic neuronal profile 

(Figure 2). The analysis of ultrathin sections of the monkey CG revealed that most of the 

synaptic contacts were located in the perisomatic neuropil that immediately surrounds each 

postganglionic motoneuron soma (Soma). Within the neuropil, numerous vesicle containing 

profiles synaptically contacted dendrites (Den) and/or spines (Sp) (Figure 2, arrowheads). 

Very rarely were somata the postsynaptic target (not shown). These profiles displayed 

typical features of nerve terminals including clear and dense-core vesicles (Figure 2, thin 

arrows), mitochondria, and synaptic densities (arrowheads). Consistent with previous reports 

in monkey (May & Warren, 1993), three different terminal types could be distinguished in 

the present CG study (Figure 2). The most common type of synaptic profile was termed 

axon terminal type 1 (At1, Figure 2A). These terminals contain clear, spherical vesicles, 

whereas dense-core vesicles are either very rare or completely absent. The At1 terminals 

exhibit synaptic contacts with clear, distinctly asymmetric, synaptic densities (Figure 2A, 

arrowheads). Type 2 axon terminals (At2) look quite similar to At1 terminals (At2, Figure 

2B), but the vesicles are somewhat more pleomorphic, and dense-core vesicles can be 

detected in higher numbers (Figure 2B, thin arrows). Furthermore, the synaptic densities do 

not appear to be quite as asymmetric as in At1 contacts. A third axon terminal, type 3 (At3), 

was very rare (Figure 2C). This terminal type clearly differs from At1 and At2 due to the 

abundance of dense-core vesicles, which represent the most prominent vesicle type (Figure 

2C, small arrow). Synaptic densities were not detected in the At3 samples studied.

3.5 | GABA-positive terminals

By using postembedding immunogold-labeling for GABA, we investigated whether GABA 

expression is restricted to one of the three defined terminal types in the CG. Based on the 

findings with the light microscope, we focused our investigation on the perisomatic neuropil. 

As already observed with light microscopy, most somata were contacted by either 

exclusively GABA-negative (Figure 3) or exclusively GABA-positive (Figures 4 and 5) 

contacts located on their membranes or in the perisomatic neuropil. A typical CG neuron is 

shown in Figure 3D. It is surrounded by exclusively GABA-negative terminals, all of them 

displaying features of the At1 terminal type with clear asymmetric synaptic densities (Figure 

3A–3F, arrowheads). Background levels of gold particles were present in this tissue, but 

none of the At1 terminals were overlain by sufficient numbers of gold particles to be judged 

GABA-positive. Figure 4D shows a low magnification photomicrograph of a CG neuron that 

receives input from numerous GABA-immunogold-labeled terminals. In this case, the 
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number of gold particles (small arrows) that overlie each of the terminals found in its 

perisomatic neuropil is clearly above background staining. These terminals are all of the At2 

type, characterized by their numerous dense-core vesicles (arrows), as well as synaptic 

densities (arrowheads), which appear less asymmetric than At1 type densities. In order to 

demonstrate the details of these terminals, Figure 5A provides a higher magnification view 

of the region found in the box shown in Figure 4D. The higher magnification views of 

contacts found in this regions allow closer inspection of five GABA-positive terminals 

indicated by gold particles (Figure 5B–5G; thin arrows). The preferential association of 

GABA immunogold particles to the mitochondria, as seen here, has been observed in other 

studies (Beaulieu & Somogyi, 1991). Note that the immunogold-labeled terminals contain a 

considerable number of dense-core vesicles (thick arrows), and accordingly they were 

classified as At2 + (Figure 4A–4C, 4E–4F). In order to verify that the immunogold labeling 

was a consistent feature, we examined the same terminals in semiserial or adjacent ultrathin 

sections. Figures 5C and 5F show high magnification EM images of the same terminal in 

semiserial sections, as can be perceived by the cut mitochondria seen on both sections. In 

both images, the terminal is densely labeled with gold particles (thin arrows), indicating that 

the GABA immunogold staining was highly reliable.

4 | DISCUSSION

By using light and electron microscopy in conjunction with immunohistochemistry, we have 

demonstrated for the first time that in addition to the well established cholinergic input a 

subgroup of postganglionic CG neurons in monkey receives a direct synaptic input from 

cholinergic terminals that coexpress markers for the inhibitory transmitter GABA. 

