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Abstract 41 

Serotonin receptor agonists are neuroprotective in central nervous system (CNS) 42 

injury models. However, the neuroprotective functional implications and synaptic 43 

mechanism of 8-OH-DPAT, a serotonin receptor (5-HT1A) agonist, in an adult male 44 
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Wistar rat model of chronic glaucoma model remain unknown. We found that ocular 45 

hypertension decreased 5-HT1A receptor expression in rat retinas, as the number of 46 

retinal ganglion cells (RGCs) was significantly reduced in rats with induced ocular 47 

hypertension relative to that in control retinas, and 8-OH-DPAT enhanced the RGC 48 

viability. The protective effects of 8-OH-DPAT were blocked by intravitreal 49 

administration of the selective 5-HT1A antagonist WAY-100635 or selective GABAA 50 

receptor antagonist SR95531. Using patch-clamp techniques, spontaneous and 51 

miniature GABAergic inhibitory postsynaptic currents (IPSCs) of RGCs in rat retinal 52 

slices were recorded. 8-OH-DPAT significantly increased the frequency and amplitude 53 

of GABAergic sIPSCs and mIPSCs in ON- and OFF-type RGCs. Among the 54 

signaling cascades mediated by the 5-HT1A receptor, the role of cAMP-PKA 55 

signaling was investigated. The 8-OH-DPAT-induced changes at the synaptic level 56 

were enhanced by protein kinase A (PKA) inhibition by H-89 and blocked by PKA 57 

activation with bucladesine. Furthermore, the density of p-PKA/PKA was 58 

significantly increased in glaucomatous retinas, and 8-OH-DPAT significantly 59 

decreased p-PKA/PKA expression, which led to the inhibition of PKA 60 

phosphorylation upon relieving neurotransmitter GABA release. These results showed 61 

that the activation of 5-HT1A receptors in retinas facilitated presynaptic GABA 62 

release functions by suppressing cAMP-PKA signaling and decreasing PKA 63 

phosphorylation, which could lead to the de-excitation of RGCs circuits and suppress 64 

excitotoxic processes in glaucoma. 65 

Significance Statement 66 
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We found that 5-HT1A receptors in the retina were downregulated after intraocular 67 

pressure (IOP) elevation. Patch-clamp recordings demonstrated differences in the 68 

frequencies of miniature GABAergic inhibitory postsynaptic currents (mIPSCs) in 69 

ON- and OFF-type RGCs as well as RGCs in normal and glaucomatous retinal slices. 70 

Thus, p-PKA inhibition upon release of the neurotransmitter GABA was eliminated 71 

by 8-OH-DPAT, which led to increased levels of GABAergic mIPSCs in ON- and 72 

OFF-type RGCs, thus enhancing RGC viability and function. These protective effects 73 

were blocked by the GABAA receptor antagonist SR95531 or the 5-HT1A antagonist 74 

WAY-100635. This study identified a novel mechanism by which activation of 75 

5-HT1A receptors protects damaged RGCs via the cAMP-PKA signaling pathway that 76 

modulates GABAergic presynaptic activity. 77 

Introduction 78 

Serotonin (5-hydroxytryptamine, 5-HT) is an endogenous monoamine 79 

neurotransmitter and neuromodulator derived from tryptophan that has been shown to 80 

function as a crucial regulator of neuronal connectivity in laboratory animals and 81 

clinical studies(Hidaka, 2009; Rojas and Fiedler, 2016). The diverse effects of 5-HT 82 

are mediated via various 5-HT receptors, including 5-HT1-5-HT7 receptors(Osborne 83 

et al., 1981; Chanut et al., 2002). While the 5-HT3 receptor is ionotropic, other 5-HT 84 

receptor subtypes are metabotropic, including seven transmembrane G 85 

protein-coupled receptors (GPCRs)(Hannon and Hoyer, 2008). 5-HT receptors and 86 

their associated intracellular pathways are targets of drug therapies for many 87 

neurodegenerative disorders(Nichols and Nichols, 2008). 5-HT is synthesized by 88 
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numerous neurons in the central nervous system (CNS) and retinas as an outgrowth of 89 

the forebrain and is therefore part of the CNS. 5-HT and its receptors have been found 90 

in the cornea, lens, iris, ciliary body, aqueous humor, and retina(Crider et al., 2003; 91 

Lograno and Romano, 2003; Sharif and Senchyna, 2006), and RT-PCR analysis 92 

demonstrated that the 5-HT1A, 5-HT2A, 5-HT2C, 5-HT3 and 5-HT7 receptor 93 

subtypes are normally expressed in the retinas of rats(Sharif and Senchyna, 2006), 94 

suggesting that the monoamine system has an important role in the regulation of 95 

visual function. Convincing evidence has suggested that 5-HT is present in the retinas 96 

of mammals(Crider et al., 2003; Lograno and Romano, 2003; Sharif and Senchyna, 97 

2006) and has many functions, including altering retinal amacrine cell processing, 98 

increasing or decreasing intraocular pressure (IOP) and constricting or dilating ocular 99 

blood vessels(George et al., 2005).  100 

Evidence suggests that agonists of 5-HT1A receptors are capable of decreasing IOP in 101 

mammals(Osborne et al., 2000; May et al., 2003), N-methyl-D-aspartate (NMDA) 102 

toxicity and ischemia/reperfusion insults to retinal ganglion cells (RGCs) are 103 

attenuated by the 5-HT1A receptor agonist 8-hydroxy-2-(di-n-propylamino) tetralin 104 

(8-OH-DPAT)(Osborne et al., 2000). However, whether activation of 5-HT1A 105 

receptors plays a neuroprotective role and functions as a synaptic mechanism in an in 106 

vivo model of chronic rat glaucoma produced by episcleral vein cauterization (EVC) 107 

remains unknown.  108 

Communication between retinal neurons is dominated by the 109 

neurotransmitter-mediated chemical signaling(Yang, 2004) that occurs at the synaptic 110 
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terminals in the outer and inner plexiform layers. Glutamate excitotoxicity leads to 111 

retinal degeneration in the pathogenesis of glaucoma and retinal ischemia(Ishikawa, 112 

2013). Clinically validated anticonvulsants, including valproic acid, tiagabine and 113 

topiramate, can also prevent NMDA and glutamate-induced excitotoxic damage to 114 

neural ganglion cells in the inner retina(Yoneda et al., 2003; Pisani et al., 2006; 115 

Biermann et al., 2010; Kimura et al., 2015). Inhibitory signaling progresses via 116 

amacrine and horizontal cells and is primarily mediated by γ-aminobutyric acid 117 

(GABA), and deficits in GABAA receptor-mediated neurotransmission have been 118 

implicated in pathophysiological and neurodegenerative disorders(Yang et al., 2015). 119 

GABA modulatory drugs have also been used as clinical anticonvulsants, which are 120 

mediated by decreased excitatory signaling and increased inhibitory 121 

signaling(Rogawski and Loscher, 2004). Previous studies on the chronic 122 

glaucomatous model in our laboratory demonstrated that RGC survival is promoted 123 

by regulating the release of presynaptic GABA(Zhou et al., 2017b; Zhou et al., 124 

2017a).  125 

The activity of the 5-HT1A receptor exerts a modulatory effect by changing neuronal 126 

firing. Electrophysiological studies have shown that activation of 5-HT1A receptors in 127 

the serotonergic neurons of raphe nuclei (autoreceptor) induces cell 128 

hyperpolarization(Tada et al., 2004; Polter and Li, 2010). Nonetheless, in the ventral 129 

hippocampus, 5-HT1A receptor activity induces an indirect excitatory response via 130 

the inhibition of GABAergic interneuron activity induced by 131 

hyperpolarization(Schmitz et al., 1995). Whether 5-HT1A receptors in the retina 132 
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mediate depolarization or hyperpolarization and whether the GABAergic system is 133 

affected by 5-HT1A receptors in retinal neurons are questions that have largely been 134 

ignored in previous studies. Therefore, studying the mechanisms of 5-HT1A receptor 135 

actions on regulating the function of the GABA system could provide important 136 

insights into their physiological and pathological functions in glaucoma. Based on 137 

these findings, we conducted electrophysiological and molecular biology experiments 138 

in rats to examine whether and how 5-HT1A receptors regulate GABAergic synaptic 139 

transmission in the inner retina. 140 

Materials and Methods 141 

Animals.  142 

All experimental procedures conformed to the ARVO Statement for the Use of 143 

Animals in Ophthalmic and Vision Research and the guidelines of Fudan University 144 

on the ethical use of animals. Experiments were performed with a total of 200 adult 145 

male Wistar rats, aged 2 months and 200-250 g (SLAC Laboratory Animal Co., Ltd, 146 

Shanghai, China). The rats were maintained under a 12-h light/dark cycle, 23 ± 2°C 147 

and a humidity level of 60-70%. The animals were deeply anesthetized by 148 

intraperitoneal injection of ketamine (80 mg/kg) and xylazine (8 mg/kg) (volume ratio 149 

of 2:1). Proparacaine hydrochloride (0.5% Alcaine; Alcon-Couvreur, Puurs, Belgium) 150 

was applied as a topical anesthetic, and 0.3% tobramycin (Tobres; Alcon-Couvreur) 151 

was applied to prevent post-surgical infection. All efforts were made to minimize the 152 

number of animals used and their suffering.  153 

Rat model of ocular hypertension.  154 
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As previously described(Mittag et al., 2000; Wu et al., 2010; Chen et al., 2011), 155 

episcleral veins located near the superior and inferior rectus muscles of the right eye 156 

were precisely isolated and cauterized. The left eye underwent a sham operation 157 

isolating the veins without cauterization. IOP was measured using a calibrated 158 

tonometer (Tono-Pen XL; Mentor, Norwell, MA, USA) before surgery and at 1 week, 159 

2 weeks, 3 weeks, 4 weeks and 6 weeks after surgery. IOP was recorded as the mean 160 

of five consecutive measurements with a deviation of < 5%(Mittag et al., 2000). 161 

Western blotting.  162 

Protein preparation and western blotting were performed according to our previously 163 

described methods(Wu et al., 2010). Briefly, retinal lysates were centrifuged at 12,000 164 

× g for 10 min at 4°C. Ten micrograms of each sample was separated by SDS-PAGE 165 

and electrotransferred to PVDF membranes (Immobilon-P; Millipore, Billerica, MA, 166 

USA). The membranes were blocked with non-fat milk (5%) for 2 h at room 167 

temperature and incubated with the following primary antibodies overnight at 4°C: a 168 

rabbit polyclonal antibody against the 5-HT1A receptor (ab85615, 1:1000; Abcam, 169 

Cambridge, MA, USA), a rabbit monoclonal antibody against PKA C-α (#5842, 170 

1:1000; Cell Signaling Technology, Danvers, MA, USA) and a rabbit monoclonal 171 

antibody against Phospho-PKA C (Thr197) (#5661, 1:1000; Cell Signaling 172 

Technology, Danvers, MA, USA). The membranes were incubated with horseradish 173 

peroxidase-conjugated AffiniPure goat anti-rabbit IgG (H + L) (111-035-003, 1:5000; 174 

