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Abstract

GABA is a principal neurotransmitter in the suprachiasmatic hypothalamic nucleus (SCN), the 

master circadian clock. Despite the importance of GABA and GABA uptake for functioning of the 

circadian pacemaker, the localization and expression of GABA transporters (GATs) in the SCN 

has not been investigated. The present studies used Western blot analysis, immunohistochemistry, 

and electron microscopy to demonstrate the presence of GABA transporter 1 (GAT1) and GABA 

transporter 3 (GAT3) in the SCN. By light microscopy, GAT1 and GAT3 were co-localized 

throughout the SCN, but were not expressed in the perikarya of arginine vasopressin- or 

vasoactive intestinal peptide-immunoreactive (−ir) neurons of adult rats, nor in the neuronal 

processes labeled with the Neurofilament Heavy Chain. By electron microscopy, GAT1- and 

GAT3-ir was found in glial processes surrounding unlabeled neuronal perikarya, axons, dendrites, 

and enveloped symmetric and asymmetric axo-dendritic synapses. Glial Fibrillary Acidic Protein-

ir astrocytes grown in cell culture were immunopositive for GAT1 and GAT3 – and both GATs 

could be observed in the same glial cell. These data demonstrate that synapses in the SCN function 

as “tripartite” synapses consisting of presynaptic axon terminals, postsynaptic membranes, and 

astrocytes that contain GABA transporters. This model suggests that astrocytes expressing both 

GATs may regulate the extracellular GABA, and thereby modulate the activity of neuronal 

networks in the SCN.
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INTRODUCTION

GABA is the most abundant neurotransmitter in the suprachiasmatic nucleus (SCN), where 

it regulates many functions, including light-induced phase shifts, synchronization of the 

dorsal and ventral SCN, synchronization of the circadian phase of individual SCN neurons, 

and the sensitivity of the circadian clock to light-entraining signals (Ralph & Menaker, 

1985; Moore & Speh, 1993; Wagner et al., 1997; Albus et al., 2005; Aton et al., 2006; 

Belenky et al., 2008; Moldavan & Allen, 2013). GABA content, glutamic acid 

decarboxylase (GAD) activity and mRNA levels, GABAergic synaptic transmission, and 

GABAB receptor-mediated presynaptic inhibition of the retinal input to the SCN 

demonstrate circadian rhythmicity (Cattabeni et al., 1978; Aguilar-Roblero et al., 1993; 

Huhman et al., 1996; Wagner et al., 1997; Cardinali & Golombek, 1998; De Jeu & Pennartz, 

2002; Gompf & Allen, 2004; Itri et al., 2004; Moldavan & Allen, 2013). GABA’s action on 

synaptic and extrasynaptic receptors is terminated by diffusion from the synaptic cleft, the 

GABA uptake into presynaptic nerve terminals, or uptake into surrounding astrocytes 

(Madsen et al., 2010). There are four specific high-affinity Na+/Cl− dependent GABA 

transporters: GABA transporter 1 (GAT1), GABA transporter 2 (GAT2), GABA transporter 

3 (GAT3), and betaine/GABA transporter (Borden, 1996; Scimemi, 2014). GAT1 and 

GAT3 are expressed in the brain and show region and cell-type specific localization patterns 

(Itouji et al., 1996; Ribak et al., 1996a; Jin et al., 2011). In the majority of brain structures, 

GAT1 and GAT3 are localized to astrocytes, and only GAT1 has been found in axon 

terminals (Minelli et al., 1995; Minelli et al., 1996; Ribak et al., 1996b; De Biasi et al., 

1998; Jin et al., 2011).

In the SCN, the GABA uptake inhibitors nipecotic acid and riluzole increase arginine 

vasopressin (AVP) release (Isobe & Nishino, 1997). The GABA that accumulates during 

application of nipecotic acid activates GABAB receptors and inhibits glutamate release from 

retinohypothalamic tract (RHT) synapses (Moldavan & Allen, 2013). Despite the 

importance of GABA uptake for GABAergic neurotransmission, the expression and 

localization of GATs in the SCN have not been described in detail.

The aim of this study was to determine the types of GABA transporters expressed in the 

SCN, their diurnal expression pattern, and their cellular localization. We found that both 

GAT1 and GAT3 are expressed in the SCN, but did not exhibit significant rhythmic changes 

in diurnal expression. Detectable GAT1- and GAT3-ir were found only in glial processes 

surrounding unlabeled neuronal perikarya and axo-dendritic synapses. Our data indicate an 

important role for GAT1- and GAT3-expressing glial cells in regulating GABA uptake in 

the SCN.
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METHODS

The Institutional Animal Care and Use Committee of Oregon Health & Science University 

approved in advance all the experimental procedures involving animals. Animal handling 

was conducted in accordance with National Institutes of Health Guide for Care and Use of 

Laboratory Animals and associated guidelines. All efforts were made to minimize pain and 

the number of animals used.

Animals and housing

Four to six weeks old male Sprague-Dawley rats (Charles River Labs, Wilmington, MA) 

were housed in an environmental chamber (Percival Scientific, Perry, IA) maintained at 

21°C on a 12:12 hr light:dark (LD) cycle, with free access to food and water. These animals 

were used for the Western blot, immunohistochemistry and electron microscopy studies. 

Pregnant female Sprague-Dawley rats (19 - 20 days gestation) were purchased from Charles 

River Labs (Wilmington, MA). The female rats were housed in an environmental chamber 

(Percival Scientific, Perry, IA) maintained at 21°C on a 12:12 hr light:dark (LD) cycle, with 

free access to food and water. Zeitgeber time was used to define light and dark phases 

during the LD cycle. By convention, ZT12 was defined as lights-off.

Brain tissue collection for Western blots

Rats were deeply anesthetized with isoflurane (Hospira, Inc, Lake Forest, IL), brains were 

removed and submerged in an ice-cold Krebs solution consisting of (in mM): NaCl 82.7, 

KCl 2.4, CaCl2 0.5, MgCl2 6.8, NaH2PO4 1.4, NaHCO3 23.8, dextrose 23.7, sucrose 60, 

saturated with 95% O2 and 5% CO2; pH 7.3 - 7.4; 308 - 310 mOsm (Mathews et al., 2012). 

Coronal brain slices (250 μM thick) were cut with a vibrating-blade microtome (Leica VT 

1000 S, Leica Biosystems Nussloch GmbH, Germany) (Moldavan & Allen, 2013). Olfactory 

bulb, cerebral cortex and cerebellum were trimmed off, and separately homogenized after 

the meninges were removed. Hippocampus, striatum, thalamus, and hypothalamus (without 

SCN) were cut from the brain slices, and the retina was extracted from the eye with a fine 

sharp razor blade. Samples were collected at ZT 6 – 8. During a single collection period 

about 20 slices containing the SCN were cut from 10 rats, then transferred into a chamber 

with ACSF, kept at 30°C and bubbled with carbogen (5% CO2 & 95% O2). Each lobe of the 

bilateral SCN was “punched” out of the slice in ice-cold ACSF with a Harris Uni-Core Hole 

puncher (inner diameter 0.5 mm; Ted Pella, Inc.; Redding, CA). To increase the protein 

yield in the sample, we tried to minimize the amount of ACSF that remained with the 

collected tissue. To accomplish this, the SCN punches were pricked with a glass 

micropipette with a 10 mm long fine tip and transferred to an eppendorf tube filled with ice-

cold lysis buffer (RIPA with the protease inhibitors/PMSF). During one collection period 

about 40 punches were collected from 10 rats, and the punching procedure took 1.5 - 2 

hours. The collection procedure was repeated twice for each ZT, and in total the tissue from 

20 rats was collected for each ZT. To study the diurnal GAT expression, the SCN tissue 

samples were collected at: ZT 4 - 6, ZT 8 - 10, ZT 14 - 16, ZT 18 - 20, and ZT 22 - 24. The 

punching procedure for each ZT took 1.5 - 2 hours. The circadian clock continues to run and 

retains the initial phase after brain slices were cut and placed into ACSF under physiological 

conditions (Green & Gillette, 1982; Groos & Hendriks, 1982; Shibata et al., 1982; Gillette, 
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1986; vanderLeest et al., 2009). Consequently, the SCN circadian clock function was fixed 

and GATs expression was preserved for a specified ZT.