Consequently, postganglionic neurons are targeted exclusively by either cholinergic or 

choline/GABAergic terminals. The strong ChAT-positive input to virtually all postganglionic 

cholinergic neurons in the monkey CG conforms to the known organization of the efferent 

parasympathetic motor innervation chain (McDougal & Gamlin, 2015; Neuhuber & Schrödl, 

2011). These efferents originate from preganglionic cholinergic motoneurons of the Edinger-

Westphal nucleus (EWpg) in the midbrain, whose axons travel via the oculomotor nerves to 

the CG (Horn et al., 2008; Kozicz et al., 2011; May, Sun, & Erichsen, 2008b). Presently, 

there is no evidence with respect to which muscle targets receive parasympathetic 

innervation from the cells with this GABAergic input. Since the CG in monkeys contains 

postganglionic neurons that innervate either the ciliary muscle or the sphincter pupillae 

muscle, it is tempting to assume that the GABA/Chat input targets only one of these sets of 

postganglionic neurons in order to exert a specific function. However, denervation studies in 

the monkey suggest that only 3% of the whole CG neuron population innervates the 

sphincter pupillae muscle, whereas the vast majority of postganglionic neurons seem to 

control the ciliary muscle, which provides lens accommodation (Warwick, 1954). Although 

this percentage may be an underestimation of the pupillary population size (Erichsen & 

May, 2002), the 20% of cells that receive GABA/acetylcholine (ACh) terminals in the 

present study does not appear to correspond to the percentage of pupillary postganglionic 

motoneurons observed previously in macaque monkeys. Therefore it is more reasonable to 

assume that the ChAT/GABA-input represents an additional input to either only ciliary 

muscle motoneurons (a subfraction) or to both classes of postganglionic motoneurons.
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4.1 | Ultrastructure of nerve endings in the CG

Our findings with respect to CG ultrastructure are consistent with previous findings in 

monkey (Zhang, Tan, & Wong, 1994a; May & Warren, 1993), where axon terminals were 

found to mainly contact dendritic profiles in the perisomatic neuropil, rather than somata. 

The presence of three different axonal terminal types based on synaptic vesicle morphology 

was confirmed, and therefore the previously introduced nomenclature was adopted (May & 

Warren, 1993). Classically, excitatory and inhibitory synapses have been distinguished by 

their morphological features. Excitatory synapses possess spherical vesicles and asymmetric 

synaptic densities, whereas inhibitory synapses possess flattened vesicles and symmetric 

synaptic densities (Gray, 1969). Small clear synaptic vesicles (around 40nm) are considered 

to accumulate fast-acting transmitters, whereas dense-core vesicles are thought to store 

peptide transmitters (Torrealba & Carrasco, 2004; for review, see Harris & Weinberg, 2012). 

Considering their properties—asymmetric synaptic densities, spherical vesicles, and high 

frequency of occurrence—it is reasonable to assume that the At1 type represents the well 

established excitatory ChAT-positive input from preganglionic neurons of the EWpg that 

transmits the signal for muscle contraction to the sphincter pupillae and ciliary muscles (for 

a review, see McDougal & Gamlin, 2015).

The selective GABA-immunogold labeling of At2 terminals characterized by a greater 

number of dense-core vesicles and more symmetric synaptic densities than At1 indicates that 

this type represents a distinct class of terminals that are different from the At1 class. Since 

double-immunofluorescence had shown that all GAD + terminals colocalize ChAT, it is 

reasonable to consider these GABA + terminals as the equivalent of At2 type at EM level. 

Zhang, Tan, and Wong (1993) also observed terminals with features of inhibitory synapses 

in the cat CG, and these may well correspond to the At2 type of this study.

