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Abstract 

Purpose: Experiment 1&2: GABA is a major inhibitory neurotransmitter in central 

neural system (CNS). Three classes of receptors, GABAA, GABAB and GABAC are all 

expressed in the retina. This study investigated the role of GABA receptors (GABAR), 

especially GABACR at different stages of retinal signal processing by studying effects on 

mouse electroretinogram (ERG) of genetic deletion of GABACRs or using receptor 

antagonists and agonists. Experiment 3: Multiple sclerosis (MS) is an autoimmune 

disease of CNS characterized by demyelination and axonal degeneration. 30-70% of MS 

patients develop optic neuritis (ON). This study used the photopic ERG and compared 

functional and structural status of inner retina in MS patients. 

Methods: Experiments 1&2: Dark-adapted (DA) and light-adapted (LA) ganzfeld brief-

flash ERGs were recorded from anesthetized C57BL/6 mice before and after intravitreal 

injection of GABA, GABAAR antagonist (SR95531), GABABR agonist (baclofen), 

GABACR antagonists TPMPA, 2-AEMP and 3-APMPA and also from GABACR-/- mice. 

Negative (n) and positive (p) scotopic threshold responses (STR) were measured at 200 

and 110 ms, respectively. After oscillatory potentials (OPs, 50-300 Hz) were removed, b-

waves were measured at peak times, 110 ms in DA-ERG, and 50 ms, LA-ERG. OPs' 

amplitudes were quantified as root mean square (RMS) of extracted OPs.  Experiment 3: 

Photopic ERGs were recorded from 51 MS patients and 33 control subjects. In patients, 

Humphrey visual fields (HVF) were measured, and peripapillary retinal nerve fiber layer 

(RNFL) thickness was assessed by optical coherence tomography (OCT) and scanning 

laser polarimetry (GDx). MS eyes were divided into ON>6 months (n=25), ON<6 

months (n=29) and no-ON eye (n=33) groups based on history of ON and time since last 
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ON episode. Thirteen MS patients (13 eyes, ON<6) were re-evaluated one year after the 

first visit. 

Results:  Experiments 1&2: GABA injection eliminated STRs and increased b-wave 

peak amplitude in WT mice, but reduced DA-ERG b-wave amplitudes in GABACR-/- 

mice. In GABACR-/- mice, or after injection of TPMPA, 2-AEMP or 3-APMPA in WT 

mice, b-wave maximum amplitudes were attenuated in both DA-ERG and LA-ERG by 

30–60%; a-waves were unaffected. OPs’ amplitudes were increased in DA-ERG of 

GABACR-/- mice by 50%, and in WT mice after TPMPA (~40%) or 2-AEMP (~30%) 

injection, and 15–35% in LA-ERG. 2-AEMP did not alter nSTR. However, nSTR was 

enhanced by TPMPA (p=0.04) and 3-APMPA (p=0.04), both partial agonists of GABAB 

receptors. Baclofen enhanced nSTR (p<0.01) and LA-ERG PhNR (p<0.05). After 

blockade of GABAARs, an nSTR-like potential was enlarged. TTX partly suppressed the 

enhanced nSTRs and PhNRs, relating them to spiking activity of inner retinal neurons.  

Experiment 3: PhNR amplitudes were lower in ON>6, ON<6 and no-ON eyes (mean±SD, 

17.3±7.6, 16.0±6.5, 23.8±9.3μV), than in control eyes (29.8±6.5μV, p<0.001) for a 

standard stimulus of 1.42 cd-s/m2; a- and b-wave amplitudes were unaffected. PhNR 

amplitudes were correlated (p<0.05) with HVF Mean Deviation (MD) in ON>6 (r2=0.43) 

and no-ON eyes (r2=0.10), with similar results for weaker stimuli. PhNR amplitudes were 

correlated with RNFLT in ON>6 eyes: OCT (r2=0.52, p<0.0001); GDx (r2=0.51, p<0.01), 

and no-ON eyes: OCT (r2=0.21, p<0.01); GDx (r2=0.17, p<0.05).  ON<6 amplitudes 

were not significantly correlated with other measures, but increased after one year by 

5.1±3.1μV (p<0.001), HVF MD by 1.8±2.3 dB (p<0.05), whereas RNFL loss persisted. 
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Conclusions: Experiment 1&2: GABACRs in On bipolar cells that generate ERG b-

waves must be functional for normal maximum b-wave amplitudes to occur. Antagonist 

effects of newly developed 2-AEMP are similar to those of other antagonists, but with 

less GABAB agonist properties. Experiment 3: PhNR amplitude in MS patients is 

significantly reduced in eyes with and without a history of ON. Recovery of function by 

retinal ganglion cells after acute ON may contribute to visual function improvements in 

MS patients. 
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General Introduction 

Retinal circuits 

In the mammalian retina, rod and cone signals can travel to inner retina via 

separate parallel pathways (Figure 1-1). In the cone pathway, cone photoreceptors 

transduce light into electrical signals in the form of graded potentials and make chemical 

synapses onto depolarizing (On) and hyperpolarizing (Off) cone bipolar cells and 

horizontal cells. The bipolar cells, in turn, sum up and convey photoreceptor signals to 

retinal ganglion cells and amacrine cells. Ganglion cells transmit visual information in 

the form of action potentials to the brain. Horizontal cells and amacrine cells perform 

lateral processing of signals in the outer retina and inner retina respectively. In the rod 

pathway, rod photoreceptors contact rod bipolar cells and horizontal cell axon terminals. 