Western blot procedures and data analysis

Tissue samples of SCN, olfactory bulb, cerebral cortex, cerebellum, retina, hippocampus, 

striatum, thalamus, and hypothalamus were collected as described above. The tissue was 

homogenized in twenty volumes of ice-cold RIPA buffer with protease inhibitors/PMSF 

(homogenizer - Kontes Pellet Pestle Cordless Motor, #K749540-0000 with adapter, Fisher 

Scientific, Pittsburgh, PA), centrifuged (12,000×g, for 10 min at 4°C) and the supernatant 

collected. A Bradford assay (#500-0006, Bio-Rad protein Assay Dye Reagent Concentrate, 

Life Science Research, Hercules, CA) was used to determine the total protein concentration 

in the samples. The absorbance of bovine serum albumin (BSA) standard (B9001S or 

B9000S, New England BioLabs) and lysate samples was measured at 595 nm in duplicates 

with a Shimadzu UV-1700 PharmaSpec Spectrophotometer (Shimadzu Scientific 

Instruments, MD). A standard curve with serial dilutions of BSA was drawn, and the total 

amount of protein in each lysate was calculated. The volume of lysate containing equal 

amounts of protein was calculated for each sample. Reduced samples (5 μg of protein/20 μl 

per well) were loaded into 4-12% precast Bis-Tris gels (Life Technologies, Grand Island, 

NY). During the SDS-PAGE routine, the samples of SCN tissue, that represented different 

ZTs, were run simultaneously on the same gel. To reduce any systematic error that may 

appear during the proteins’ run or transfer, the samples were placed into wells in different 

sequences for each new gel. The proteins were SDS-PAGE separated at 125V and 

electroblotted (40V for 1 hour) onto PVDF membranes. For the ECL detection, the blots 

were blocked in 5% non-fat milk/TBST and incubated with a rabbit anti-GAT1 polyclonal 

antibody (AGT-001, Alomone Labs Ltd., Jerusalem, Israel, 1:500) overnight at 4°C in the 

same buffer with agitation. A donkey polyclonal anti-rabbit IgG-HRP conjugated secondary 

antibody (sc-2313, Santa Cruz Biotechnology Inc., Santa Cruz, CA, 1:5000) was added for 1 

hr at RT. For a loading control a mouse anti-Glyceraldehyde-3-Phosphate Dehydrogenase 

(GAPDH) purified monoclonal antibody (MAB374, Millipore, Temecula, CA, 1:8000) was 

applied followed by rabbit polyclonal anti-mouse IgG-HRP conjugated secondary antibody 

(AP160P, Millipore, 1:200,000). A molecular mass marker (kDa) was applied (# 161-0374, 

Bio-Rad, Life Science Research). The bands were detected on the X-ray film following the 

incubation with a chemiluminescent substrate (PI-34077, Thermo Scientific, Rockford, IL). 

For GAT3 detection, the blots were blocked and incubated overnight in Odyssey blocking 

buffer containing a rabbit anti-GAT3 polyclonal antibody (AB1574, Millipore, 1:1000). The 

secondary antibody was a goat anti-rabbit IRDye 680conjugated IgG (# 926-32221, LI-COR 

Biosciences, 1: 4000, channel 700 nm, red) with 1 hr incubation time. For loading control, a 

mouse anti-GAPDH monoclonal antibody (1:8000) was applied followed by IRDye 800CW 

Goat Anti-Mouse conjugated IgG (# 926-32210, LI-COR Biosciences, 1: 3000, channel 800 

nm, green) secondary antibody.

The blot image was taken and the optical density (O.D.) was determined for each sample. 

GAT1 blots were scanned from X-ray film. GAT3 blots were processed with Odyssey 

infrared imaging system (densitometer Odyssey, LI-COR Biosciences, Lincoln, NE). The 

optimal exposure was chosen to avoid the saturation of the image. For each sample the O.D. 
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of the GAT1 or GAT3 band was quantified with ImageJ (National Institutes of Health), 

normalized to the corresponding loading control, then averaged across all gels. The GAT 

expression in different brain regions was compared to the GAT expression in the SCN and 

the data presented in ratio units (5 gels/graph, mean ± SE). The GATs expression in 

different brain regions versus expression in the SCN was analyzed using a Student’s t-test.

The O.D. of GAT1 and GAT3 bands were measured at each of five ZTs, normalized to the 

corresponding loading control, averaged for all gels, and plotted. The JTK_Cycle 

nonparametric algorithm was used to determine if there were diurnal changes of GAT1 and 

GAT3 expression (Hughes et al., 2010). Data are presented as means ± S.E.M. 

KaleidaGraph TM (version 3.6; Synergy Software, Reading, PA), Excel 11.6.5 (or 14.1.3) 

(Microsoft Co., Redmond, WA), FreeHand MX (Macromedia, Inc, San Francisco, CA), 

JTK_Cycle (http://openwetware.org/wiki/HughesLab:JTK_Cycle), and R (V3.02 R 

Development Core Team, www.R-project.org) were used for curve fitting, data analysis and 

graphic presentation.

Immunohistochemistry

Each rat was deeply anaesthetized with isoflurane and transcardially perfused with 

phosphate buffered saline 1× (PBS), pH 7.4, followed by 4% paraformaldehyde (PFA) in 

PBS. After perfusion, the brain was post-fixed in PFA for 18 hours at 4°C and cryoprotected 

by incubating overnight at 4°C first in 10% then 30% sucrose in PBS. Brain blocks were 

embedded in Shandon Cryochrome embedding medium (Thermo Fisher Scientific Inc., 

Waltham, MA) and fast-frozen by dry ice mixed with 96% ethanol for 3-5 minutes. Coronal 

(20 μm thick) sections were cut with a Leica cryostat (CM1950, Leica Microsystems, Inc., 

Buffalo Grove, IL), thaw-mounted onto pre-cleaned SuperFrost® Plus glass slides, and dried 

at 37°C. Air-dried SCN-containing sections were hydrated in 0.1 M PB. To reduce 

background autofluorescence, the sections were incubated in an aldehyde-reducing agent 1% 

NaBH4 in 0.1 M PB for 30 min and rinsed copiously with multiple changes of 0.1 M PB 

until there were no signs of bubbles (Luquin et al., 2010). The tissue was permeabilized with 

0.3% Triton X-100 in TBS and non-specific binding was blocked by incubation in 5% 

normal donkey serum for 1 h at RT.

To study GAT1 expression alone, sections were incubated with the rabbit anti-GAT1 

polyclonal antibodies AB1570 (Millipore, Temecula, CA, 1:100) or ab72448 (Abcam, Inc., 

Cambridge, MA, 1:500). GAT3 expression was studied by application of a rabbit anti-GAT3 

polyclonal antibody (AB1574, Millipore, 1:100 or 1:500). For dual-labeling experiments, 

GAT1 or GAT3 antibodies were applied with different cellular markers (see Table 1). After 

an overnight incubation at 4°C sections were washed with 0.3% TX/TBS. A complete list of 

antibodies and concentrations used is shown in Table 1. Samples were counterstained with 

300 nM DAPI (D1306, Molecular Probes, Eugene, OR) in 0.1 M PB. Sections were rinsed, 

and coverslipped with ProLong Gold antifade mounting media (P36934, Life Technologies).