There are very few studies demonstrating colocalization of ChAT and GABA. These used 

adjacent sections to visualize ChAT with pre-embedding immunohistochemistry followed by 

GABA postembedding immunogold methods. No differences in the ultrastructure of ChAT/

GABA-positive and -negative terminals were noted in cat striate cortex (Beaulieu & 

Somogyi, 1991). However, primarily symmetric synapses decorated ChAT/GABA-positive 

terminals found in the laterodorsal nucleus and pedunculopontine tegmental nuclei (Jia, 

Yamuy, Sampogna, Morales, & Chase, 2003), making them distinctly different from 

conventional ChAT-positive terminals. In the rat inferior olive, both symmetric and 

asymmetric synaptic densities were made by individual ChAT/GABA-positive terminals, but 

these were found at different postsynaptic sites (Caffe, Hawkins, & De Zeeuw, 1996). The 

At2 terminals of the present study revealed uniformly “intermediate” features lying between 

those of classic excitatory and inhibitory terminals, in that the vesicles were somewhat more 

pleomorphic and the synaptic densities were less asymmetric compared to cholinergic 

excitatory At1 type terminals, but they did not contain frankly flattened vesicles or make 

perfectly symmetric contacts. It should be noted that the number of dense-core vesicles in 

At2 terminals suggests that they also contain peptides. So the synaptic activity that is 

produced by the release of ACh by these terminals is not just modulated by GABA, it may 

also be modified by neuropeptide release and second messenger activation.
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The morphology of At3 terminals suggests that they represent a functionally different 

population compared to At1 and At2 type terminals. The presence of primarily dense-core 

vesicles may indicate that these terminals store and release neuropeptides (for review, see 

Erichsen et al., 1982b; Reiner, Erichsen, Cabot, Evinger, Fitzgerald, & Karten, 1991; 

Torrealba & Carrasco, 2004;). Given that several studies demonstrated a synaptic input from 

peptidergic afferents to the CG (Grimes et al., 1998; Kirch et al., 1995; Zhang et al., 1994a), 

it is very likely that the At3 terminals represent part of this input. The lack of synaptic 

densities for these endings was also found in a previous study (May & Warren, 1993). This 

supports the view that they may represent peptidergic endings that lack synaptic contact 

zones because the peptides are released by volume transmission operating through a 

transient pore mechanism (for a review, see Torrealba & Carrasco, 2004).

4.2 | Source of GABAergic input

Our results raise the question of the origin of the GABA/ACh input to the CG. Unlike in the 

superior cervical ganglion of the sympathetic system in rat, where GABA-immunoreactive 

interneurons have been demonstrated (Wolff, Joo, Kasa, Storm-Mathiesen, toldi, & Balcar, 

1986), we did not find any evidence for GABAergic intraganglionic interneurons that might 

act as a possible source of GABA input to CG neurons. Theoretically, the trigeminal 

ganglion could provide such an input to the CG, because trigeminal fibers of the nasociliary 

nerve are known to enter and pass through the CG to transmit sensory information from the 

eye ball, including the cornea (Grimes & von Sallmann, 1960; McDougal & Gamlin, 2015). 

For example, it has been suggested that substance P-positive fibers running through the 

monkey CG may synapse on postganglionic neurons (Grimes et al., 1998; Zhang et al., 

1994b). Although a subpopulation of GABAergic neurons has been described in the 

trigeminal ganglion in different species (cat: ~ 20.0%, Stoyanova, Dandov, Lazarov, & 

Chouchkov, 1998; rat: Hayasaki, Sohma, Kanbara, Maemura, Kubota, & Watanabe, 2006; 

Hayasaki, Sohma, Kanbara, & Otsuki, 2012), nothing is known about the course of their 

fibers in primates, including their specific targets and whether they coexpress cholinergic 

markers. The significant reduction of GABA responses in the CG of chicken following 

preganglionic denervation (McEachern, Jacob, & Berg, 1989), as well as the lack of GABA-

immunoreactive terminals in dissociated embryonal chicken CG neurons after in ovo 
denervation (Liu et al., 2006), point instead to the preganglionic neurons in the EW as a 

putative source of the GABAergic input in birds (McEachern et al., 1989). To date, no 

GABA/ACh neurons have been described in the EWpg, so the origin of this input to the 

monkey CG needs to be investigated in the future.

4.3 | Cotransmission of ACh/GABA in the CG

With confocal fluorescence microscopy, we demonstrated that GAD expression always 

colocalized ChAT immunoreactivity. GAD and ChAT are the key enzymes for the 

biosynthesis of the respective transmitters GABA and ACh, and their expression has been 

widely used as indicator for cholinergic and GABAergic neuronal somata and nerve endings 

(Murphy, Pilowski, & Llewellyn-Smith, 1998; Strassman, Mason, Eckenstein, Baughman, & 

Maciewicz, 1987). The coexpression of both enzymes in a subset of terminals targeting 

postganglionic neurons in the CG suggests they release both GABA and ACh from these 

terminals. The original concept of “one neuron releases one transmitter”—also known as 
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“Dale’s principle” (Eccles, Fatt, & Koketsu, 1954)—has been challenged by many studies. 