Cell Signaling Technology, Danvers, MA, USA). The relative intensities of the 175 

protein bands were quantified by scanning densitometry using Image J software 176 
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(National Institutes of Health, Bethesda, MD, USA). GAPDH was used as an internal 177 

standard. 178 

Immunohistochemistry.  179 

Immunohistochemistry was performed as described previously(Wu et al., 2010). 180 

Briefly, 10-μm-thick cryosections were fixed in 4% paraformaldehyde for 20 min at 181 

room temperature and then incubated in 0.1% Triton X100/phosphate-buffered saline 182 

(PBS) for 20 min at 37°C, followed by incubation in 3% bovine serum albumin/PBS 183 

for one hour at room temperature. The cryosections were then incubated with the 184 

following primary antibodies for one day at 4°C: a rabbit polyclonal antibody against 185 

the 5-HT1A receptor (Abcam Cat # ab85615, RRID: AB_10696528, 1:200); a mouse 186 

monoclonal against synaptophysin (Abcam Cat # ab8049, RRID: AB_2198854, 1:50), 187 

which was used for labeling presynaptic terminals; and a rabbit polyclonal to GABA 188 

(Sigma-Aldrich Cat # A2052, RRID: AB_477652, 1:100) for GABAergic AII 189 

amacrine cells (ACs). The secondary antibodies were an Alexa Fluor 488-conjugated 190 

goat anti-rabbit IgG antibody (Thermo Fisher Scientific Cat # A-11070, RRID: 191 

AB_2534114, 1:500), a 555-conjugated donkey anti-rabbit IgG antibody (Thermo 192 

Fisher Scientific Cat # A-31572, RRID: AB_162543, 1:1,000), and a 488-conjugated 193 

donkey anti-mouse IgG antibody (Thermo Fisher Scientific Cat # A-21202, RRID: 194 

AB_141607, 1:500). The sections were finally counterstained with the nucleic acid 195 

stain Hoechst 33258 (Thermo Fisher Scientific Cat # H3569, RRID: AB_2651133, 196 

1:2,000) in PBS and imaged using a laser scanning confocal microscope under 20× 197 

and 63× oil immersion objection lenses (TCS SP8; Leica Microsystems, Heidelberg, 198 
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Germany). 199 

Preparation of retinal slices and electrophysiological recording.  200 

The eyes of rats were rapidly removed and transferred to oxygenated sucrose and an 201 

iced cutting solution containing the following (in mM): NaHCO3 26, NaH2PO4 1.25, 202 

sucrose 124, KCl 3, sodium pyruvate 3, CaCl2 0.2, MgCl2 3.8, and glucose 10, (pH 203 

7.4). Retinal slices were cut 200-μm-thick using a manual slicer and were then 204 

incubated for 40 min prior to recording in artificial cerebrospinal fluid (ACSF) 205 

containing (in mM): NaCl 125, KCl 3, NaHCO3 26, NaH2PO4 1.25, glucose 15, CaCl2 206 

2, and MgCl2 1 (pH 7.4). The retinal slices were placed in a chamber, covered with 207 

nylon mesh, and continuously perfused with oxygenated (95% O2 and 5% CO2) 208 

ACSF at a rate of 2-3 ml/min. To record IPSCs, the internal solution contained the 209 

following (in mM): CsCl 150, CaCl2 0.1, MgCl2 1, HEPES 10, EGTA 1, GTP-Na 0.4, 210 

and ATP-Mg 4, and Lucifer Yellow 5 (pH 7.2 adjusted with CsOH, 275–290 mOsm/l); 211 

the electrode impedance was 4-8 MΩ. RGCs in retinal slices were visualized with an 212 

infrared differential interference contrast (IR-DIC)-sensitive charge-coupled device 213 

(CCD) camera (Nikon, Tokyo, Japan) using a water-immersion objective lens at 40× 214 

magnification and an intracellular injection of Lucifer Yellow(Li et al., 2016). When 215 

the cells were ruptured, whole-cell configuration was attempted in RGC membranes 216 

under a glass pipette tip, and the neurons were voltage-clamped at -70 mV using an 217 

Axopatch-Multiclamp 700B Amplifier (Molecular Devices, Foster City, CA, USA) 218 

(sampling frequency at 10 kHz, filter frequency at 1 kHz) coupled to a digital analog 219 

converter Digidata 1440A system (Axon Instruments, Foster City, CA, USA). Fast 220 
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capacitance was fully canceled and cell capacitance was partially canceled by the 221 

700B amplifier. In practice, only the series resistance compensation was applicable 222 

(70%-80%)(Ji et al., 2012). Cells with clear and full cell bodies were selected for 223 

sealing, and the resting potential was -50.8 ± 0.9 mv (n = 21)(Li et al., 2017). After 224 

steady current recording (control), cells were held at the resting membrane potential 225 

for at least 15 min before drugs were applied with a gravity-fed superfusion system. 226 

To observe whether receptor antagonists or signaling pathway blockers can block the 227 

effects of 8-OH-DPAT, a pre-gravitational perfusion antagonist was sequentially 228 

given, followed by the simultaneous administration of 8-OH-DPAT. Any antagonist 229 

was applied 15 min prior to and during agonist (8-OH-DPAT) application. At the end 230 

of all drug applications, fresh extracellular fluid was irrigated via the gravity 231 

administration system until the baseline current was restored to its original level. To 232 

avoid the desensitization associated with repeated drug use, we tried to use one round 233 

of agent per slice. Even when agents were used on different cells in the same slice, we 234 

rinsed thoroughly until the baseline current returned to its original level. Using 235 

Clampfit 10.2 (Axon Instruments), the effects of drugs on spontaneous and miniature 236 

inhibitory postsynaptic currents (sIPSCs and mIPSCs) were sampled. Mini Analysis 237 

(Synaptosoft) and Origin 8.0 software were used to analyze synaptic activity.  238 

Retrograde labeling of RGCs.  239 

RGC survival after injury was quantitatively studied by FluoroGold retrograde 240 

labeling. RGC cell bodies in the ganglion cell layer and axon bundles in the nerve 241 

fiber layer of the retina were clearly visible upon imaging in a flat-mount 242 
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preparation(Shabanzadeh et al., 2015). FluoroGold was injected in the axon terminals 243 

of RGCs, which mainly reside in the lateral geniculate nucleus (LGN) and Superior 244 

Colliculi (SC)(Perry and Cowey, 1984; Jeffries et al., 2014). The axon terminals take 245 

up the FluoroGold dye, which flows through the axon, transporting it from the 246 

peripheral axon to the parent body and dendrites(Reynolds et al., 2000; Abbott et al., 247 

2013). Later, epifluorescence imaging was used to visualize FluoroGold pre-labeled 248 

RGCs. Twenty-one days after EVC, the head of an anesthetized rat was fixed in a 249 

stereotactic apparatus, and the fluorescent tracer 3% FluoroGold (2 μL; Sigma) 250 

diluted in saline was administered via microinjection into the bilateral superior 251 

colliculi (6.0 mm posterior and 2.0 mm lateral to the bregma and 4-4.5 mm deep) as 252 

previously described(Ju et al., 2005). FluoroGold is taken up by the axon terminals of 253 

the RGCs and transported retrogradely to the somas in the retina(Selles-Navarro et al., 254 

1996). FluoroGold persists in RGCs in vivo for three weeks without significant fading 255 

or leakage. Twenty-eight days after EVC (seven days after FluoroGold injection), the 256 

retinas were dissected, divided into four quadrants (nasal, temporal, upper, and lower), 257 

and flat-mounted on glass slides with the ganglion cell layer (GCL) facing up. As 258 

shown in Fig. 10A, in each quadrant, RGC density was measured in each eccentricity 259 

(distances of 1 and 3 mm from the optic disk) and counted in 2 sampling fields 260 

(0.64×0.64 mm each) in a blinded manner. A total of 16 micrographs per retina (two 261 

from the central and two from the peripheral retina for each quadrant, eight 262 

micrographs in a central and eight micrographs in a peripheral location per retina) 263 

were captured with a laser scanning confocal microscope (TCS SP8; Leica 264 
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Microsystems) at 20× magnification using a wide-band ultraviolet excitation filter. 265 

The cells were counted by an investigator who was blinded to the study treatments. 266 

RGC densities (cells/mm2) were grouped by retinal eccentricity (central and 267 

peripheral) and expressed as the mean ± S.E.M. 268 

Drug administration.  269 

In the in vivo vitreous cavity administration experiment, the tip of a needle was 270 

inserted into the superior hemisphere of the eye at a 45° angle through the sclera into 271 

the vitreous body. Some rats received an intravitreal injection of 5 μL of 8-OH-DPAT 272 

(10 μM), WAY-100635 (N-[2-[4-(2-methoxyphenyl)-1-piperazinyl] 273 

ethyl]-N-(2-pyridinyl), 10 μM) + 8-OH-DPAT (10 μM), SR95531 274 

(2-[3-carboxypropyl]-3-amino-6-methoxyphenyl-pyridazinium bromide, 100 μM) or 275 

SR95531 (100 μM) + 8-OH-DPAT (10 μM), and this protocol was repeated weekly 276 

thereafter. The control eyes received intravitreal injections of 5 μL of PBS. In the ex 277 

vivo whole-cell patch-clamp electrophysiological recordings experiment, QX314 278 

(lidocaine N-ethyl bromide; 2.0 mM) was added to the pipette solution to block rapid 279 

Na+ currents when recording mIPSCs. The following drugs were applied using a 280 

gravity-fed superfusion system of patch-clamp recording: tetrodotoxin (TTX, 1 μM, 281 

to abolish spontaneous action potentials), 6-cyano-7-nitroquinoxaline-2,3-dione 282 

(CNQX, 10 μM) and D-2-amino-5-phosphonovalerate (AP5, 50 μM) (to inhibit 283 

ionotropic glutamate receptors), and strychnine (5 μM, to block glycine receptors). In 284 

some slices, WAY-100635 (10 μM) was applied 15 min prior to and during 285 

8-OH-DPAT application to block the 5-HT1A receptor, H-89 (10 μM) was applied 15 286 
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min prior to and during 8-OH-DPAT application to block cyclic adenosine 287 

monophosphate (cAMP)-protein kinase A (PKA) pathways, and bucladesine (10 μM) 288 

was applied 15 min prior to and during 8-OH-DPAT application to activate 289 

cAMP-PKA pathways. All drugs were purchased from Sigma-Aldrich. For details, 290 

please see Table 1. 291 

Experimental design and statistical analysis. 292 

In two hundred adult male Wistar rats, eight or nine retinal slices were evaluated per 293 

retina, and the number of cells (n) for each comparison is given in the corresponding 294 

results. In the ex vivo whole-patch clamp experiments, all statistical comparisons were 295 

performed for single RGCs of retinal slices in three groups: a control group and 296 

agonist-treated groups with or without the antagonist. In the molecular experiments, 297 

all statistical comparisons were performed for protein samples in each of the groups: 298 

control or sham, as well as glaucomatous groups with or without drug treatment. For 299 

each tested parameter, data distributions are represented in the histograms. 300 

Descriptive statistics are presented as the mean ± SEM. Mean frequency and 301 

amplitude between two groups were analyzed using Student’s t test, ON-type and 302 

OFF-type RGC groups were compared using independent sample t tests and SPSS 303 

one-way analysis of variance (ANOVA) with Bonferroni’s post hoc test was used to 304 

compare means among multiple groups. P represents the significance of SPSS 305 

one-way ANOVA. In all tests, p < 0.05 was considered statistically significant. 306 