Controls for antibody specificity

Western blot—Positive control: control peptide antigen (supplied with AGT-001, 

Alomone Labs) was used to verify the specificity of bands detected with the GAT1 
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antibody. GAT1 band disappeared when antibody was preadsorbed overnight in excess of 

blocking peptide (antibody/antigen ratio 1:5). The positive control for GAT1 was a cerebral 

cortex lysate, for GAT3 - thalamus lysate. The specificity of GAT3 antibody (cat no. 

AB1574; Millipore, Temecula, CA) was previously determined using immunoblot analysis 

with antigen preabsorption (Ikegaki et al., 1994; Ribak et al., 1996b). The negative control 

was loading buffer without sample. The loading control was GAPDH.

IHC—For a negative control the primary antibodies were substituted with the host’s species 

IgG that completely abolished the immunostaining. The positive control for GAT1 was 

cerebral cortex tissue.

Imaging

Images were taken with a Zeiss Axioskop 2 TM fluorescent microscope using AxioVision 

4.8 software (Carl Zeiss MicroImaging, Inc.). The images of double-labeled 

immunofluorescent tissue sections were acquired on laser scanning confocal microscope 

systems: Olympus Fluoview FV1000 (FV10-ASW 3.1b software) or on a Zeiss LSM 780 

(Zeiss ZEN 2011 acquisition software; Carl Zeiss MicroImaging, Inc.). Similar results were 

produced from both confocal microscope systems. Confocal micrographs consisted of 

several 0.4 μm thick optical sections adjusted for optimal brightness and contrast using FIJI 

software.

Electron Microscopy (EM) Immunocytochemistry for Gold Labeling

Perfusion and tissue preparation for immunocytochemistry—Rats were 

anaesthetized with pentobarbital sodium (150 mg/kg) and perfused transcardially through 

the ascending aorta with 5-10 mL of heparinized saline (1000 U/mL), followed by 50 mL of 

3.8% acrolein in 2% paraformaldehyde (PFA), followed by 200 mL of 2% PFA in 0.1 M 

PB, pH 7.4 (Aicher et al., 2003b). Immediately following perfusion, brains were removed 

and blocks of tissue containing SCN were placed in 2% PFA for 30 min before being 

transferred to 0.1 M PB. Blocks of tissue were stabilized in agar and sectioned coronally on 

a vibrating microtome (Leica Microsystems, Inc., Buffalo Grove, IL) at 40 μm. Alternate 

sections were collected and processed for GAT1 and GAT3 immunocytochemistry, 

respectively.

Immunocytochemistry for EM studies—The following pre-treatments were performed 

in sequence: To bind remaining free aldehydes and increase the antigenicity of acrolein-

perfused tissues, sections were incubated in 1% NaBH4 (Sigma–Aldrich) in 0.1 M PB for 30 

min; to increase membrane permeability of the antibody solutions for EM, sections were 

cryoprotected in a 25% sucrose 1% glycerol solution for 15 minutes then rapidly immersed 

sequentially for a few seconds each in liquid Freon (Freon 22) and liquid nitrogen before 

being transferred back to 0.1 M PB; and finally to reduce non-specific binding, tissue was 

incubated for 30 minutes in 0.5% BSA in 0.1 M Tris saline, pH 7.6, then washed in 0.1 M 

Tris.

Following these pre-treatments, sections were incubated in either rabbit anti-GAT1 primary 

antibody (ab72448, Abcam) or rabbit anti-GAT3 primary antibody (AB1574, Millipore) 
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diluted 1:50 in 0.1 M Tris buffer, pH 7.6 for 48 hours at 4°C. Following primary antibody 

incubation, all sections were buffer washed and incubated in goat anti-rabbit gold 

conjugated IgG (EMS, 25101) diluted 1:50 in a white fish gelatin/BSA solution in 0.01M 

PBS for 2 hours at room temperature. Sections were then incubated in 2% EM grade 

glutaraldehyde for 10 minutes; citrate buffer washed and silver intensified using the 

IntenSE™ M kit (GE Healthcare Life Sciences, Buckinghamshire, UK).

Electron microscopy—Following immunolabeling, tissue sections were fixed for 15 

minutes in 1.0% osmium tetroxide, dehydrated and flat embedded in EMBed-812 (EMS, RT 

14120) between two sheets of ACLAR plastic (EMS, 50425) and cured in a 60°C oven for 

24 – 48 hrs. Regions of tissue containing labeled cells were glued onto cured resin blanks 

and 70 nm sections were cut on an ultramicrotome (Leica Microsystems, Inc.), picked up on 

copper grids, and counterstained with uranyl acetate and Reynold’s lead citrate. Areas of 

interest containing immunogold labeling at the tissue/plastic interface were examined on an 

FEI Tecnai BioTwin electron microscope at 80 kV. Criteria for positive immunogold 

labeling were similar to previous descriptions (Aicher et al., 2003a).

SCN primary cell culture preparation

Prior to the cell isolation, 35 mm dishes with a 14 mm glass bottom (Cat # P35G-0-14-C, 

Mattek Corp., Ashland, MA,) were coated with 0.4% Polyethylene imine (Cat # 03880, 

Sigma-Aldrich Fluka, St. Louis, MO) in 0.1 M Borate buffer (Lelong et al., 1992), with cell 

culture inserts (Cat # 80209, Ibidi LLC., Verona, WI) attached to the center of the glass 

bottom for each 35 mm dish. Rat glial cells were prepared as described in Kaech and Banker 

(Kaech & Banker, 2006) and plated on the dishes outside the Ibidi inserts and grown to 

about 80% confluence in MEM (# 11095-080, Life Technologies), supplemented with 10% 

horse serum, 20% D-Glucose (19 mM final) and penicillin/streptomycin 1:100. One day 

before the SCN cell preparation, the media was replaced with MEM+ 5% FBS and returned 

to the incubator overnight.

The SCN cells were obtained under aseptic conditions from one-day rat pups (Charles 

River) euthanized by rapid decapitation. The brains were rapidly removed and placed into 

ice cold slicing buffer: 1× HBSS (with Ca2+, Mg2+ without NaHCO3; Cat # 14065, Life 

Technologies), supplemented with 1M HEPES (0.01 M final), NaHCO3 (4.2 mM final) and 

penicillin/streptomycin 1:100. The osmolarity of the slicing buffer was 285-315 mOsm. 

Forebrains were cut preserving the hypothalamus, and secured onto a vibratome stand using 

a cyanoacrylate adhesive (Cat # 14037127414, Leica Biosystems, Buffalo Grove, IL). 