The release of a primary “fast” neurotransmitter that opens receptor-gated ion channels in 

the postsynaptic membrane and that is accompanied by the exocytosis of “slow” 

neuropeptides that work through second messenger systems to modify the activity at the 

synapse (Tritsch, Ding, & Sabatini, 2012; Tritsch, Oh, Gu, & Sabatini, 2014) has been 

established for several decades (Jan, Jan, & Kufler, 1979; for a review, see Vaaga, 

Borisovska, & Westbrook, 2014). More recently, there is growing evidence for dual-

transmitter neurons that release multiple primary fast-acting transmitters, including 

monoamines, ACh, and GABA (Gundersen, 2008; Jonas, Bischofberger, & Sandkuhler, 

1998), that may have synergistic effects on each other’s activity (Burnstock, 1976; Root et 

al., 2014; Shabel, Proulx, Piriz, & Malinow, 2014).

One has to distinguish between a mode of co-release, where two transmitters are stored and 

released from a single synaptic vesicle population, and cotransmission, where the 

transmitters are packed in different sets of vesicles (Hnasko & Edwards, 2012; Vaaga et al., 

2014). In the latter case, differential release of any transmitter is possible by the mechanisms 

of differential calcium sensitivity or spatial segregation of vesicles into different boutons 

(Vaaga et al., 2014). There are several brain regions that contain terminals releasing ACh and 

GABA. These include the inferior olive (rat: Caffe et al., 1996), the cortex (cat: Beaulieu & 

Somogyi, 1991; rat: Saunders, Granger, & Sabatini, 2015), the laterodorsal nucleus and the 

pedunculopontine tegmental nuclei (cat: Jia et al., 2003; for a review, see Granger, Mulder, 

Saunders, & Sabatini, 2016). The best characterized neuron population for cotransmission of 

ACh and GABA are the starburst amacrine cells in the retina (Lee, Kim, & Zhou, 2010). 

With paired recordings in whole-mount preparations of the retina of rabbit, it was shown that 

ACh and GABA from starburst amacrine cells act monosynaptically at direction-selective 

retinal ganglion cells (Lee et al., 2010; Duarte, Santos, & Carvalho, 1999; Zhou & Lee, 

2008). Furthermore, depending on the external Ca2 + concentrations, the transmitters were 

differentially released from spatially distinct release sites (specifically, GABA release was 

confined to the ganglion cell dendrites, whereas ACh release sites were not spatially 

restricted (Lee et al., 2010; Sethuramanujam, McLaughlin, deRosenroll, Hoggarth, Schwab, 

& Awatramani, 2016). Due to the limitations of the applied methods for this study, we could 

not determine whether GABA-positive and –negative terminals originate from different 

preganglionic motoneurons. We also cannot tell for certain whether ACh and GABA are 

stored and released from the same or separate vesicles, although we certainly did not see any 

evidence for separate types of clear vesicles located in pools in At2 endings.

In the chicken CG, release from separate presynaptic pools is suggested by studies applying 

pharmacological tools and combined immunolabelling at the light and electron microscopic 

level (Tsen et al., 2000). The authors demonstrated the separate localization of postsynaptic 

excitatory nicotinic acetylcholine receptors (AChR) and inhibitory glycine receptors (GlyR) 

beneath the individual large calyx endings that target avian ciliary neurons exclusively. 

Likewise, separate clusters of AChRs and GlyRs were found associated with the 

postsynaptic site of individual bouton-like choroidal terminals (Tsen et al., 2000). Since 

glycine and GABA both increase the Cl− conductance in chicken CG neurons (Sorimachi, 

Rhee, Shimura, & Akaike, 1997), a mechanism for GABA/ACh receptor localization similar 
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to that found for Gly/ACh may be possible (Tsen et al., 2000). GABA receptor localization 

has not been examined yet in primate CGs.