Results 307 

Ocular hypertension reduces retinal 5-HT1A receptor expression. 308 
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The model of chronic rat glaucoma was successfully prepared by increasing the IOP 309 

by EVC(Wu et al., 2010) (Fig. 1A). The effect of glaucoma surgery was therefore 310 

highly significant, F [6, 42] = 8.085, P = 0.0003, ANOVA. The IOP was significantly 311 

elevated at one week after cauterization (15.82 ± 0.77 mmHg, n = 7, p = 0.002 vs. 312 

control; p = 0.00016 vs. sham), two weeks after cauterization (18.3 ± 1.65 mmHg, n = 313 

7, p = 0.001 vs. control; p = 0.001 vs. sham), three weeks after cauterization (18.07 ± 314 

1.69 mmHg, n = 7, p = 0.002 vs. control; p = 0.001 vs. sham), four weeks after 315 

cauterization (17.67 ± 1.42 mmHg, n = 7, p = 0.003 vs. control; p = 0.003 vs. sham), 316 

and six weeks after cauterization (16.82 ± 1.31 mmHg, n = 7, p = 0.014 vs. control; p 317 

= 0.012 vs. sham) relative to that in control eyes (10.6 ± 0.33 mmHg, n = 7) and sham 318 

eyes (10.5 ± 0.31 mmHg, n = 7). 319 

We next assessed whether 5-HT1A receptor protein levels were altered in 320 

glaucomatous rat retinas relative to those in control and sham retinas. Western blot 321 

analysis showed marked decreases in 5-HT1A receptor protein levels in glaucomatous 322 

retinas relative to those in control and sham retinas from two to six weeks after the 323 

IOP was increased (Fig. 1B, C). The results after glaucoma surgery were highly 324 

significant, F [6, 35] = 14.755, P = 0.0001, ANOVA. The mean 5-HT1A receptor 325 

protein level decreased to 65% ± 6% of the control level at two weeks (n = 6, p = 326 

0.0004), to 70% ± 2% of the control level at three weeks (n = 6, p = 0.0001), to 59% ± 327 

4% of the control level at four weeks (n = 6, p = 0.0001) and to 74% ± 6% of the 328 

control level at six weeks (n = 6, p = 0.002). As shown in Fig. 2, 5-HT1A receptor 329 

expression was mostly localized to the GCL, while a small amount of expression was 330 
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observed in the inner nuclear layer (INL) and outer plexiform layer (OPL) of the 331 

control retina section (Fig. 2A). The fluorescence intensity of 5-HT1A receptor 332 

expression was very low in the glaucomatous retinal section layers (Fig. 2B). 333 

Immunofluorescence analysis revealed weak 5-HT1A receptor staining in the 334 

glaucomatous retinas, consistent with the western blot results. Collectively, these 335 

results provide evidence that chronic ocular hypertension downregulates retinal 336 

5-HT1A receptor protein expression in adult rats. 337 

8-OH-DPAT induced increases in spontaneous IPSCs in RGCs. 338 

Based on the local GABAergic amacrine neurons projecting onto RGCs, we next 339 

assessed the role of 5-HT1A receptors in local GABAergic inputs to RGCs. There are 340 

various RGC subtypes in the retina, so we tested the effects of 8-OH-DPAT on local 341 

GABAergic inputs to both ON- (n = 21) and OFF-type RGCs (n = 58). The ON 342 

(accounting for 27%) and OFF (accounting for 73%) subtypes of RGCs were 343 

identified according to well-established morphological and physiological 344 

criteria(Famiglietti and Kolb, 1976; Margolis and Detwiler, 2007). Morphologically, 345 

ON- and OFF-type RGCs were characterized by their dendrites terminating in the 346 

proximal (a) and distal (b) parts of the inner plexiform layer (IPL), respectively (Fig. 347 

6A, B). There was no significant difference in the GABAergic inhibitory synaptic 348 

afferent response to 8-OH-DPAT between the two types of RGCs (p = 0.35). 349 

Therefore, data were pooled from both types in our study. At 10 μM, 8-OH-DPAT 350 

significantly increased both the frequency and amplitude of sIPSCs in RGCs (Fig. 351 

3A-E). The frequency was increased from 3.13 ± 0.14 Hz to 5.23 ± 0.38 Hz (n = 12, t 352 
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[11] = -5.34, p = 0.00024, paired t-test; Fig. 3B), corresponding to 171% ± 16% of the 353 

control level (n = 12, t [11] = -4.58, p = 0.00079, paired t-test; Fig. 3C). The 354 

amplitude was increased from 16.75 ± 0.57 pA to 19.6 ± 0.79 pA (n = 12, t [11] = 355 

-3.20, p = 0.00849, paired t-test; Fig. 3D), corresponding to 118% ± 5% of the control 356 

level (n = 12, t [11] = -3.43, p = 0.00564, paired t-test; Fig. 3E). The 357 

8-OH-DPAT-induced responses started within 5 min and were reversible. At the end 358 

of the experiments, the application of SR95531 (10 μM) abolished all of the IPSCs. 359 

8-OH-DPAT was originally thought to be a very selective 5-HT1A receptor 360 

agonist(Middlemiss and Fozard, 1983) but subsequently has been shown to have some 361 

affinity for the 5-HT7 receptor(Hoyer et al., 1994; Osborne et al., 2000). We next 362 

tested whether selective pharmacological blockade of the 5-HT7 receptor would 363 

attenuate the effects elicited by 8-OH-DPAT. Administration of SR269970, a 364 

selective 5-HT7 receptor antagonist, followed by 8-OH-DPAT still caused a 365 

significant increase in frequency and amplitude (Fig. 3F). The effect on sIPSC 366 

frequency after drug application was significant, F [2, 30] = 8.841, P = 0.001, 367 

ANOVA. The effect on sIPSC amplitude after drug application was significant, F [2, 368 

30] = 10.042, P = 0.0001, ANOVA. The frequency (3.47 ± 0.27 Hz before vs. 4.39 ± 369 

0.31 Hz after 8-OH-DPAT application; n = 11, p = 0.00564) of the sIPSCs 370 

corresponded to 131% ± 11% of the control level (n = 11, p = 0.006; Fig. 3G), and the 371 

amplitude (16.99 ± 1.14 pA before vs. 21.6 ± 2.39 pA after 8-OH-DPAT application; 372 

n = 11, p = 0.02317) of the sIPSCs corresponded to 127% ± 8% of the control level (n 373 

= 11, p = 0.002; Fig. 3H). 374 
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According to many publications in the literature, 8-OH-DPAT still exerts its action on 375 

the α1 or α2-adrenoceptor. Thus, we chose a nonselective antagonist of α1 and 376 

α2-adrenoceptor, phentolamine, for co-administration with 8-OH-DPAT; however, 377 

this antagonist was unable to abolish the effects of 8-OH-DPAT on the frequency and 378 

amplitude of sIPSCs (Fig. 3I). The effect on sIPSC frequency and amplitude after 379 

drug application was significant (frequency: F [2, 39] = 3.873, P = 0.029, ANOVA; 380 

amplitude: F [2, 39] = 7.853, P = 0.001, ANOVA) The frequency of sIPSCs 381 

corresponded to 202% ± 45% of the control level (n = 14, p = 0.038; Fig. 3J), and the 382 

amplitude of the sIPSCs corresponded to 126% ± 8% of the control level (n = 14, p = 383 

0.003; Fig. 3K). 384 

Next, pretreatment with the selective α1-adrenoceptor antagonist prazosin (10 μM) 385 

did not inhibit the effects of 8-OH-DPAT on GABAergic sIPSC frequency (F [2, 30] 386 

= 14.064, P = 0.0001, ANOVA; prazosin: 156% ± 7% of the control level, n = 11, p = 387 

0.021; prazosin + 8-OH-DPAT: 248% ± 27% of the control level, n = 11, p = 0.00018, 388 

Fig. 4A, C) and the change in amplitude (F [2, 30] = 17.826, P = 0.0002, ANOVA; 389 

prazosin: 130% ± 10% of the control level, n = 11, p = 0.038; prazosin + 8-OH-DPAT: 390 

165% ± 20% of the control level, n = 11, p = 0.00035, Fig. 4A, D). Pretreatment with 391 

the selective α2-adrenoceptor antagonist yohimbine (10 μM) did not inhibit the effects 392 

of 8-OH-DPAT on GABAergic sIPSCs (F [2, 31] = 8.476, P = 0.0001, ANOVA; 393 

yohimbine + 8-OH-DPAT: 230% ± 13% of the control level, n = 12, p = 0.001, Fig. 394 

4B, C) or the change in amplitude (F [2, 31] = 8.471, P = 0.001, ANOVA; yohimbine 395 

+ 8-OH-DPAT: 126% ± 7% of the control level, n = 12, p = 0.004, Fig. 4B, D). The 396 
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same result was seen when SR269970 and phentolamine were used together (F [2, 27] 397 

= 15.050, P = 0.001, ANOVA; frequency: SR269970 + phentolamine: 145% ± 15% 398 

of the control level, n = 10, p = 0.037; SR269970 + phentolamine + 8-OH-DPAT: 237% 399 

± 18% of the control level, n = 10, p = 0.00025, Fig. 4D, and F [2, 27] = 19.537, P = 400 

0.001, ANOVA; amplitude: SR269970 + phentolamine: 134% ± 15% of the control 401 

level, n = 10, p = 0.005; SR269970 + phentolamine + 8-OH-DPAT: 171% ± 11% of 402 

the control level, n = 10, p = 0.0001, Fig. 4D). 403 

8-OH-DPAT-induced changes in the frequency and amplitude of spontaneous 404 

IPSCs in RGCs were blocked by WAY-100635. 405 

WAY-100635 alone did not significantly alter the baseline frequency or amplitude of 406 

sIPSCs. After preincubation with WAY-100635 (10 μM), the addition of 10 μM 407 

8-OH-DPAT did not significantly alter sIPSCs (Fig. 5A); the frequency (F [2, 30] = 408 

0.041, P = 0.960, ANOVA; 3.19 ± 0.18 Hz before vs. 3.22 ± 0.21 Hz after 409 

8-OH-DPAT application; n = 11, p = 1.000; Fig. 5B) of the sIPSCs corresponded to 410 

101% ± 4% of the control level (F [2, 30] = 0.124, P = 0.883, ANOVA; n = 11, p = 411 

1.000), and the amplitude (F [2, 30] = 0.261, P = 0.772, ANOVA; 18.23 ± 0.53 pA 412 

before vs. 18.48 ± 0.61 pA after 8-OH-DPAT application; n = 11, p = 1.000; Fig. 5C) 413 

of the sIPSCs corresponded to 101% ± 2% of the control level (F [2, 30] = 0.960, P = 414 

0.394, ANOVA; n = 11, p = 1.000). At the end of the experiments, 10 μM SR95531 415 

abolished all sIPSCs. 416 

Chronic glaucoma decreases the GABAergic mIPSC frequency, and these effects 417 

are improved by 8-OH-DPAT. 418 
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The above results showed that 8-OH-DPAT increase the local GABAergic inhibitory 419 

inputs to RGCs. However, whether this effect depended on the action potential 420 

remained unknown. The release of neurotransmitters at the synapse terminal can be 421 

directly regulated, allowing mIPSCs to be tracked. Interestingly, we first compared 422 

the frequency and amplitude of mIPSCs in ON- and OFF-type RGCs and found 423 

significant differences in the frequency but not the amplitude ((Fig. 6A-D, frequency: 424 