Coronal slices 300 μm thick were cut at the level of the optic chiasm, using a vibrating blade 

microtome (VT1000 S, Leica Biosystems, Buffalo Grove, IL Cat# VT1000 S). The slices 

were examined under a dissecting microscope, and SCN nuclei were punched using an 18-

gauge blunt needle (Cat # B18-100, SAI, Lake Villa, IL). The punches were transferred into 

a sterile conical 1.5 ml tube with dissociation media: 1× HBSS (without Ca2+, Mg2+; Cat # 

14185, Life Technologies), supplemented with 1M HEPES, 3.6 g/L D-Glucose and 

penicillin/streptomycin. The tissue pieces were washed of any leftover slicing buffer by 

spinning the tube at 1000 rpm in a microcentrifuge. Next, the tissue was enzymatically 

digested for 15 minutes at 37°C using > 20 units/ml papain solution (Cat # LK003176, 
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Worthington Corp., Lakewood, NJ), previously dissolved and activated in HBSS containing 

1.1 mM EDTA, 0.067 mM mercaptoethanol and 5.5 mM cysteine (Huettner & Baughman, 

1986). After the digestion solution was aspirated off, the tissue was resuspended in 

conditioned SCN plating media (MEM + 5% FBS) in a volume ≈100 μl per one SCN 

punch. The suspended tissue was then gently triturated using a fire polished Pasteur pipette 

avoiding air bubble formation. The SCN cells were transferred in 80 μL of plating media 

into each chamber of the Ibidi insert (Ren & Miller, 2003). After 3-4 hours of incubation at 

37°C, which allowed time for the SCN cells to attach to the coated glass bottom, the Ibidi 

inserts were removed from each dish. The plating media was gradually replaced by MEM 

(Cat # 11095-080, Life Technologies,) with addition of N-2 supplement (Cat # 11095-080, 

Life Technologies), 5% FBS, 20% D-Glucose (19 mM final) and penicillin/streptomycin 1: 

100. After one week in culture the cells were washed of the media with 1× HBSS (with 

Ca2+, Mg2+ without NaHCO3; Cat # 14065, Life Technologies) and fixed with 4% 

paraformaldehyde in 0.1 M PB.

Fluorescent Immunocytochemistry and Imaging of SCN cell cultures—The 

fixed SCN cultured cells were washed of fixative in Ca2+ & Mg2+ containing HBSS. The 

paraformaldehyde residue was quenched with 0.1 M glycine in HBSS for 30 minutes. 

Washed cells were permeabilized in 0.3% TritonX containing HBSS and non-specific 

blocking was subsequently performed with 5% donkey serum. To study GAT1 and GAT3 

expression in astrocytes, either a rabbit anti-GAT1 antibody (ab426, Abcam, 1:500) or a 

rabbit polyclonal anti-GAT3 antibody (AB1574, Millipore, 1: 250) were combined with a 

mouse monoclonal IgG to glial fibrillary acidic protein (GFAP, MAB3402, Millipore, 1: 

250). For the GAT-1 co-localization with the GAT-3 the mouse monoclonal anti-GAT-3 

antibody (sc-376001, Santa Cruz Biotechnology, 1; 250) was used in combination with the 

rabbit anti-GAT1 antibody (Abcam ab426, 1: 500). The cultured cells were incubated with 

the primary antibodies overnight at 4°C. Following washes with 0.3% TritonX in 1× HBSS 

(with Ca2+ and Mg2+) the secondary detection was carried out using a mixture of 1:500 

donkey anti-rabbit DyLight 550 (ab96920, Abcam) and 1:250 donkey anti-mouse DyLight 

488 (#715-546-151, Jackson ImmunoResearch) conjugated antibodies for 4 hours at room 

temperature. After subsequent washes the nuclei were counterstained with 300 nM DAPI 

(D1306, Life Technolodies) in HBSS. The culture dishes were washed and filled with 1 ml 

of HBSS for imaging.

To determine the autofluorescence level only the secondary antibody was applied (isotype 

control). Cell culture images were captured with a Nikon Eclipse Ti inverted confocal 

microscope (Nikon Instruments Inc.) equipped with CSU-W1 confocal scanner unit 

(Yokogama Electric Corp.) using software NIS-Elements AR 3.0.

RESULTS

Western blot analysis

a) Comparison of GAT1 and GAT3 expression in SCN and other brain regions
—Western blot analysis was used to determine the expression pattern of GATs in the SCN 

and other brain regions. A band for GAT1 was observed at ~67 kDa (Fig. 1A, top). The 
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optical density (O.D.) was measured, normalized to loading control (see Methods) and 

GAT1 expression in several brain regions was compared to the expression level in the SCN 

(Fig. 1A, bottom). The highest GAT1 expression was observed in the cerebral cortex. The 

normalized optical density (O.D.n.) ratios for cerebral cortex and hippocampus versus SCN 

were 2.1 (Student’s paired t-test, two-tail, P < 0.01, n = 5 gels) and 1.4 (P < 0.05, n = 5), 

respectively. GAT1 expression was similar in cerebellum, striatum, thalamus, 

hypothalamus, and SCN. The olfactory bulb and retina had significantly lower GAT1 

expression (O.D.n. 0.4 and 0.5 of the SCN value, respectively, P < 0.001, n = 5). The 

cerebral cortex lysate was used as a positive control because of the high level of GAT1 

expression. To confirm the antibody specificity, the anti-GAT1 antibody was applied in 

duplicates to the cerebral cortex sample with and without a blocking peptide (Fig. 1A, 

bottom, insert). GAT3 expression was highest in the thalamus, hypothalamus and SCN (Fig. 

1). In other brain regions studied, GAT3 expression was significantly lower (P < 0.001, n = 

5 gels). The O.D.n. measured for olfactory bulb was 0.77 of that observed in the SCN. For 

cerebral cortex, cerebellum, retina, hippocampus and striatum the O.D.n. did not exceed 0.2 

of the SCN value (Fig. 1B).

b) Studies of diurnal rhythmicity of GAT1 and GAT3 expression in the SCN—
We tested the hypothesis that GAT1 and GAT3 demonstrate a diurnal rhythmic expression 

in the SCN. Adult male rats were maintained on a 12:12 hr LD cycle for at least a week. The 

rats were sacrificed, brain slices prepared, and SCN tissue collected during ZT 4 - 6, ZT 8 - 

10, ZT 14 - 16, ZT 18 - 20, and ZT 22 - 24. Western blot procedures were applied to 

samples (see Methods and Table 1, Fig. 2A, B). To quantify the data, O.D. was measured for 

each band, normalized to the loading control value, and plotted (Fig. 2 C). Neither GAT1 

nor GAT3 expression showed significant changes over the 24 hour period (the permutation 

based p values ADJ.P were 1 for both GAT1 and GAT3) (Hughes et al., 2010).

Immunohistochemical studies of GAT1 and GAT3

Light microscopic images showed the heaviest GAT1 immunostaining in the hypothalamus 

between the lobes of the SCN and around the third ventricle (Fig. 3). However, fairly even 

GAT1 immunofluorescence was observed throughout the SCN (Fig. 3A, B). Sections were 

counterstained with DAPI to determine the location of cell nuclei and the contour of the 

SCN (Fig. 3B). The cerebral cortex was used as a positive control because of abundant 

GAT1 expression (data not shown). Interestingly, high-resolution immunofluorescent 

images revealed punctate GAT1 labeling encircling cell perikarya in the SCN (Fig. 3C). 

GAT1-ir outlined a dense neuropil surrounding unlabeled cell bodies presumably belonging 

to neurons (Fig. 3D). Therefore, we conducted electron microscopic studies to determine, if 

GAT1 is expressed in the neurons or in glial cells (see below).