4.4 | Functional considerations of GABA/Ach release in CG

The function of GABA within terminals of the monkey CG is unclear. To date, a GABAergic 

innervation of the CG has been demonstrated and studied only in the chicken CG. In 

dissociated cell cultures of CG neurons of newly hatched chicks, the expression of GABA 

A-receptors that activate Cl− channels was shown by pharmacological studies (McEachern 

& Berg, 1988; McEachern et al., 1985). When GABA was applied to the isolated CG of 

embryonic chicken, the amplitude of postsynaptic potentials in CG neurons was reduced and 

transmission through the CG after stimulation of the preganglionic nerve stump was 

completely blocked (McEachern et al., 1985). In the same system, an interaction of GABA 

and ACh was demonstrated by showing that the activation of postsynaptic nicotinic alpha-7 

AChR with ACh diminished the GABA responses mediated through the closely juxtaposed 

GABA A receptors at postsynaptic CG neurons (Zhang & Berg, 2007). Examples of 

cotransmission by GABA and ChAT, and its possible functional consequences, have been 

reviewed by Granger and colleagues (Granger et al., 2016). For example, GABA may act to 

restrict or shunt the excitation provided by ACh or the release of one transmitter may be 

used to modulate the subsequent release to future stimulation (see Shrivastava, Triller, & 

Sieghart, 2011). Without the knowledge of the source of the GABA/ACh input, as well as 

the physiological activity of the targeted CG population, we cannot yet speculate about a 

specific function for cotransmission in the CG. However this is not a unique arrangement of 

the efferent autonomic control; a similar GABA/ACh input to postganglionic neurons is 

present in the rat superior cervical ganglion. Their source of this input is a subgroup of 

preganglionic neurons within the intermediolateral nucleus (Ito et al., 2007).

5 | CONCLUSION

The present work demonstrates, for the first time, that a subpopulation of postganglionic 

neurons in the mammalian CG is targeted by afferents with specific immunohistochemical 

and ultrastructural features indicating that they may cotransmit ACh and GABA. Further 

studies are necessary to explore the origin of the input and the action and potential 

modulatory role of this GABAergic population, in order to elucidate the functional 

significance of the presumed cotransmission.
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FIGURE 1. 
Immunostained cryosections demonstrating gamma-aminobutyric acid (GABA)-positive 

terminals. Stars mark a subpopulation of choline acetyltransferase (ChAT)-positive, 

postganglionic ciliary ganglion (CG) neurons that receive a dense supply of glutamic acid 

decarboxylase (GAD)-positive boutons. A. Combined immunoperoxidase staining of a 

monkey CG section showing ChAT-positive neurons (brown) surrounded by ChAT-positive 

profiles (arrows) and/or GAD-positive bouton-like structures (black). Autofluorescent 

lipofuscin granules could be distinguished from immunostaining in all neurons by their 

color. B, C, D. Confocal images of double-immunofluorescence labeling for GAD and 

synaptophysin (Syn). B. Numerous green-fluorescing Syn-positive terminals supply every 
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CG neuron. C. A subpopulation of CG neurons receives dense input from GAD-positive 

bouton-like structures coloured in magenta (filled star). The open star indicates CG neurons 

without GAD input. D. The overlay of both images shows that both Syn-expression (green) 

and GAD-expression (magenta) colocalize in boutons (white structures), proving that GAD-

positive boutons represent terminals. E–J. Confocal images of double-immunofluorescence 

staining of monkey CG sections for ChAT (green) and GAD (magenta). G and J show the 

overlay of E and F and H and I. All CG neuron somata show ChAT-immunoreactivity (E and 

H, arrows). None of the CG neuron somata stain positively for GAD (F and I, arrows). A 

higher magnification of an example cell (H–J) shows that all GAD-positive boutonal endings 

(J, solid arrowheads) colocalize ChAT (G and J, white, arrowheads), but few ChAT-positive 

endings lack GAD immunoreactivity (H–J, open arrowheads). Scale bars = 50 μm in A; 40 

μm in D (applies to B–D); 50 μm in G (applies to E–G); 10 μm in J (applies to H–J)
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FIGURE 2. 
Electron microscopic images showing three different terminal types contacting dendrites 