0.9 ± 0.16 Hz for ON-type RGCs (n = 76) and 2.9 ± 0.69 Hz for OFF-type RGCs (n = 425 

130), t [204] = -5.20, p = 0.0001, independent t-test; amplitude: 16.21 ± 1.24 pA for 426 

ON-type RGCs (n = 76) and 16.13 ± 1.01 pA for OFF-type RGCs (n = 130), t [204] = 427 

0.22927, p = 0.81889, independent t-test). However, regardless of the type, RGCs 428 

reacted significantly to 8-OH-DPAT. The average values of the GABAergic mIPSC 429 

frequency after the application of 8-OH-DPAT were 1.66 ± 0.16 Hz (n = 76, t [75] = 430 

-10.55, p = 0.0001, paired t-test) in ON-type RGCs and 4.59 ± 0.79 Hz (n = 130, t 431 

[129] = -6.93, p = 0.0001, paired t-test) in OFF-type RGCs. Additionally, the average 432 

values of the GABAergic mIPSC amplitude after the application of 8-OH-DPAT were 433 

20.06 ± 1.59 pA (n = 76, t [75] = -8.52, p = 0.0001, paired t-test) in ON-type RGCs 434 

and 17.74 ± 1.14 pA (n = 130, t [129] = -6.75, p = 0.0001, paired t-test) in OFF-type 435 

RGCs. There was no significant difference in the responses of these two types of 436 

RGCs to 8-OH-DPAT (p = 0.82592). Therefore, this study collected data for both 437 

types.  438 

The traces of GABAergic mIPSCs from RGCs in control, glaucomatous and 439 

8-OH-DPAT-treated retinal slices are shown in Fig. 7A. Consistent with the results of 440 
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previous studies reported in our laboratory(Zhou et al., 2017b), patch-clamp 441 

recordings revealed differences in the baseline frequencies of the GABAergic mIPSCs 442 

in RGCs between the control and glaucomatous retinal slices. The effect of the three 443 

groups on mIPSC frequency was significant, F [2, 30] = 7.601, P = 0.002, ANOVA. 444 

The mIPSC frequency was 2.77 ± 0.17 Hz in control RGCs and 1.66 ± 0.23 Hz in 445 

glaucomatous RGCs (n = 11, p = 0.016), and 8-OH-DPAT significantly increased the 446 

frequency of mIPSCs (3.02 ± 0.35 Hz) relative to that in glaucomatous RGCs (n = 11, 447 

p = 0.003; Fig. 7B). The mean mIPSC amplitudes of the control and glaucomatous 448 

RGCs were not significantly different (15.67 ± 1.22 pA in control RGCs vs. 15.68 ± 449 

1.24 pA in glaucomatous RGCs; n = 11, p = 0.35768; Fig. 7C). However, 450 

8-OH-DPAT continued to increase the amplitude of glaucomatous RGCs (15.68 ± 451 

1.24 pA in glaucomatous RGCs vs. 17.12 ± 1.28 pA in 8-OH-DPAT-treated RGCs; n 452 

= 6, p = 0.0028; Fig. 7C). 453 

Intracellular injection and immunofluorescent staining of amacrine cells. 454 

Next, we determined why the kinetics of mIPSCs in RGCs were altered in 455 

glaucomatous retinas. We first speculated that the synapse between RGCs and 456 

amacrine cells loses part of its connection. Previous studies have illustrated reciprocal 457 

connections between inhibitory transmission and the dendritic morphology of 458 

RGCs(Trong and Rieke, 2008). To study the dendritic morphology of amacrine cells 459 

in the rat retina, intracellular injection of individual cells with Lucifer Yellow (LY) 460 

was performed in vertical slices. Fig. 7D shows amacrine cells injected in control (n = 461 

23, 10 slices), glaucoma (n = 19, 9 slices) and 8-OH-DPAT-pretreatment glaucoma (n 462 
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= 17, 9 slices) retinal slices. The combined phase contrast and fluorescence 463 

micrograph in Fig. 7D shows the position of the pear-shaped cell body at the INL/IPL 464 

border and the stout primary dendrite. In the inner two-thirds of the IPL, the primary 465 

dendrite branches repeatedly form a conical arborization. However, under our 466 

conditions, we did not observe a physiological synaptic link between RGCs and 467 

amacrine cells that was overridden by glaucoma. Similarly, morphologically, 468 

pretreatment with 8-OH-DPAT did not increase the number of synapses.  469 

Next, we considered whether the electrophysiological characteristics of the cells were 470 

associated with changes in the GABAergic system. Using immunofluorescence, 471 

strong labeling was found in the INL, IPL and GCL when vertical sections of rat 472 

retina were stained for GABA immunoreactivity (Fig. 8A, C). Consistent with the 473 

observed changes in our previous experimental study(Zhou et al., 2017b), GABA 474 

immunoreactivity was also significantly reduced in glaucomatous retinas (Fig. 8B). 475 

The immunofluorescence results showed that administration of 8-OH-DPAT 476 

increased GABA expression levels in the retina (Fig. 8C). GABA-positive signals (red) 477 

were co-localized with those for synaptophysin (green) at the synaptic terminals 478 

between RGCs and amacrine cells (yellow) (Fig. 8A5, B5 and C5, arrows). The 479 

fluorescence intensity of synaptophysin did not change significantly among the three 480 

groups. 481 

Activation of the 5-HT1A receptor promotes RGC survival. 482 

To examine whether upregulated 5-HT1A receptor activity promotes RGC survival, 483 

we counted the number of FluoroGold-labeled RGCs in flat-mounted retinas. PBS, 484 
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8-OH-DPAT, WAY100635 + 8-OH-DPAT, SR95531 or SR95531 + 8-OH-DPAT 485 

was injected intravitreally at zero, one, two and three weeks after ocular hypertension, 486 

and RGC survival was evaluated one week after the fourth dose. Representative 20× 487 

magnified images obtained four weeks after the induction of ocular hypertension are 488 

shown in Fig. 9A-H. The RGC densities were assessed in two regions: a central 489 

region 1 mm from the optic disk and a peripheral region 3 mm from the optic disk 490 

(Fig. 10A). As shown in Fig. 10B and C, The effects of the eight groups on the mean 491 

densities of surviving RGCs in the central and peripheral regions were significant, F 492 

(central) [7, 40] = 22.788, P = 0.0001, ANOVA; F (peripheral) [7, 40] = 40.317, P = 493 

0.0001, ANOVA. the mean densities of RGCs in the central and peripheral regions 494 

were 4568 ± 70 cells/mm2 and 3018 ± 137 cells/mm2 in control eyes, compared with 495 

3511 ± 81 cells/mm2 (n = 6, p = 0.00029) and 1962 ± 107 cells/mm2 (n = 6, p = 496 

0.00034) in ocular hypertension eyes, respectively. The density of 497 

FluoroGold-positive RGCs was significantly greater in glaucomatous eyes treated 498 

with 8-OH-DPAT than in those treated with or without PBS. In glaucomatous eyes, 499 

8-OH-DPAT markedly increased RGC survival, as the RGC densities in the central 500 

and peripheral regions were 4484 ± 131 cells/mm2 and 2816 ± 83 cells/mm2 in 501 

glaucoma + 8-OH-DPAT eyes, compared with 3463 ± 155 cells/mm2 (n = 6, p = 502 

0.00029, Fig. 10B) and 1804 ± 76 cells/mm2 (n = 6, p = 0.00034, Fig. 10C) in 503 

glaucoma + PBS eyes, respectively. These data indicate that the activation of 504 

8-OH-DPAT significantly enhanced the survival of RGCs in glaucomatous eyes. 505 

8-OH-DPAT is a potent agonist of 5-HT1A and a partial agonist of 5-HT7 506 
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receptors(Osborne et al., 2000). Next, we tested which of the specific receptor 507 

subtypes function; glaucomatous eyes were injected intravitreally with a special 508 

5-HT1A receptor antagonist, WAY100635, followed by 8-OH-DPAT. As illustrated 509 

in Fig. 9E, F and Fig. 10B, C, the density of RGCs in the WAY100635 + 510 

8-OH-DPAT-treated glaucomatous eyes was similar to that in PBS-treated 511 

glaucomatous eyes in the central (3414 ± 131 vs. 3463 ± 155 cells/mm2, n = 6, p = 512 

1.000) and peripheral (1600 ± 116 vs. 1804 ± 76 cells/mm2, n = 6, p = 1.000) regions, 513 

suggesting that 8-OH-DPAT functions specifically with the 5-HT1A receptor.  514 

To further confirm that 8-OH-DPAT exerts its effects via the GABA system, 515 

glaucomatous eyes were intravitreally injected sequentially with a GABAA receptor 516 

blocker, SR95531, followed by 8-OH-DPAT. Pretreatment with SR95531 prevented 517 

the effects of 8-OH-DPAT on RGC survival, resulting in densities of 3529 ± 127 518 

cells/mm2 in the central region (n = 6, p = 0.0001 vs. control; Fig. 10B) and 1763 ± 519 

59 cells/mm2 in the peripheral region (n = 6, p = 0.0001 vs. control; Fig. 10C). 520 

WAY100635 and SR95531 do not exacerbate the effects of ocular hypertension. 521 

8-OH-DPAT increases the frequency and amplitude of GABAergic mIPSCs in 522 

RGCs.  523 

We further investigated the synaptic mechanism underlying the neuroprotective 524 

effects of 8-OH-DPAT. 8-OH-DPAT (10 μM) significantly increased the frequency 525 

and amplitude of the GABAergic mIPSCs in RGCs after preincubation with 1 μM 526 

TTX, 10 μM CNQX, 50 μM AP5 and 5 μM strychnine (Fig. 11A, B). The frequency 527 

histogram (Fig. 11C) and running amplitude (Fig. 11F) of GABAergic mIPSCs in a 528 
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representative RGC are shown in Fig. 11, demonstrating the time courses of the 529 

frequency and amplitude responses to 8-OH-DPAT application. The frequency of the 530 

GABAergic mIPSCs increased from 2.99 ± 0.33 to 4.21 ± 0.55 Hz (n = 14, t [13] = 531 

-3.04, p = 0.0094, paired t-test; Fig. 11D), equivalent to 162% ± 22% of the control 532 

level (n = 14, t [13] = -2.82, p = 0.01455, paired t-test; Fig. 11E). The amplitude of 533 

the GABAergic mIPSCs increased from 17.15 ± 0.89 to 19.62 ± 1.44 pA (n = 14, t 534 

[13] = -3.02, p = 0.00990, paired t-test; Fig. 11G), equivalent to 114% ± 5% of the 535 

control level (n = 14, t [13] = -3.02, p = 0.00978, paired t-test; Fig. 11H). The 536 

8-OH-DPAT-induced responses began within 4-5 min after drug application and were 537 

reversible by washout of 8-OH-DPAT. The effects of 8-OH-DPAT on the frequency 538 

and amplitude of GABAergic mIPSCs were blocked by a highly selective 5-HT1A 539 

receptor antagonist, WAY-100635 (Fig. 11I, J). WAY-100635 alone did not markedly 540 

affect the baseline frequency or amplitude of the GABAergic mIPSCs (Fig. 11I, J). At 541 

the end of the experiments, application of the selective GABAA receptor antagonist 542 