Several neuronal markers were used in an attempt to determine whether SCN neurons 

express GATs. Antibodies to Neuronal nuclear antigen (NeuN) and to Neuron Specific 

Enolase (NSE) stained SCN neurons weakly (data not shown). An anti-Neurofilament 

Heavy chain 200 kDa (NFH) antibody was used to stain neurofilaments, which are the major 

component of the neuronal cytoskeleton providing structural support to the axon. A dense 

network formed by NFH-ir neuronal processes was observed in the SCN (Fig. 3E, F). 
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GAT1-immunolabeling closely followed the pattern of intertwined neuronal processes 

immunopositive to NFH, which surrounded unlabeled perikarya (Fig. 3F) but dual-labeled 

profiles were not observed. GFAP-ir astrocytes were detected by application of anti-GFAP 

antibody (Fig. 3G - I). Large processes of GFAP-immunopositive astrocytes were 

encompassed by GAT1 expressing tissue (Fig. 3I). The merged images showed occasional 

co-localization of GAT1- and GFAP-immunostaining. The density of GFAP-positive 

astrocytes appeared to be higher in the ventrolateral part of the SCN, around the third 

ventricle, between the lobes of the SCN (Fig. 3G), in contrast to the fairly even GAT1 

immunostaining. Immunocytochemistry confirmed the localization of GAT3 in the SCN and 

surrounding hypothalamic tissue (Fig. 4A, B). The neuronal processes immunopositive for 

NFH (Fig. 4 D, E) were in close proximity to GAT3-ir profiles. NFH-ir was much stronger 

in the ventral part of the SCN and did not show co-localization with GAT3 immunostaining 

(Fig. 4C). GAT3-ir was also observed in the SCN regions where GFAP-ir was poorly 

expressed or was not detected (Fig. 4F). GFAP-ir astrocytic processes were surrounded by 

tissue immunolabeled for GAT3 (Fig. 4G, H). GAT3 expressed fairly evenly in the SCN and 

surrounding hypothalamic region in contrast to the expression of GFAP-positive astrocytes, 

which had a higher density in the ventrolateral part of the SCN, between the lobes of the 

SCN, and in the optic chiasm (Fig. 4F). GAT3-ir was not observed in the neuronal perikarya 

labeled with antibodies to arginine vasopressin (AVP) (Fig. 5A - C) or to vasoactive 

intestinal peptide (VIP) (Fig. 5G - I). GAT1-ir also was not detected in the perikarya of 

neurons labeled for AVP (Fig. 5D - F). Double staining with antibodies to GAT1 and GAT3 

showed a significant co-localization of these two transporters (Fig. 6). Our further studies 

using cell culture revealed that GAT1 and GAT3 are co-expressed in the same glial cell (see 

below).

Thus, our immunohistochemical data indicate that GAT1 and GAT3 were not expressed in 

AVP- and VIP-immunopositive neurons or NFH-ir neuronal processes of adult rats. GFAP-

immunostaining of large astrocytic processes only occasionally co-localized with GAT1 or 

GAT3.

Immuno-gold electron microscopic studies of GAT1 and GAT3 localization in SCN

To better describe the location of GAT1 and GAT3, immunogold electron microscopy (EM) 

was performed. SCN neurons were characterized by deeply invaginated nuclear membranes 

and somata with well-developed cytoplasmic organelles including the endoplasmic 

reticulum, Golgi complex, mitochondria and polysomes (Ueda & Ibata, 1989). Immunogold 

labeling for GAT1 (Fig. 7A) or GAT3 (Fig. 7C) was observed in glial processes, which 

ensheathed the unlabeled neuronal perikarya. Glial processes were identified in accordance 

with morphological criteria for recognizing protoplasmic astrocytes (Tamada et al., 1998; 

Ibata et al., 1999; Kimelberg, 2010). The glial processes containing immunogold labeling 

could be seen on high-resolution EM images (Fig. 7B, D). GAT1- and GAT3-immunogold 

labeled glial processes were closely associated with the neuronal cytoplasmic membrane. 

GAT1-labeled glial processes partially engulfed unlabeled axon terminals and dendrites 

(Fig. 8A). Glial processes containing immunogold labeling for GAT3 also surrounded 

unlabeled axon terminals and dendrites that formed symmetric and asymmetric axo-

dendritic synapses (Fig. 8B, C). Some of these terminals contained both small clear vesicles, 
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as well as dense core vesicles, which is typical for axon terminals releasing peptides along 

with neurotransmitter (Fig. 8C). Fine glial leaflets containing silver-enhanced gold particles 

enveloped axon terminals (Fig. 8C). Unlabeled dendrites were also partially surrounded by 

GAT3-ir glial processes. GAT1-ir glial processes enveloped axon bundles that included 

unmyelinated axons and axonal processes containing clear and dense core vesicles (Fig. 

9A). Also, immunogold particles were closely associated with the membranes of GAT3-ir 

glial processes surrounding unmyelinated axons (Fig. 9B).

Cultured SCN glial cells can express GAT1 and GAT3

To determine if GATs can localize, astrocyte-neuronal cultures were prepared from the 

SCN. GFAP-immunopositive astrocytes expressed GAT1 (Fig. 10A - C) and GAT3 (Fig. 

10D - F). Double staining with antibodies to GAT1 and GAT3 revealed glial cells 

(presumably astrocytes) immunoreactive to both GATs (Fig. 10G - I). These data 

demonstrate that an individual glial cell can express both GATs. A model that shows the 

cell-specific glial localization of GATs in the SCN is presented in Figure 11. This model 

schematically shows the expression of GABA transporters on the distal processes of GFAP-

positive astrocytes and also assumes expression of GATs by GFAP-negative glial cells. The 

model shows that GAT-ir processes of glial cells surround neuronal cell bodies and axo-

dendritic synapses.

DISCUSSION

Our studies confirmed that expression of GAT1 and GAT3 varies in different brain regions. 

The strongest GAT1 expression was noted in the cerebral cortex exceeding more than twice 

the expression in the SCN, while GAT3 expression in SCN was 7 times higher than in the 

cerebral cortex. GAT1 and GAT3 immunogold labeling was observed in fine glial processes 

surrounding unlabeled neuronal perikarya and axons. Glial processes immunoreactive for 

GAT3 also partially enveloped unlabeled dendrites and axon terminals that formed 

symmetric and asymmetric axo-dendritic synapses. Neither GAT1 nor GAT3 immunogold 

labeling was found in the synaptic cleft indicating that GABA is taken up by transporters in 

glial processes after its diffusion from the synaptic cleft. The localization and morphology of 

glial cells immunoreactive for GATs were similar to GFAP-ir protoplasmic astrocytes, 

described previously in the SCN (Tamada et al., 1998; Ibata et al., 1999; Bushong et al., 

2002; Kimelberg, 2010). GAT1 or GAT3 immunoreactivity was also observed in GFAP-

immunopositive astrocytes grown in cell cultures. Individual glial cells expressed both 

GAT1 and GAT3. GATs were not found in SCN neurons identified using a variety of 

neuronal markers. Perikarya of AVP- or VIP-ir neurons, as well as neuronal processes-ir for 

Neurofilament Heavy chain, were not immunoreactive for GAT1 or GAT3. Thus, in the 

SCN of adult rats, like in the other hypothalamic nuclei and thalamus, GAT 

immunoreactivity was localized in glia while no GAT staining was detected in neurons (De 

Biasi et al., 1998; Vitellaro-Zuccarello et al., 2003; Park et al., 2009).