(Den) and/or spines (Sp) in the perisomatic neuropil. A. Axon terminal type 1 (At1) is the 

most prominent terminal type in the monkey CG. It displays clear spherical vesicles, and no 

or very few dense-core vesicles. These terminals make distinctly asymmetric synaptic 

contacts (arrowheads). B. Axon terminal type 2 (At2) contains somewhat more clear, 

pleomorphic vesicles, possesses a greater number of dense-core vesicles (arrows) and their 

synaptic contacts show less asymmetric appearance (arrowheads) than At1. C. Axon 

terminal type 3 (At3) is very rare and stands out due to its large number of dense-core 

vesicles, which is the prominent vesicle type in these terminals (arrow). Synaptic contacts 

were not found in the studied samples. Abbreviations: At1 = axon terminal type 1, At2 = 
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axon terminal type 2, At3 = axon terminal type 3, Den = dendrite, Sp = spine, Sat = satellite 

cell. Scale bar = 0.8 μm in C (applies to A–C)
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FIGURE 3. 
Ultrastructure of cells receiving At1 inputs. Electron microscopic images of GABA-negative 

terminals from a CG section that was immunogold-labeled for GABA. The low 

magnification electron micrograph of a typical monkey CG neuron (D) is used to indicate 

the location of the higher magnification samples of At1 terminals (boxes) in the perisomatic 

neuropil of this neuron. Arrowheads indicate synaptic contacts. Note that all At1 terminals 

are GABA-negative (A–F). Abbreviations: At1 = axon terminal type 1, Den = dendrite, Sat = 

satellite cell, Sp = spine. Scale bar = 0.5 μm in A–C, E–F; 2.0 μm in D
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FIGURE 4. 
Ultrastructure of CG cells receiving GABA-immunogold-stained At2 inputs. D shows a low 

magnification overview of a typical CG neuron whose perisomatic neuropil is exclusively 

supplied by GABA-positive terminals as indicated by the presence of immunogold particles 

overlaying them (thin arrows). These were classified as At2 terminals (At2 +, boxes A–F) by 

using the formerly defined criteria, (e.g. the high number of dense-core vesicles [arrows, A–

F]) and less asymmetric synaptic densities (arrowheads). Detailed views of immunogold-

labeled At2 terminals labeled as boxes in D are shown in A, B, C, E, and F. A higher 

magnification electron micrograph of the big box is shown in Figure 5A. Abbreviations: At2 

+ = axon terminal type 2 positively immunogold-stained for GABA, Den = dendrite, Sat = 

satellite cell, Sp = spine. Scale bar = 0.5 μm in A–C, E–F; 2.0 μm in D
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FIGURE 5. 
A. Ultrastructural details of GABA-positive terminals. Higher magnification 

photomicrograph of the big box in Figure 4D showing another set of GABA-positive At2 + 

terminals supplying the same CG neuron. B–G. High magnifications are shown of the 

terminals indicated by labeled boxes in A. Several immunogold-particles (small arrows) 

overlie each At2 terminal, indicating that At2 terminals are GABA-positive (B–G). Images in 

C and F show the same At2 terminal in adjacent serial sections. Abbreviations: At2 + = axon 

terminal type 2 positively immunogold-stained for GABA, Den = dendrite, Sat = satellite 

cell, Sp = spine. Scale bar = 2.0 μm in A; 0.5 μm in B–G
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TABLE 1

Overview of antibody characteristics

Antigen Immunogen Manufacturer Concentration

Cholinacetyltransferase (ChAT) Human placental ChAT Millipore; goat polyclonal 
antibody; AB144p; 
RRID:AB_2079751

1:100 (IP)
1:25 (IF)

Glutamic acid decarboxylase (GAD65/67) Synthetic peptide, amino acid sequence 
[C] DFLIEEIERLGQDL from rat 
glutamate decarboxylase (GAD65; C-
terminus residues [Cys] 1572–585)

Millipore; rabbit polyclonal 
antibody; AB1511; 
RRID:AB_90715

1:2000 (IP)
1:500 (IF)

Synaptophysin (Syn) Presynaptic vesicles from bovine brain Dako; M0776;clone SY38; 
monoclonal mouse antibody; 
RRID:AB_2199013

1:20 (IF)

Gamma-aminobutyric acid (GABA) GABA-conjugated to BSA Sigma-Aldrich; rabbit polyclonal; 
A2052; RRID: AB_47765

1:75 (EM)

IP = immunoperoxidase method; IF = immunofluorescence method; EM = electron microscopy
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