SR95531 (10 μM) abolished all of the mIPSCs. 543 

8-OH-DPAT-induced changes were not blocked by 5-HT7 receptor and 544 

α-adrenoceptor antagonists. 545 

As shown in Fig. 12A, application of the 5-HT7 receptor antagonist SR269970 (10 546 

μM) could not block the increase in 8-OH-DPAT-mediataed GABAergic 547 

neurotransmission to RGCs. The normalized frequencies before and after applying 548 

8-OH-DPAT were 124% ± 26% and 346% ± 10% of the control level, respectively (n 549 

= 12, F [2, 33] = 5.128, P = 0.011, ANOVA), and the normalized amplitudes before 550 
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and after applying 8-OH-DPAT were 99% ± 2% and 129% ± 8% of the control level, 551 

respectively (n = 12, F [2, 33] = 13.587, P = 0.0001, ANOVA), see Fig. 12E, F. 552 

SR269970 had no significant effect on the baseline frequency and amplitude (Fig. 553 

11A, E, F). These results suggest 8-OH-DPAT does not act by facilitating 5-HT7 554 

receptor-mediated inhibitory neurotransmission to RGCs.  555 

Similar to the effects of SR269970, phentolamine (10 μM), a nonselective 556 

α-adrenoceptor antagonist, also did not modify the effects of 8-OH-DPAT (Fig. 12B). 557 

The frequency histogram (Fig. 12C) and running amplitude (Fig. 12D) of GABAergic 558 

mIPSCs in a representative RGC are shown in Fig. 12, demonstrating the time courses 559 

of the frequency and amplitude responses to phentolamine + 8-OH-DPAT application. 560 

Addition of phentolamine + 8-OH-DPAT to the ACSF resulted in an increase in the 561 

mean frequency of mIPSCs to 114% ± 9% of the control treatment (F [2, 27] = 8.729, 562 

P = 0.001, ANOVA, n = 10, p = 0.002 vs. control; Fig. 12E) and an increase in the 563 

mean amplitude of mIPSCs to 133% ± 12% of the control treatment (F [2, 27] = 7.848, 564 

P = 0.002, ANOVA, n = 10, p = 0.006 vs. control; Fig. 12F); phentolamine had no 565 

effect on the baseline currents.  566 

Next, the 5-HT7 receptor antagonist SR269970 and α-adrenergic receptor antagonist 567 

phentolamine were together included in the perfusate, and then 8-OH-DPAT was 568 

added; this treatment also evoked significant increases in the frequency (F [2, 39] = 569 

23.285, P = 0.0001, ANOVA, 216% ± 18% of control; p = 0.0001 vs. control, n = 14) 570 

and amplitude (F [2, 39] = 22.422, P = 0.0001, ANOVA, 152% ± 26% of control; p = 571 

0.0001 vs. control, n = 14) of GABAergic inhibitory neurotransmission to RGCs, and 572 
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SR269970 + phentolamine significantly altered either the GABAergic mIPSC 573 

baseline frequency (156% ± 19% of control; p = 0.032 vs. control, n = 14) or baseline 574 

amplitude (127% ± 16% of control; p = 0.006 vs. control, n = 14), see Fig. 12E, F and 575 

Fig. 13A.  576 

We next examined the possibility of a direct effect of a specific α1-adrenoceptor 577 

antagonist, prazosin, on GABAergic synaptic transmission. As shown in Fig. 12E, F 578 

and Fig. 13B, the F value of frequency (F [2, 33] = 19.135, P = 0.0001, ANOVA) and 579 

the F value of amplitude (F [2, 33] = 16.560, P = 0.0001, ANOVA) showed that 580 

prazosin induced a robust increase in mIPSC frequency (168% ± 7%; p = 0.012 vs. 581 

control, n = 12) and amplitude (134% ± 8%; p = 0.039 vs. control, n = 12). In the 582 

presence of prazosin, the mIPSC frequency was 252% ± 13% (p = 0.00012 vs. control, 583 

n = 12) and the amplitude was 184% ± 9% (p = 0.0004 vs. control, n = 12) with 584 

8-OH-DPAT. 585 

Finally, we examined the effect of the selective α2-adrenoceptor antagonist 586 

yohimbine. In twelve cells, 10 μM yohimbine + 10 μM 8-OH-DPAT increased 587 

mIPSC occurrence and on average enhanced the mIPSC frequency to 201% ± 13% of 588 

the control treatment (F [2, 33] = 56.990, P = 0.00001, ANOVA) and amplitude to 589 

128% ± 5% of the control treatment (F [2, 33] = 23.105, P = 0.0001, ANOVA; Fig. 590 

12E, F and Fig. 13C). These results suggest that in addition to 5-HT1A receptors, the 591 

other receptor-like effects of 8-OH-DPAT do not block its regulation of GABAergic 592 

mIPSCs.  593 

8-OH-DPAT-induced changes at the synaptic level were dependent on the 594 
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inhibition of PKA signaling. 595 

5-HT1A receptors have pertussis toxin-sensitive Gαi/o proteins, which are negatively 596 

coupled with the adenylyl cyclase signaling pathway and thereby decrease cAMP 597 

formation(Wang et al., 2002). Whether cAMP-PKA pathways contribute to the effect 598 

of 8-OH-DPAT on the GABAergic mIPSCs in RGCs was explored using the selective 599 

cAMP-PKA pathway inhibitor H-89 and activator bucladesine. A similar increased 600 

frequency of GABAergic mIPSCs was observed in the retinal slices pretreated with 601 

the cAMP-PKA inhibitor H-89, whereas 8-OH-DPAT still significantly further 602 

increased the frequency and amplitude of GABAergic mIPSCs (Fig. 14A). A 603 

frequency histogram (Fig. 14B) and the running amplitude (Fig. 14E) of GABAergic 604 

mIPSCs in a representative RGC are shown in Fig. 14, demonstrating the time courses 605 

of the frequency and amplitude responses to H-89 and 8-OH-DPAT applications. The 606 

frequency of GABAergic mIPSCs was 2.51 ± 0.4 Hz before H-89 application and 607 

increased to 3.84 ± 0.66 Hz in the presence of H-89 (F [2, 27] = 35.414, P = 0.0001, 608 

ANOVA; n = 10, p = 0.014 vs. control; Fig. 14C), representing 147% ± 14% of the 609 

control level (F [2, 27] = 21.114, P = 0.0001, ANOVA; n = 10, p = 0.014 vs. control; 610 

Fig. 14D). In cells preincubated with H-89, the addition of 8-OH-DPAT further 611 

elicited significant changes in the frequency of GABAergic mIPSCs (H-89 vs. H-89 + 612 

8-OH-DPAT: 3.84 ± 0.66 Hz vs. 7.04 ± 1.29 Hz; n = 10, p = 0.0001; Fig. 14C), 613 

representing an increase to 286% ± 43% of the control level (n = 10, p = 0.006 vs. 614 

control; Fig. 14D). The amplitude of the GABAergic mIPSCs did not change, with a 615 

value of 16.32 ± 0.81 pA before H-89 application and 16.68 ± 0.93 pA during H-89 616 
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application (F [2, 27] = 10.672, P = 0.0001, ANOVA; n = 10, p = 1.000 vs. control; 617 

Fig. 14F). In cells preincubated with H-89, the addition of 8-OH-DPAT further 618 

elicited significant changes in the amplitude of GABAergic mIPSCs (H-89 vs. H-89 + 619 

8-OH-DPAT: 16.68 ± 0.93 pA vs. 23.86 ± 1.89 pA; n = 10, p = 0.002; Fig. 14F), 620 

representing an increase to 149% ± 14% of the control level (F [2, 27] = 11.260, P = 621 

0.0001, ANOVA; n = 10, p = 0.001 vs. control; Fig. 14G). These responses occurred 622 

within 4-5 min and were reversible by the washout of H-89 + 8-OH-DPAT. At the 623 

end of the experiments, 10 μM SR95531 abolished all GABAergic mIPSCs in the 624 

RGCs. These results indicate that the 8-OH-DPAT-induced GABA release may be 625 

enhanced by the cAMP-PKA inhibitor. 626 

Next, the effects of 8-OH-DPAT on the frequency and amplitude of GABAergic 627 

mIPSCs were blocked by a highly selective cAMP-PKA activator, bucladesine (Fig. 628 

15A-D). The effect of the three groups on the absolute value of mIPSC frequency was 629 

significant, F [2, 30] = 7.123, P = 0.003, ANOVA, and the effect of the three groups 630 

on the relative values of mIPSC frequency was significant, F [2, 30] = 8.118, P = 631 

0.002, ANOVA. However, bucladesine alone significantly decreased the baseline 632 

frequency and amplitude of GABAergic mIPSCs (Fig. 15A-D). The mean frequencies 633 

of GABAergic mIPSCs in the control and bucladesine-treated slices were 2.76 ± 0.32 634 

Hz and 1.61 ± 0.22 Hz (n = 11, p = 0.008; Fig. 15A), respectively, and decreased to 635 

67% ± 9% of the control level (n = 11, p = 0.006; Fig. 15B). The effect of the three 636 

groups on the absolute value of mIPSC amplitude was significant, F [2, 30] = 18.844, 637 

P = 0.0001, ANOVA. The effect of the three groups on the relative value of mIPSC 638 
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amplitude was significant, F [2, 30] = 37.051, P = 0.0002, ANOVA. The mean 639 

amplitudes of GABAergic mIPSCs in the control and bucladesine-treated slices were 640 

17.14 ± 0.63 pA and 13.58 ± 0.35 pA (n = 11, p = 0.0001; Fig. 15C), respectively, and 641 

decreased to 80% ± 2% of the control level (n = 11, p = 0.0001; Fig. 15D). After 642 

preincubation with bucladesine (10 μM), the addition of 10 μM 8-OH-DPAT did not 643 

significantly alter the absolute or relative values of the frequency and amplitude of 644 

mIPSCs (n = 11, p = 1.000). 645 

8-OH-DPAT-induced changes were dependent on the reduction in PKA 646 

phosphorylation modification. 647 

We first assessed whether the phosphorylation of PKA protein levels were altered in 648 

glaucomatous rat retinas relative to those in control retinas. Western blot analysis 649 

showed marked increases in p-PKA/PKA levels in glaucomatous retinas relative to 650 

those in control retinas from one to six weeks after IOP was increased (Fig. 16A). 651 

Antibodies against p-PKA and PKA recognized single bands at approximately 40 kD. 652 

As shown in Fig. 16B, the effect of the eight groups on p-PKA/PKA levels was 653 

significant, F [7, 40] = 33.099, P = 0.0002, ANOVA. The mean p-PKA/PKA fold 654 

change increased to 182% ± 7% of the control level at one week (n = 6, p = 0.0001), 655 

to 195% ± 8% of the control level at two weeks (n = 6, p = 0.0001), to 183% ± 11% 656 

of the control level at three weeks (n = 6, p = 0.0001), to 176% ± 9% of the control 657 

level at four weeks (n = 6, p = 0.0001) and to 188% ± 8% of the control level at six 658 

weeks (n = 6, p = 0.0001). Intravitreal injection of 8-OH-DPAT significantly 659 

decreased the phosphorylation of PKA in the retina. These findings indicate that 660 
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stimulation of 5-HT1A receptors in the retina reduces the increase in PKA 661 

phosphorylation induced by glaucoma. 662 

Discussion 663 

In the present study, we first show that intraocular hypertension rapidly resulted in the 664 

downregulation of 5-HT1A receptor protein in RGCs. Second, the 5-HT1A receptor 665 

protected the somas of RGCs and ameliorated impaired RGC function, and its 666 

protective effects could be blocked by the selective 5-HT1A receptor antagonist 667 