In the cerebral cortex and the thalamus during the first two postnatal weeks GATs are 

expressed in the astrocytic cell bodies, but in adult rats they are localized to the fine distal 

astrocytic processes that lack intermediate filaments (Vitellaro-Zuccarello et al., 2003). 
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However, the immunolabeled GFAP cytoskeleton represents only approximately 15% of the 

total astrocytic volume and includes the soma, primary, and secondary processes, with very 

little GFAP found in the spongiform processes (Bushong et al., 2002). These fine processes 

of astrocytes and radial glia-derived cells are too thin to be identified without gold or silver 

stains (Hajos & Basco, 1984; Morin et al., 1989). This may explain why in the 

immunofluorescent images of the SCN, large GFAP-positive astrocytic processes did not 

show significant immunoreactivity for GATs. Also, the tissue stained for GATs often did 

not contain GFAP-positive astrocytes. In contrast to GFAP-labeled astrocytes, that localized 

mainly in the ventrolateral part of the SCN (Morin et al., 1989; Tamada et al., 1998; 

Munekawa et al., 2000; Ikeda et al., 2003; Becquet et al., 2008; Deng et al., 2010), GAT1- 

and GAT3-immunostaining was relatively even throughout the SCN, suggesting that GFAP-

negative glial cells may also express GATs. GFAP-negative glial cells may represent a large 

part of all glial cells. For example, in the hippocampus GFAP-negative astrocytes 

represented about 40% of all glial cells (Walz & Lang, 1998). Given that the astroglia to 

neuron ratio in the SCN is 1 to 3, and each glial cell can enwrap on average four neuronal 

somata (Guldner, 1983; Halassa et al., 2007b) we conclude that astrocytes expressing GAT1 

and GAT3 can regulate the extracellular GABA concentration around a small neuronal 

population. These functional areas of glial cells influence may play an important role in 

regulating the activity of the SCN neural network.

Our findings fit well with the concept of a “tripartite” synapse consisting of presynaptic 

axon terminals, postsynaptic membranes, and astrocytes (Araque et al., 1999; Halassa et al., 

2007a). This model helps to explain how glial cells regulate neurotransmission in the SCN 

by taking up GABA and releasing “gliotransmitters”, which can modulate functional islands 

of synapses confined within the boundaries of an individual astrocyte (Halassa et al., 

2007a). Gliotransmitters are neuroactive substances released from glial cells that act on 

receptors to alter the activity of neighboring neurons, glial cells or blood vessels, and 

include glutamate, GABA, ATP, cytokines, and D-serine (Yoon & Lee, 2014; Fields et al., 

2015). This concept could be supplemented by astrocyte-mediated GABA uptake from the 

neuronal somatic membrane. Ensheathment of synapses, neuronal cell bodies and processes 

by GAT-ir neuroglia would limit GABA spillover and diffusion, regulate the extracellular 

GABA concentration, and modulate tonic and synaptic GABA currents in the SCN.

Neither GAT1 nor GAT3 expression, as measured by Western blot analysis, showed a 

diurnal rhythm However, the surface/cytoplasmic expression of GATs in the axonal 

terminals is dynamic (Deken et al., 2003). For example, about 60% of GAT1 is located on 

the surface membrane and ~40% in the cytoplasm of presynaptic boutons in mice (Chiu et 

al., 2002). Therefore, we predict that the proportion of surface versus cytoplasmic GAT in 

SCN astrocytes may also change during a 24 hour light-dark cycle. In contrast to the pattern 

of GAT3 expression, GABA and GAD65 mRNA levels in hypothalamus, and particularly in 

the SCN, peak during lights-on period (Cattabeni et al., 1978; Huhman et al., 1996). In the 

ventrolateral SCN GABAB receptor-mediated inhibition of glutamate release from 

retinohypothalamic tract axon terminals also increased during subjective day (Moldavan & 

Allen, 2013). The frequency of sIPSCs was increased during the late day and early night in 

the mouse dorsal SCN (Itri et al., 2004). The ambient GABA level could be regulated by 
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synaptic or astrocytic GABA release, by change of the surface/cytoplasmic membrane ratio 

of GATs expression in astrocytes, and/or by functional changes of GATs activity (Chiu et 

al., 2002; Itri et al., 2004; Yoon & Lee, 2014). These diurnal GABA changes could 

modulate photic- and non-photic stimuli-induced behavioral shifts. During early and late 

subjective night, activation of extrasynaptic GABAA receptors inhibited or abolished the 

light-induced phase delays (Ehlen & Paul, 2009). In contrast, the inhibition of GABAA 

receptors in the SCN increases the magnitude of light-induced phase delays but has no effect 

on light-induced phase advances (Ralph & Menaker, 1985; Gillespie et al., 1996). It is 

interesting that the sustained activation of SCN GABAA receptors induced phase delays of 

the circadian clock and induced Per expression (Ehlen et al., 2006; Hummer et al., 2015). 

The activation of GABAB receptors also reduced the phase-advancing and phase-delaying 

effects of light during subjective night (Ralph & Menaker, 1989; Gillespie et al., 1997).

It is still not clear how expressed GATs are associated with astrocyte rearrangement in the 

SCN. Astrocytes express the circadian clock genes Per1 and Per2 and modulation of their 

activity can alter the timing of the circadian clock (Bennett & Schwartz, 1994; Castel et al., 

1997; Jackson, 2011; Ng et al., 2011; Duhart et al., 2013). Circadian rhythmicity was also 

found in cultures of cortical astrocytes, where the rat Per1::Luc and mouse Per2::Luc 

astroglia expressed circadian rhythms with a genetically determined period (Prolo et al., 

2005; Beaule et al., 2009). Data about diurnal GFAP expression in the SCN are 

controversial. GFAP immunoreactivity was not found to oscillate in the SCN of rats during 

the LD cycle (Tamada et al., 1998). Other studies showed that the environmental light and 

dark phases regulate GFAP expression in SCN astrocytes and their coverage of the soma 

and dendrites of VIP- and AVP-expressing SCN neurons (Becquet et al., 2008; Girardet et 

al., 2010a; Girardet et al., 2010b). The retraction and extension of astrocytic processes could 

alter the activity of both inhibitory and excitatory synapses. Also, seasonal diurnal changes 

of GFAP expression were found in rat SCN. In the winter, GFAP expression was low during 

the day and high at night while in the summer an opposite expression pattern was observed. 

The changes of GFAP expression were interpreted as a hypertrophy of pre-existing 

astrocytes due to alternating photic stimulation (Gerics et al., 2006). The peak of circadian 

GFAP expression in the ventrolateral rat SCN, which is the main recipient of retinal 

afferents, was observed at ZT18 (Becquet et al., 2008). The misalignment between the 

GABA transporters and GFAP expression requires further investigation.

Our studies demonstrated that GAT1 and GAT3 were expressed in glial cells but not at 

detectable levels in SCN neurons. Thus, glial cells expressing GAT1 and GAT3 may 

regulate the GABA concentration in synaptic and extrasynaptic compartments of SCN, as 

well as fast and tonic GABA neurotransmission.
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Abbreviations

ACSF artificial cerebrospinal fluid

BSA bovine serum albumin

GABAARs GABAA receptors

GAT1 GABA transporter 1

GAT3 GABA transporter 3

GATs GABA transporters

LD cycle light-dark cycle

SCN suprachiasmatic nucleus

RHT retinohypothalamic tract

WB Western blot

IHC immunohistochemistry

EM electron microscopy

ir immunoreactive

ZT Zeitgeber time

3V third ventricle

Och optic chiasm
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Figure 1. Relative expression levels of GAT1 and GAT3 in other brain regions compared to the 
SCN
A and B: Western blot and quantitative analysis of GAT1 and GAT3 expression, 

respectively. Upper: immunoblot, GAT bands (top line), and the loading control: GAPDH 

(bottom line). Molecular mass markers (kDa) are indicated. Lower: optical density (O.D.) 

was measured and quantified with ImageJ software, then normalized to the loading control 

(shown in ratio units). Each bar represents the ratio of GAT expression in each brain region 

to the SCN level. Error bars represent the SEM, * p < 0.05, ** p < 0.01, *** p < 0.001 when 

compared with SCN. Each histogram represents O.D. measurements from 5 gels (mean ± 

SE). A. In insert: Blocking peptide (Bl. pept., Alomone Labs Ltd.) completely blocked 

GAT1 detection in the cerebral cortex sample (positive control). Anti-GAT1 antibody alone 

and anti-GAT1 antibody + blocking peptide (Bl. pept., Alomone Labs) are shown in 

duplicates. A detailed description of antibodies is in Table 1 and in Methods. These data 

demonstrate that GAT1 is more widely expressed in the brain than GAT3. In contrast to 

GAT1, the GAT3 expression is more prominent in the thalamus and hypothalamus including 

the SCN.
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Figure 2. Diurnal expression of GAT3 and GAT1 in the SCN of rats on a 12:12h LD cycle
A. Western blot for GAT1, each band represents one of five zeitgeber times (ZT)s: ZT 4 - 6, 

ZT 8 - 10; ZT 14 - 16; ZT 18 - 20; ZT 22 - 24. Positive control is the cerebral cortex. 