WAY-100635 or the selective GABAA receptor antagonist SR95531. Third, 668 

whole-cell patch-clamp recording found that 8-OH-DPAT significantly increased the 669 

frequency and amplitude of the GABAergic sIPSCs and mIPSCs of ON- and 670 

OFF-type RGCs. Fourth, the excitatory role of the 5-HT1A receptors on presynaptic 671 

GABA release could be mediated by their inhibition of the cAMP-PKA pathway. 672 

Fifth, glaucoma promotes the phosphorylation of PKA, which was reversed by 673 

8-OH-DPAT. Collectively, this study identified a novel mechanism by which 674 

activation of the 5-HT1A receptor modulates the neuronal GABAergic system 675 

function of RGC protection, resulting from increased inhibitory synaptic input to the 676 

RGCs. A representative cartoon of possible mechanisms is presented in Fig. 15. 677 

Retrograde tracing is a feasible and effective method to study RGCs through animal 678 

experiments(Mead and Tomarev, 2016). On one hand, because healthy axonal flow is 679 

essential for the retrograde labeling of RGCs(Abbott et al., 2013), any axonal 680 

transport facility dysfunction will directly influence the number of labeled RGCs in 681 

the soma(Vidal-Sanz et al., 2015; Mead and Tomarev, 2016). On the other hand, 682 
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retrograde tracing may be more sensitive to RGC dysfunction or loss. When the RGCs 683 

are damaged or lost for pathology, the RGCs somas and axons are subsequently 684 

damaged or lost, then the retrograde marker cannot mark missing RGCs. Glaucoma is 685 

itself a multi-factor disease; on one hand, the excitement of RGC toxicity is caused by 686 

glaucoma, while on the one hand, glaucoma may also affect the axon transport 687 

capacity and neurotrophic factor transport(Downs et al., 2008), perhaps because 688 

axonal transport barriers lead to reduced numbers of RGCs. Axonal degeneration of 689 

RGCs is a marker of glaucoma, and local defects in the retinal nerve fibers of 690 

glaucoma patients suggest that in this case, axonal degeneration may precede RGC 691 

soma death(Munemasa and Kitaoka, 2015). Therefore, in addition to neutralizing the 692 

excitotoxicity of RGCs by enhancing the release of the inhibitive neurotransmitter 693 

GABA, 8-OH-DPAT may label viable RGCs by improving axon transport facility and 694 

providing more nutritional support. These damaged RGCs may eventually die, but the 695 

process may be slowed by the regulation of axon transport capacity by 8-OH-DPAT. 696 

Whether 8-OH-DPAT can improve axon transport capacity remains to be further 697 

verified in subsequent experiments. 698 

We compared the frequency and amplitude of sIPSCs and mIPSCs in ON- and 699 

OFF-type RGCs and found significant differences in the frequency but not the 700 

amplitude of mIPSCs between these subtypes. The miniature postsynaptic current 701 

frequencies were greater in OFF-type RGCs than ON-type RGCs. Previous studies 702 

have reported that OFF-type RGCs show significantly higher spike rates than 703 

ON-type cells and require less depolarization to reach their action potential thresholds 704 
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and fire more spikes in response to current injection relative to ON-type cells(Myhr et 705 

al., 2001). What are the causes of these differences in the mIPSCs of ON- and 706 

OFF-type RGCs? In a certain way, the excitement of OFF-type cells and the change 707 

in electrical conductance are larger than those in ON-type cells. The larger sIPSCs in 708 

OFF-type cells may simply reflect larger GABA-mediated synaptic inputs.  709 

Many previous studies have presented evidence that 5-HT is an important 710 

neurotransmitter in the retina(Hidaka, 2009), further supported by the fact that 5-HT 711 

receptors are detectable in the retinal pigment epithelium of rats. 5-HT2A and 712 

5-HT2C receptor agonists had also previously been shown to induce a 713 

concentration-dependent increase in the frequency of sIPSCs in GABAergic 714 

interneurons recorded from dorsal raphe nucleus (DRN) slices, and this effect was 715 

blocked by the inhibitor of voltage-gated sodium channels tetrodotoxin, suggesting 716 

that 5-HT2A and 5-HT2C receptors have no effect on mIPSCs(Liu et al., 2000). 717 

However, in our study, 5-HT1A receptor-mediated GABA release was not inhibited 718 

after pretreatment with TTX, which indicates that these processes are not dependent 719 

on sodium channels. On the one hand, GABAergic inputs activated by 5-HT1A 720 

receptors could serve within a local, negative-feedback loop to regulate the impulse 721 

flow of RGCs. On the other hand, our data also suggest that 5-HT1A receptors are 722 

located on the terminals of the GABAergic amacrine neurons preceding the RGCs. 723 

Meanwhile, the 5-HT1A receptor-induced increases in the amplitudes of GABAergic 724 

mIPSCs in RGCs suggest that the increased amplitudes of mIPSCs are likely 725 

postsynaptic effects. Whether the postsynaptic effects of 5-HT1A receptors are 726 
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affected in RGCs needs to be further confirmed by examining GABA-induced 727 

currents and GABA receptors in later experiments.  728 

In the prefrontal cortex-amygdala system, a previous study highlighted a role for 729 

5-HT and GABAergic neurotransmission in response to stress and suggested a 730 

method to develop therapeutic approaches for the treatment of depression by 731 

exploiting combinatory actions on different neurotransmitter systems(Andolina et al., 732 

2014). In the hippocampal CA1 area, reports showed that the activation of 733 

5-HT7 receptors located on inhibitory interneurons enhanced GABAergic 734 

transmission(Tokarski et al., 2011), thus hyperpolarizing cells and decreasing the 735 

firing frequency. In DRN serotonergic projection neurons, tonically active 736 

5-HT7 receptors increased the frequency of sIPSCs, while a 5-HT7 receptor blocker, 737 

SB269970, decreased this frequency, modulating the firing and GABA release from 738 

inhibitory interneurons(Kusek et al., 2015). The 5-HT7 receptor also binds to the 739 

Gs-protein, resulting in the activation of adenylyl cyclase (AC) and increasing the 740 

cAMP concentration(Guseva et al., 2014). In vivo studies later reported that the 741 

injection of a 5-HT7 receptor antagonist into hamsters blocked the progression of 742 

8-OH-DPAT-induced rotor-running activity(Shelton et al., 2014). For comparison, we 743 

found that 8-OH-DPAT specifically increased the frequency and amplitude of 744 

GABAergic sIPSCs and mIPSCS in RGCs, but the effects were not blocked by the 745 

5-HT7 receptor blocker SB269970, suggesting that 5-HT7 receptors are not involved 746 

in the regulation of presynaptic neurotransmitter GABA release on retinal neurons. 747 

Early research found that 8-OH-DPAT, which has an affinity for 5HT1A and 5-HT7 748 
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receptors and, to a lesser extent, for α1-adrenoceptors, produced dose-dependent 749 

hypotensive effects in pithed rats(Kozhevnikova et al., 2011). 8-OH-DPAT is also an 750 

agonist for α2-adrenoceptors(Assie and Koek, 2000). Activation of α1-adrenoceptors 751 

increases GABAA-IPSC frequency(Dumont and Williams, 2004). Noradrenaline 752 

inhibits the GABAB receptor due to α1-adrenoceptors(Croce et al., 2003). In 753 

vivo studies have demonstrated that the α2-adrenoceptor agonist brimonidine exerts 754 

retinal neuroprotection with functional benefits and reduces intraocular pressure in 755 

glaucoma patients(Nizari et al., 2016). Alpha2-adrenoceptors are also coupled to a G 756 

protein (Gi/o) that inhibits adenylate cyclase, and the subsequent decrease in cAMP 757 

reduces the activity of PKA, playing an important role in the regulation of transmitter 758 

release(Bukharaeva et al., 2002). Most studies have found that α2A adrenoceptor 759 

mediates the presynaptic inhibition of GABAergic transmission in rat 760 

tuberomammillary nucleus histaminergic neurons(Nakamura et al., 2013). The most 761 

likely scenario is that α2-adrenoceptors act presynaptically to inhibit GABA release 762 

onto the multipolar ventrolateral preoptic nucleus (VLPO) neurons(Matsuo et al., 763 

2003). Under our experimental conditions, the results were reversed: we found that 764 

the α2-adrenoceptors agonist brimonidine significantly increased the frequency and 765 

amplitude of the GABAergic sIPSCs/mIPSCs (Fig. 11-1). Thus, it is not clear whether 766 

the excitatory effect of 8-OH-DPAT on the release of GABA neurotransmitters acts 767 

on 5-HT1A or the α1-/α2-adrenoceptors. To address this, we further verified whether 768 

the specific α1-adrenoceptor antagonist prazosin and the specific α2-adrenoceptor 769 

antagonist yohimbine could antagonize the regulation of GABA inhibition by 770 
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8-OH-DPAT. We obtained negative results: α1- and α2-adrenoceptors were not 771 

involved in the enhanced effect of 8-OH-DPAT on the release of GABA 772 

neurotransmitter. 773 

Moreover, the activated postsynaptic 5-HT1A receptor also coupled with G protein 774 

(Gi/o). The 5-HT1A receptor regulates the expression of the second messenger cAMP 775 

by activating adenylate cyclase, which, in turn, affects the activity of PKA(Qiu et al., 776 

2018). 8-OH-DPAT inhibits the activity of adenylate cyclase by coupling with Giα, 777 

resulting in the reduction of cAMP formation and the consequential inhibition of 778 

PKA-mediated protein phosphorylation. PKA is also known to modulate GABAA 779 

receptors, as early studies have indicated that GABAA receptor activity can be 780 

reduced by the acute activation of PKA(Porter et al., 1990), and its expression can be 781 

modulated by the chronic treatment of intracellular cAMP in granule cells(Thompson 782 

and Wall, 1996). In airway epithelial cells, PKA regulates the release of GABA both 783 

in vivo and in vitro(Danielsson et al., 2016). cAMP signaling suppresses the 784 

frequency of inhibitory GABAergic IPSCs in a PKA-dependent manner 785 

in Drosophila primary neuronal cultures(Ganguly and Lee, 2013). We found that 786 

application of the selective cAMP-PKA pathway inhibitor H-89 alone significantly 787 

increased the baseline frequency and amplitude of GABAergic mIPSCs. We 788 

mimicked H-89 downregulation of the cAMP-PKA pathway using 8-OH-DPAT.  789 

In addition, WAY-100635 alone did not significantly alter the baseline frequency and 790 

amplitude of sIPSCs and mIPSCs. There are a number of possible implications of 791 

these data, including that endogenous regulation of the 5HT1A receptor does not 792 
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substantially modulate native inhibitory signal transmission in the inner retina. 793 

Furthermore, WAY-100635-induced hypotension in anesthetized rats is due to 794 

α1-adrenoceptor inhibition(Villalobos-Molina et al., 2002), and our data also found 795 

that the α1-adrenoceptor antagonist prazosin induced robust increases in 796 

sIPSC/mIPSC frequency and amplitude, while the 5-HT1A receptor antagonist 797 

WAY-100635 is a potent dopamine D4 receptor agonist(Chemel et al., 2006) and 798 

suppresses GABAergic IPSCs(Wang et al., 2002). The mechanism underlying the 799 

D4-mediated regulation of GABAA receptor currents was blocked by protein kinase A 800 

(PKA) activation and occluded by PKA inhibition in a manner very similar to that of 801 

the 5HT1A receptor agonist 8-OH-DPAT(Wang et al., 2002). The 5-HT1A receptor 802 

antagonist WAY-100635 may produce undesirable “off-target” effects via 803 

non-specific interactions or pathway cross-talk for the dopamine receptor or 804 

α-adrenoceptors(Newman-Tancredi et al., 1998) that drive native and induced 805 

physiological outcomes differentially or in combination.  806 

Conclusions 807 

The results presented herein confirm that downregulation of 5-HT1A receptors affects 808 

the balance between the retinal excitation/inhibition statuses and that the important 809 

and novel synaptic mechanism underlying 5-HT1A receptor-induced neuroprotection 810 

involving the stimulation of presynaptic GABAergic activity and 5-HT1A receptors 811 

could restore neural equilibrium. Herein, using a chronic glaucoma rat model, we 812 

confirmed a mechanism underlying glaucomatous neuropathy as follows: increased 813 

retinal p-PKA levels along with decreased GABAergic mIPSC frequency in the 814 
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glaucomatous retinas suggest upregulation of the cAMP-PKA pathway function and a 815 

conspicuous reduction in GABA release. Taking all of our findings together, we 816 

propose that selective stimulation of the retinal 5-HT1A receptor and its Gi/o 817 

protein-coupled cAMP-PKA signaling pathway and the consequential activation of 818 

GABA release is an effective neuroprotective strategy for the treatment of glaucoma, 819 

thus contributing to our understanding of the synaptic role and mechanism of RGC 820 

injury. 821 
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Legends  1012 

Figure 1. Chronic ocular hypertension reduces retinal 5-HT1A receptor 1013 
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expression. (A) Changes in IOP after cauterization. The IOP is significantly greater in 1014 

glaucomatous eyes than in control and sham eyes (*p < 0.05, **p < 0.01 vs. control 1015 

retina, #p < 0.05, ## p < 0.01, ### p < 0.001 vs. sham retina). (B) Representative 1016 

western blot of 5-HT1A receptor expression in control, sham and glaucomatous 1017 

retinas at one, two, three, four and six weeks. The expression of the 46 kD protein 1018 

decreases at two weeks after high IOP and is sustained for up to six weeks. 5-HT1A 1019 

receptor expression was normalized to the GAPDH level and is shown relative to its 1020 

expression in control retinas. (C) Densitometric analysis of 5-HT1A receptor 1021 

expression from one to six weeks (n = 6) after high IOP. Expression was normalized 1022 

to the expression in the control retina. **p < 0.01, ***p < 0.001 vs. control retina, #p 1023 

< 0.05, ##p < 0.01, ###p < 0.001 vs. sham retina. IOP, intraocular pressure.  1024 

 1025 

Figure 2. Micrographs of 10-μm-thick transverse cryostat sections of control and 1026 

glaucomatous retinas. (A, B) Immunolabeling for the 5-HT1A receptor. 5-HT1A 1027 

receptor puncta are most numerous in the inner IPL and GCL (A3, B3, white 1028 

rectangular frame). In the INL and OPL, sparsely distributed puncta are visible (A1, 1029 

A3, yellow frame). In contrast to the control retina (A), the immunofluorescence 1030 

puncta of the 5-HT1A receptor are significantly reduced in the glaucomatous retina 1031 

(B). Bar, 15 μm. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner 1032 

nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer.  1033 

 1034 

Figure 3. 8-OH-DPAT significantly increases the frequency and amplitude of 1035 

spontaneous IPSCs in RGCs. (A) Representative traces showing the effect of 10 μM 1036 

8-OH-DPAT on spontaneous IPSCs. Vertical bar, 10 pA; horizontal bar, 0.5 sec. (B, 1037 
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D) Summarized data from twelve RGCs showing that 10 μM 8-OH-DPAT 1038 

significantly increased the average frequency (B, n = 12) and amplitude (D, n = 12) of 1039 

spontaneous IPSCs. (C, E) Normalized spontaneous IPSC frequency (C, n = 12) and 1040 

amplitude (E, n = 12). (F) Insets represent typical traces of sIPSCs with an expanded 1041 

time scale, showing SR269970 could not block the increases in GABAergic sIPSC 1042 

frequency and amplitude induced by 8-OH-DPAT (a, control; b, SR269970; c, 1043 

SR269970 + 8-OH-DPAT; d, wash). Vertical bar, 10 pA; horizontal bar, 1 sec. (G, H) 1044 

Normalized spontaneous IPSC frequency (G, n = 11) and amplitude (H, n = 11). (I) 1045 

Single example recording of sIPSCs in an RGC on an expanded scale during control 1046 

treatment, phentolamine treatment, phentolamine + 8-OH-DPAT treatment and drug 1047 

washout; vertical bar, 10 pA; horizontal bar, 1 sec. (J, K) Pooled data obtained from 1048 

14 cells. In the two graphs, sIPSC frequency and amplitude are expressed as 1049 

percentages of the control frequency and amplitude. Data are the mean ± SEM. *p < 1050 

0.05, **p < 0.01, ***p < 0.001 compared with control conditions or the antagonist 1051 

group.  1052 

 1053 

Figure 4: The effects of 8-OH-DPAT-induced increases in the frequency and 1054 

amplitude of spontaneous IPSCs in RGCs are not blocked by 5-HT7 receptor or 1055 

α-adrenoceptors antagonists. (A) Typical trace of sIPSCs before and during the 1056 

application of 8-OH-DPAT (10 μM) in the presence of prazosin (10 μM). Vertical bar, 1057 

40 pA; horizontal bar, 2 min. (B) Continuous chart recording of sIPSCs before and 1058 

during 8-OH-DPAT (10 μM) application in the presence of yohimbine (10 μM). 1059 

Vertical bar, 50 pA; horizontal bar, 1 min. (C, D) Summary of sIPSC frequency (C) 1060 



 

 49 

and amplitude (D) under prazosin, prazosin + 8-OH-DPAT, yohimbine, yohimbine + 1061 

8-OH-DPAT, SR269970 + phentolamine and SR269970 + phentolamine + 1062 

8-OH-DPAT action relative to control. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. 1063 

each antagonist group. #p < 0.05, ##p < 0.01 and ###p < 0.001 vs. control. 1064 

 1065 

Figure 5. The effects of 8-OH-DPAT-induced increases in the frequency and 1066 

amplitude of spontaneous IPSCs in RGCs are blocked by WAY-100635. (A) 1067 

Recordings in a representative experiment. The top trace (a) is a recording of an RGC 1068 

after preincubation with CNQX + AP5 showing that WAY-100635 prevented 1069 

alterations of the frequency and amplitude of the spontaneous IPSCs induced by 1070 

8-OH-DPAT. Vertical bar, 20 pA; horizontal bar, 1 min. The bottom traces (b-e) 1071 

show the recording of the RGC on an expanded time scale. (b) Control condition; (c) 1072 

during WAY-100635 treatment application; (d) during WAY-100635 + 8-OH-DPAT 1073 

treatment application; (e) recovery. Vertical bar, 10 pA; horizontal bar, 0.2 sec. (B, D) 1074 

Summarized data of the frequency (B) and amplitude (C) of spontaneous IPSCs (n = 1075 

11).  1076 

 1077 

Figure 6. RGCs intracellularly injected with Lucifer Yellow. (A, B) The 1078 

micrograph in A was taken with an infrared interferometric phase microscope, and the 1079 

retinal layers can be seen. Representative Lucifer Yellow-filled OFF- (A, right) and 1080 

ON-type (B, right) RGCs that possess dendrite arborizations in the proximal (a) and 1081 

distal (b) parts of the IPL, respectively. GCL, ganglion cell layer; IPL, inner 1082 

plexiform layer; INL, inner nuclear layer. Scale bar, 10 μm. (C, D) Bar charts 1083 
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showing that 8-OH-DPAT remarkably enhanced the frequency (C) and the amplitude 1084 

(D) of GABAergic mIPSCs. Note the significant differences in the frequency but not 1085 

the amplitude of GABAergic mIPSCs between ON- and OFF-type RGCs. White 1086 

columns: ON-type RGCs; Gray columns: OFF-type RGCs. ***p < 0.001 denote the 1087 

results of paired t tests between ON- and OFF-type RGCs before and after drug 1088 

administration. ###p < 0.001 represents an independent sample t test with ON-type 1089 

RGCs and OFF-type RGCs.  1090 

 1091 

Figure 7. Effects of chronic glaucoma and 8-OH-DPAT on the 1092 

frequency/amplitude of mIPSCs and the synaptic connections between RGCs 1093 

and amacrine cells. (A) Representative traces of whole-cell voltage clamp recordings 1094 

of GABAergic mIPSCs in the presence of TTX (1 μM) in control, glaucoma and 1095 

glaucoma + 8-OH-DPAT retinas. Vertical bar, 10 pA; horizontal bar, 0.5 sec. The 1096 

baseline mIPSC frequency is significantly reduced in the glaucomatous retina relative 1097 

to that in the control, and 8-OH-DPAT can reverse the decrease in mIPSCs in the 1098 

pathological state. (B, C) Histograms showing the mean frequency and amplitude of 1099 

mIPSCs in control, glaucoma and glaucoma + 8-OH-DPAT retinas. The mIPSC 1100 

frequency differed significantly between the control and glaucomatous retinas, and 1101 

glaucoma-induced changes were promoted by 8-OH-DPAT. The mIPSC amplitude 1102 

was significantly changed before and after preincubation of the glaucomatous slice 1103 

with 8-OH-DPAT. *p < 0.05 and **p < 0.01 (one-way ANOVA). (D) The micrograph 1104 

in D1 was taken with an infrared interferometric phase microscope, and the retinal 1105 

layers can be seen. (D2-D4) Using a fluorescence microscope, the cell morphology 1106 

becomes apparent: dendritic arborizations are found in the IPL. The amacrine cell 1107 
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body is pear-shaped (arrow) and mainly distributed in the INL/IPL border. 1108 

Morphologically, the synaptic connections between RGCs and amacrine cells were 1109 

not dissociated due to glaucoma (D2, D3), and pretreatment with 8-OH-DPAT did not 1110 

increase the number of synapses (D4). GCL, ganglion cell layer; IPL, inner plexiform 1111 

layer; INL, inner nuclear layer. RGC, retinal ganglion cell. Scale bar, 10 μm. 1112 

 1113 

Figure 8. 8-OH-DPAT prevents reductions in GABA immunoreactivity caused 1114 

by chronic ocular hypertension. (A-C) Micrographs of 10-μm-thick transverse 1115 

sections of retinas from control, glaucomatous and 8-OH-DPAT-treated glaucomatous 1116 

retinas. Confocal microphotograph of a vertical section of the rat control retina, triple 1117 

stained with antibodies against GABA (red), synaptophysin (green) and Hoechst 1118 

(blue), shows that GABA is mainly expressed at the INL, IPL, and GCL. Scale bar, 20 1119 

μm. (A2, A3, A4 and A5) Enlarged images, all taken from the square in A1; scale bar, 1120 