Loading control (LC): GAPDH. B. Western blot for GAT3. Positive control is the thalamus. 

C. Graph shows GAT1 and GAT3 expression at different ZTs. The quantification of the 

optical density of the bands was performed, than data were normalized to the loading 

control. GAT1: 4 gels in duplicate i.e. 8 bands for each ZT. GAT3: 5 gels in duplicate i.e.10 

bands for each ZT. The light and dark phases of the cycle are shown on the horizontal bar 

Moldavan et al. Page 20

Eur J Neurosci. Author manuscript; available in PMC 2016 December 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



under the graph. Neither GAT1 nor GAT3 showed a diurnal rhythm of expression. Data 

shown as mean ± SEM. A detailed description of the antibodies is in Table 1 and in 

Methods. The rest of the notations are the same, as those in Fig.1.
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Figure 3. GAT1-immunoreactivity in the SCN
A, B. Coronal section of the hypothalamus including the SCN, demonstrating high levels of 

GAT1 (red) expression in the region of the periventricular hypothalamic nuclei and the 

region between the lobes of the SCN. 10×, scale bar 200 μm. The brain was extracted and 

the tissue fixed at ZT 4 - 5 (A, B) and at ZT 18 - 20 (C – I). C. Higher magnification image 

showing GAT1-ir punctas surrounding cell bodies in the SCN (arrowheads), 60×, scale bar 

10 μm. B and C. Sections were counterstained with DAPI (blue) to show the location of 

cellular nuclei and to outline the SCN. D - F. GAT1 (D) and NFH (green, E) expression. A 

merged GAT1 and NFH image is shown in F. Note the lack of overlap between the GAT1 

and NFH expression. G. Low magnification image (20×) showing GAT1 and GFAP (green) 
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expression in the SCN, scale bar 100 μm. H. Higher magnification showing GFAP (green) 

expression. I. Merged image of GAT1 and GFAP staining. There was only occasional 

overlap between the two stains. D - F, H, I, 60×, scale bar 50 μm. Rabbit anti-GAT1 

antibody (ab72448, Abcam) was used for all images, except for A and B (rabbit anti-GAT1 

antibody, AB1570, Millipore). SCN – hypothalamic suprachiasmatic nucleus, 3V – third 

ventricle, Och - optic chiasm. D – I. Asterisks – blood vessels. Description of antibodies is 

shown in Table 1.
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Figure 4. GAT3-immunoreactivity in SCN
A, B. Coronal section of the hypothalamus including the SCN, demonstrating GAT3 (red) 

expression in hypothalamus and SCN with high level of expression around 3-rd ventricles 

and in SCNs. 10×, scale bar 200 μm. The brain was extracted and the tissue fixed at ZT 4 - 5 

(A, B) and at ZT 18 - 20 (C – H). B. Section counterstained with DAPI (blue) to outline the 

SCN, 10×, scale bar 200 μm. C. Low magnification (20×) image showing the expression of 

GAT3 and NFH (green). D. Higher magnification image showing NFH expression. E. 

Merged image showing GAT3 and NFH expression. Note that the GAT3- and NFH-positive 
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processes are not co-localized. F. Low magnification image demonstrating GAT3 and GFAP 

expression (green) in the SCN, 10× G. Higher magnification image of GFAP expression. H. 

Merged image showing GAT3 and GFAP expression. C, E, F, H, I. Confocal images, 60×. 

Scale bars 50 μm. D, G. Scale bar 100 μm. Description of antibodies is shown in Table 1. 

The rest of the notations are the same, as those in Fig. 3.
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Figure 5. GAT1 and GAT3 were not expressed in neurons immunoreactive for arginine 
vasopressin (AVP) or vasoactive intestinal peptide (VIP)
A - I. Double-labeling with antibodies to GAT1 or GAT3 and AVP or VIP. A – C. 

Application of AVP (, green, (A)) and GAT3 (, red (B), merged images (C). D - F. 

Application of AVP (D) and GAT1 (, red, (E)), merged images (F). G – I. VIP (green, G) 

and GAT3 (H), merged images (I). Arrows – neurons immunoreactive to AVP or VIP. Note: 

neurons labeled for AVP or VIP did not show GAT1 or GAT3 expression. All images were 

taken at 60×, scale bar 10 μm. Rats were perfused for IHC at ZT 18 - 20.
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Figure 6. GAT1 and GAT3 are co-localized in the SCN
A - F. Brain sections of adult rats stained for GAT1 (red) and GAT3 (green) showing 

significant overlap in the expression pattern of these transporters C, F. Merged images. A - 

C. Low magnification, 10×, scale bar: 100 μm. D - F. Higher magnification, 60×, scale bar: 

50 μm. Rats were perfused for IHC at ZT 18 - 20.
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Figure 7. GAT1- and GAT3-immunogold labeling (−IL) in glial processes surrounding perikarya 
in the SCN
A, B. GAT1- IL, C, D. GAT3-IL. A. An unlabeled cell body is surrounded by glial 

processes containing IL for GAT1 (arrow, GAT1-gl). B. A high magnification image shows 

immunogold particles (arrow) associated with glial processes near an unlabeled perikaryon 

(up). C. IL for GAT3 (arrow, GAT3-gl) is associated with glial processes near an unlabeled 

cell body. The cell displays a large nucleus (N) and limited cytoplasm. D. A high 

magnification image shows GAT3-ir glial processes between an unlabeled perikaryon (up) 

and groups of unmyelinated axons (ua) nearby. The immungold particles (arrow) are closely 

associated with glial cell membranes. Scale bars 500 nm.
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Figure 8. GAT1- and GAT3-ir glial cells are closely associated with synaptic complexes
A. GAT1-immunogold labeled glial processes (arrow, GAT1-gl) surround a synaptic 

complex that consists of an unlabeled axon terminal (ut) and unlabeled dendrite (ud). B. 