5 μm. (A2) GABA-labeled image; (A3) synaptophysin-labeled image; (A4) Hoechst 1121 

image; (A5) merged image of A2-A4. Note that the GABA-positive signal is 1122 

co-localized with the signal for synaptophysin (arrows). (B) Triple 1123 

immunofluorescence-labeled microphotograph showing that GABA but not 1124 

synaptophysin immunohistochemistry is decreased in the glaucomatous retina 1125 

(arrows). (B2, B3, B4 and B5) Enlarged images, all taken from the square in B1; scale 1126 

bar, 5 μm. (C) 8-OH-DPAT prevents the effects of ocular hypertension on GABA 1127 

expression. (C2, C3, C4 and C5) Enlarged images, all taken from the square in C1; 1128 

scale bar, 5 μm. Note that the fluorescence intensity of synaptophysin did not change 1129 

significantly among three groups. GCL, ganglion cell layer; IPL, inner plexiform 1130 
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layer; INL, inner nuclear layer. ONL, outer nuclear layer.  1131 

 1132 

Figure 9. FluoroGold labeling of RGCs in normal, glaucomatous and 1133 

drug-treated retinas. (A-D) FluoroGold labeling images of surviving RGCs in 1134 

flat-mounted retinas four weeks after high IOP are shown in the central and peripheral 1135 

panels, which were photographed at low magnification (20×). Fluorescence 1136 

micrographs of flat-mounted retinas depicting FluoroGold-labeled RGCs in normal 1137 

(A), sham (B), glaucoma (C) and glaucomatous + PBS (D) eyes. (E-H) FluoroGold 1138 

labeling images of surviving RGCs in flat-mounted retinas four weeks after high IOP 1139 

are shown in the central and peripheral panels. 8-OH-DPAT increased RGC viability 1140 

and preserved cellular integrity (E). Administration of WAY-100635 (F) or SR95531 1141 

(G) blocked the effects of 8-OH-DPAT on RGC viability. SR95531 alone (G) did not 1142 

affect the survival of RGCs. Scale bar, 50 μm. 1143 

 1144 

Figure 10. Quantitative analysis of the density of surviving RGCs. (A) Flat-mount 1145 

retina showing the two eccentric areas of RGC quantification (central and peripheral); 1146 

scale bar, 1 mm. (B, C) Quantitative analysis of the density (cells/mm2) of surviving 1147 

RGCs in control eyes, sham, glaucoma, PBS-treated ocular hypertension eyes, high 1148 

IOP eyes treated with 8-OH-DPAT, and ocular hypertension eyes treated with 1149 

WAY-100635 + 8-OH-DPAT, SR95531 and SR95531 + 8-OH-DPAT (n = 6) in the 1150 

central (B) and peripheral (C) regions. ***p < 0.001 vs. control. RGC, retinal 1151 

ganglion cell.  1152 

 1153 

Figure 11. 8-OH-DPAT increases the frequency and amplitude of GABAergic 1154 

mIPSCs in control rat RGCs. (A) Whole-cell voltage clamp recording (at −70 mV) 1155 
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of a representative RGC shows that 8-OH-DPAT increases the frequency and 1156 

amplitude of GABAergic mIPSCs in RGCs. Vertical bar, 10 pA; horizontal bar, 1 min. 1157 

(B) Recordings of the RGC on an expanded scale during control treatment, 1158 

8-OH-DPAT treatment and drug washout, vertical bar, 10 pA; horizontal bar, 0.5 sec. 1159 

(C, F) Frequency (bin = 10 sec) (C) and amplitude (F) histograms of the GABAergic 1160 

mIPSCs of the trace in shown in A showing the effects of 8-OH-DPAT. (D, G) 1161 

Quantification of the frequency (D) and amplitude (G) of mIPSCs (n = 14). (E, H) 1162 

Quantification of the frequency (E) and amplitude (H) of mIPSCs normalized to the 1163 

control before and during 8-OH-DPAT application. (I, J) Preincubation with 1164 

WAY-100635, a selective 5-HT1A receptor antagonist, inhibits the effects of 1165 

8-OH-DPAT on the frequency (I) and amplitude (J) of GABAergic mIPSCs (n = 12). 1166 

Administration of WAY-100635 alone does not affect the baseline frequency (I) or 1167 

amplitude (J) of GABAergic mIPSCs. *p < 0.05, **p < 0.01 (Student’s paired t test).  1168 

 1169 

Figure 12. 5-HT7 receptor or α-adrenoceptor antagonists did not block the 1170 

effects of 8-OH-DPAT at the synaptic level. (A) SR269970 failed to block the 1171 

incremental effects of 8-OH-DPAT on mIPSC frequency and amplitude. Vertical bar, 1172 

50 pA; horizontal bar, 1 min. Sample traces show the effects of 10 μM SR269970, 1173 

applied alone (b) or along with 10 μM 8-OH-DPAT (c), and drug washout (d) on 1174 

GABAAR-mediated mIPSCs. SR269970 itself did not affect baseline mIPSC 1175 

amplitude or frequency. Vertical bar, 10 pA; horizontal bar, 0.2 sec. (B) mIPSCs 1176 

before and during the application of 8-OH-DPAT (10 μM) in the presence of 1177 

phentolamine (10 μM). Note that adding 8-OH-DPAT in the presence of 1178 

phentolamine dramatically increased mIPSC frequency and amplitude. Vertical bar, 1179 

50 pA; horizontal bar, 1 min. (C) Time-frequency histograms from an RGC tested 1180 
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with 8-OH-DPAT (10 μM) in the presence of phentolamine. (D) Time-amplitude 1181 

histograms from an RGC tested with 8-OH-DPAT (10 μM) in the presence of 1182 

phentolamine. (E, F) Mean percent control of mIPSC frequency (E) and amplitude (F) 1183 

obtained during SR269970 (n = 12), phentolamine (n = 10), SR269970 + 1184 

phentolamine (n = 14), prazosin (n = 12) and yohimbine (n = 12) application with 1185 

(right side of each group) or without (left side of each group) 8-OH-DPAT. Note that 1186 

the application of SR95531 + phentolamine and prazosin alone increased the 1187 

normalized frequency and amplitude of mIPSCs. *p < 0.05, **p < 0.01 and ***p < 1188 

0.001 vs. each antagonist group. #p < 0.05, ##p < 0.01 and ###p < 0.001 vs. control.  1189 

 1190 

Figure 13: The effects of 8-OH-DPAT-induced increases on the frequency and 1191 

amplitude of mIPSCs in RGCs are not blocked by SR269970 + phentolamine, 1192 

prazosin or yohimbine. (A) Typical trace of mIPSCs before and during the 1193 

application of 8-OH-DPAT (10 μM) in the presence of SR269970 + phentolamine. 1194 

Vertical bar, 50 pA; horizontal bar, 1 min. (B) Typical trace of mIPSCs before and 1195 

during the application of 8-OH-DPAT (10 μM) in the presence of prazosin (10 μM). 1196 

Vertical bar, 50 pA; horizontal bar, 0.5 min. (C) Continuous chart recording of 1197 

mIPSCs before and during 8-OH-DPAT (10 μM) application in the presence of 1198 

yohimbine (10 μM). Vertical bar, 100 pA; horizontal bar, 3 min.  1199 

 1200 

Figure 14. The effects of 8-OH-DPAT on the frequency and amplitude of 1201 

GABAergic mIPSCs in RGCs are enhanced by H-89. (A) Continuous trace of a 1202 

representative experiment showing mIPSCs during TTX + CNQX + AP5 + strychnine 1203 

application, during H-89 application, during H-89 + 8-OH-DPAT application and 1204 

during recovery. Vertical bar, 20 pA; horizontal bar, 1 min. (B, E) Frequency (10 sec 1205 
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bin) and amplitude histograms of the mIPSCs of the trace shown in A demonstrating 1206 

the effects of H-89 and H-89 + 8-OH-DPAT. (C, F) Quantification of the frequency 1207 

(C, n = 10) and amplitude (F, n = 10) of GABAergic mIPSCs. (D, G) Normalized 1208 

GABAergic mIPSC frequency (D, n = 10) and amplitude (G, n = 10). Pretreatment 1209 

with H-89 increased the baseline frequency but did not affect the baseline amplitude 1210 

of mIPSCs. *p < 0.05, **p < 0.01 and ***p < 0.001 (one-way ANOVA).  1211 

 1212 

Figure 15. The effects of 8-OH-DPAT on the frequency and amplitude of 1213 

GABAergic mIPSCs in RGCs are blocked by bucladesine. (A, C) Quantification 1214 

of the frequency (A, n = 11) and amplitude (C, n = 11) of GABAergic mIPSCs. (B, D) 1215 

Normalized GABAergic mIPSC frequency (B, n = 11) and amplitude (D, n = 11). 1216 

Pretreatment with bucladesine markedly decreased the baseline frequency and 1217 

amplitude of mIPSCs. 8-OH-DPAT-induced effects were prevented by bucladesine. 1218 

**p < 0.01 and ***p < 0.001 (one-way ANOVA).  1219 

 1220 

Figure 16. Role of cAMP-PKA signaling in glaucoma and 8-OH-DPAT-treated 1221 

glaucoma rats. (A) For the measurement of PKA phosphorylation levels, 1222 

representative western blot images of phosphorylated-PKA (Thr197) and PKA total 1223 

protein are shown. (B) Quantitative analyses of phosphorylated-PKA (Thr197) 1224 

relative to PKA total protein are shown in the bar graph. ***p < 0.001 (one-way 1225 

ANOVA).  1226 

 1227 

Figure 17. Hypothetical mechanisms of the intracellular pathways underlying 1228 

the results found in this study. Schematic model showing possible intracellular 1229 

mechanisms for the neuroprotective effects of 5-HT1A receptor activation. In our 1230 
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study, the mechanism underlying the cAMP-PKA signaling pathway in the glaucoma 1231 

condition is as follows: adenylate cyclase is activated, which increases cAMP 1232 

formation and consequently increases protein kinase A (PKA)-mediated protein 1233 

phosphorylation, thus reducing fast neurotransmitter GABA release. Activation of the 1234 

presynaptic 5-HT1A receptor by 8-OH-DPAT inhibits this cascade reaction via the 1235 

Gi/o protein, increasing GABA release from presynaptic GABAergic ACs. Thus, the 1236 

release of GABA can neutralize the activity of excitotoxicity in glaucoma. RGC, 1237 

retinal ganglion cell. 1238 
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Table 1. Agents used for whole-cell patch-clamp recording. 

Agents Functional 
description 

Additive 
dose 

( M) 
8-OH-DPAT 5-HT1A receptor agonist 10 
WAY-100635

SR269970 
5-HT1A receptor antagonist 
5-HT7 receptor antagonist 

10 
10 

phentolamine a non-selective α-adrenoceptors antagonist 10 
prazosin a selective α1-adrenoceptors antagonist 10 

yohimbine a selective α2-adrenoceptors antagonist 10 
brimonidine a selective α2-adrenoceptors agonist 10 

SR95531 a selective GABAA receptor antagonist 10 
H-89 a protein kinase A (PKA) inhibitor 10 

bucladesine a PKA activator 10 
CNQX a non-NMDA ionotropic glutamate receptor antagonist 10 

AP5 a NMDA ionotropic glutamate receptor antagonist 50 
strychnine a glycine receptor antagonist 5 

TTX a selective sodium channel blocker 1 
QX314 a rapid Na+ currents blocker 2000 

 