Three unlabeled axon terminals (ut1 – ut3) form contacts with unlabeled dendrites (ud). One 

axon terminal (ut1) forms an asymmetric synapse (arrow head) with a dendrite, while nearby 

another axon terminal (ut3) forms a symmetric synapse (arrow head) with a dendrite. The 

third terminal (ut2) is apposed to an unlabeled dendrite without a clear synaptic junction. All 

three dendritic complexes are ensheathed in GAT3-ir glial processes (arrows, GAT3-gl) 
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indicated by immungold particles. C. A GAT3-ir glial process (arrow) is apposed to an axon 

terminal that contains both small clear vesicles, as well as dense core vesicles (dcv). An 

unlabeled dendrite (ud) is also partially surrounded by GAT3-ir glial processes. Scale bars: 

500 nm.
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Figure 9. GAT1- and GAT3-ir glial processes are closely associated with unmyelinated axons
A. GAT1-ir glial processes surround axon bundles that include unmyelinated axons and an 

axonal process that contains small clear vesicles and dense core vesicles (dcv). Arrows – 

immunogold labeling. B. Immunogold particles (arrows) are closely associated with the 

membranes of GAT3-ir glial cells surrounding unmyelinated axons (ua). Scale bars 500 nm.
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Figure 10. GAT1 and GAT3 are expressed in GFAP-immunopositive astrocytes
A - I. Glial cells in SCN cell cultures were stained for the presence of GAT1, GAT3, and 

GFAP. The images were taken from one-week old cultures. A - C. GFAP-positive (green) 

astrocytes were immunoreactive for GAT1 (red), 100×. C. The images shown in A and B 

were merged. D - F. GFAP-positive astrocytes were also immunoreactive for GAT3 (red), 

60×. F. The GFAP and GAT3 images shown in D and E were merged. A – F. scale bar 25 

μm. G – I. Co-expression of GAT1 and GAT3 in glial cells (presumably astrocytes), scale 

bar 10 μm. The GAT1 and GAT3 images were merged.
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Figure 11. Schematic model of the location of GATs in SCN
This model schematically proposes that GAT1 and GAT3 are expressed in the distal 

processes of GFAP-positive astrocytes, and also by GFAP-negative glial cells. The model 

shows that GATs-ir processes of glial cells surround neuronal cell bodies and axo-dendritic 

synapses. The location of the GATs suggests they can restrict GABA diffusion from the 

synapses and regulate extracellular GABA concentration around the neuronal cell bodies.
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Table 1

Primary and secondary antibodies used in the present studies.

Primary antibody Corresponding secondary
antibody

Antiserum Host Antigen
(Immunogen)

Description
(Specification)

Code &
Vendor
(Manufactu
rer)

Method &
Dilution

Name, method, dilution

Anti-GAT1 Rabbit Peptide
(C)ERNMHQ
MTDGLDK,
corresponding
to amino
acids residues
194-206 of rat
GAT1
(Accession
P23978). 2nd
extracellular
loop.

Extracellular domain,
affinity purified
polyclonal antibody,
SLC6A1; supplied
with control antigen
to GAT1 (blocking
peptide)

AGT-001

Alomone
2

WB; 1:500;
1:1000 with
blocking
peptide

WB; 1:5000, donkey
polyclonal anti-rabbit
IgG-HRP, sc-2313, Santa

Cruz
9

Anti-GAT1 Rabbit C-terminus of
rat GAT1 (aa
588-599)

Affinity purified
polyclonal antibody

AB1570

Millipore
5

IHC; 1:100 IHC; 1:100, donkey-anti-
rabbit IgG DyLight 549

(#711-505-152), Jackson
4

Anti-GAT1 Rabbit Peptide
corresponding
to amino acid
residues from
the C-terminal
region of rat
GAT1

Affinity purified
polyclonal IgG
antibody, detects a
band of
approximately 67
kDa; SLC6A1

ab72448

Abcam
1

IHC; 1:500
EM; 1:50

IHC; 1:500, donkey anti-
rabbit IgG DyLight 594
preadsorbed, ab96921,

Abcam
1

Anti-GAT1 Rabbit 20 residue C-
terminal
synthetic
peptide (Rat)

polyclonal antibody,
reacts specifically
with a 72 kDa
protein; SLC6A1

ab426

Abcam
1

IHC; 1:1000 IHC; 1:500, donkey anti-
rabbit IgG DyLight 594
preadsorbed, ab96921,

Abcam
1

Anti-GAT3 Rabbit C-terminus of
rat GAT3 (aa
607-627)
coupled to
KLH

Affinity purified
polyclonal antibody

AB1574

Millipore
5

WB; 1:1000
IHC; 1:100,
1:500
EM; 1:50

WB; 1:4000, IRDye 680
Goat Anti-Rabbit IgG

(#926-32221),LI-COR
6

IHC; 1:100, donkey-anti-
rabbit IgG DyLight 488

(#711-485-152), Jackson
4

IHC; 1:500, donkey anti-
rabbit IgG DyLight 594
preadsorbed, ab96921,

Abcam
1

Anti-GAT3 Mouse C-terminus of
rat GAT3 (aa
601-625)

Monoclonal [B-6]
IgG2b

sc-376001,

Santa Cruz
9

IHC; 1:1000 IHC; 1:500, Donkey Anti-
Mouse IgG Alexa Fluor
488, (#715-546-151),

Jackson
4

Anti-
GAPDH

Mouse Glyceraldehyd
e-3-phosphate
dehydrogenase
from rabbit
muscle

Purified monoclonal
antibody, clone 6C5,
recognizes a 36 kDa
band of the reduced
monomer

MAB374

Millipore
5

WB; 1:8000 WB; 1:200000, Rabbit
polyclonal anti-mouse
IgG-HRP, AP160P,

Millipore
3

WB; 1:3000, IRDye
800CW Goat Anti-Mouse
IgG (#926-32210), LI-

COR
6
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Primary antibody Corresponding secondary
antibody

Antiserum Host Antigen
(Immunogen)

Description
(Specification)

Code &
Vendor
(Manufactu
rer)

Method &
Dilution

Name, method, dilution

Anti-GFAP Mouse Purified glial
filament
(Debus, E.,
1983)

Purified monoclonal
antibody, clone GA5

MAB3402

Millipore
5

IHC (slices);
1:500
IHC (cell
culture); 1:500

IHC; 1:500, Donkey Anti-
Mouse IgG Alexa Fluor
488, (#715-546-151),

Jackson
4

Anti-NFH Hen Purified IgY
fractions from
eggs

Purified
neurofilament protein
(200 kDa)

NFH

AVES
3

IHC; 1:500 IHC; 1:500, Donkey Anti-
Chicken IgY CF488A,
SAB4600031-50, Sigma-

Aldrich
10

Anti-NeuN Mouse Purified cell
nuclei from
mouse brain

Purified monoclonal
antibody, clone A60,
IgG conjugated to
Alexa Fluor®488

MAB377X

Millipore
5

IHC; 1:500

Anti-NSE Rabbit Synthetic
peptide
derived from
human NSE

Affinity purified
polyclonal to NSE
antibody

ab53025

Abcam
1

IHC; 1:500 IHC; 1:500, Donkey Anti-
Rabbit IgG DyLight 594
preadsorbed, ab96921,

Abcam
1

Anti-AVP Guinea
pig

Synthetic
peptide as the
immunogen,
epitope has not
been mapped

Anti-(Arg
8
)-

Vasopressin,
undiluted, lyophilized
polyclonal not
purified antiserum,

S-3100

Peninsula
8

IHC; 1:2000 IHC; 1:500, Goat Anti-
Guinea Pig IgG Alexa
Fluor 594, (A-11076),

Life Technologies
7

Anti-VIP Rabbit Full length
protein VIP
(Pig)
conjugated to
Bovine
thyroglobulin
by a CDI
linker

Whole antiserum
polyclonal IgG

ab43841

Abcam
1

IHC; 1:250 IHC; 1:500, Donkey Anti-
Rabbit IgG DyLight 594
preadsorbed, ab96921,

Abcam
1

1
Abcam Inc., Cambridge, MA

2
Alomone Labs Ltd., Jerusalem, Izrael

3
Aves Labs, Tigard, OR

4
Jackson ImmunoResearch Laboratories, Inc., West Grove, PA

5
Millipore (Chemicon), Temecula, CA

6
LI-COR Biosciences, Lincoln, NE

7
Life Technologies, Grand Island, NY

8
Peninsula Laboratories International Inc., San Carlos, CA

9
Santa Cruz Biotechnology Inc., CA

10
Sigma-Aldrich, Saint Louis, MO
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