The rod bipolar cells do not send signal to the ganglion cells directly, instead they 

synapse onto AII amacrine cells. AII amacrine cells sum input from many rod bipolar 

cells, and then relay the signals to the On cone bipolar cells via gap junctions and to the 

Off cone bipolar cells, and Off retinal ganglion cells via inhibitory synapses. In turn, the 

Off cone bipolar cells synapse onto retinal ganglion cells. All of the excitatory chemical 

synapses in the rod and cone signal pathways to retinal ganglion cells, described above, 

use the amino acid, glutamate, as the neurotransmitter.  

Müller cells are the principle glial cell of the retina. Although Müller cells are not 

part of the signaling circuits of the retina, they are critical for maintenance of the ionic 

microenvironment and the health of the retina.  They also are involved in the generation 

of several waves of the electroretinogram (ERG). Müller cells span the entire neural 

 1
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retina from the outer limiting membrane to the inner limiting membrane adjacent to 

vitreous humor, as shown in Figure 1-1. Light stimulation evokes a decrease in 

extracellular K+ concentration ([K+]o) in the subretinal space, and an increase in [K+]o  in 

the outer and inner plexiform layers. Excess K+ is cleared by Müller cells from the 

extracellular space and then carried radial to the regions of lower [K+]o, as K+ spatial-

buffer currents. This leads to the redistribution of excess extracellular K+ (Newman and 

Reichenbach 1996). The K+ spatial-buffering currents contribute to Müller cell-mediated 

ERG components, such as slow PIII (Kofuji et al., 2000), and the negative scotopic 

threshold response (STR) (Frishman and Steinberg, 1989). 

Figure1-1 near here 

The electroretinogram  

The ERG is a mass potential recorded at the surface of the eye in response to light; 

it represents the summed activity of all retinal cells. It is a useful technique for non-

invasively assessing retinal function in normal and diseased conditions in research and in 

clinical testing. The ERG is broadly classified into scotopic (or dark-adapted, DA) and 

photopic (or light-adapted, LA) ERG (Figure 1-2) based on the stimulus conditions.  

The origins of the major waves of the scotopic ERG in mammals have been 

identified, to a large extent. In the scotopic ERG, the slow negative wave and the most 

sensitive positive wave in response to weakest stimuli (bottom left of Figure 1-2), called 

negative and positive STRs (nSTR and pSTR), are related to activation of amacrine cells 

and/or ganglion cells, as well as to generation of Müller glia cell K+ currents (Frishman 

and Steinberg, 1989a; Frishman and Steinberg, 1989b). The initial negative wave that 
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occurs in response to strong stimuli is the a-wave, which is mainly associated with 

photoreceptor activity, but has postreceptoral contributions as well (Hood and Birch, 

1990; Penn and Hagins, 1969; Robson et al., 2003). The a-wave is truncated by the rise of 

the positive going b-wave which originates primarily from the rod bipolar cells in 

scotopic ERG (Robson and Frishman, 1995; Robson and Frishman, 1998; Robson et al., 

2004). Small waves superimposed on the leading edge of b-wave, called oscillatory 

potentials (OPs) reflect high frequency activity in the inner retinal circuits between 

amacrine cells, bipolar cells and ganglion cells (Wachtmeister, 1998) . 

In the photopic ERG (Figure 1-2, right), an initial negative wave known as the a-

wave originates mainly from cone photoreceptors and Off pathway neurons (Bush and 

Sieving, 1994; Robson et al., 2003). The a-wave is followed by a positive-going b-wave 

which has its main origin from On-bipolar cells and also shaped by Off-bipolar cells and 

horizontal cell feedback onto cones and even inner retinal neurons, depending on the 

species (Sieving et al., 1994; Frishman and Wang, 2011). In primates, a prominent 

negative-going photopic negative response (PhNR) follows the b-wave when stimulus 

conditions are optimized. The PhNR is generated by ganglion cells in primates but may 

also be driven by amacrine cells, depending upon the species, and, in addition, the wave 

reflects Müller glial cell currents (Machida et al., 2008). In rodents, the PhNR is less 

obvious than that in primates, and may have ganglion cell input (Li et al., 2005), but it is 

more related to amacrine cell activity (Machida et al., 2008).  

Figure 1-2 near here 
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GABA and GABA receptors 

The amino acid, GABA (γ-aminobutyric acid), is a major inhibitory 

neurotransmitter in the central neural system, including in the retina.(Lukasiewicz et al., 

2004) Three classes of retinal GABA receptors have been described:  ionotropic GABAA 

and GABAC receptors that are linked to Cl- ion channels, and metabotropic GABAB 

receptors that are coupled to a G-protein and work through second messenger systems to 

modulate K+ or Ca2+ channels(Enz and Cutting, 1998). The GABAC receptor type is the 

most recently discovered, and its function in retinal signaling is not fully understood. In 

the research described in this dissertation, I have used the ERG to study the function of 

GABAC receptors in the retinal rod and cone pathways.  

GABA is synthesized via a metabolic pathway called the GABA shunt.(Owens 

and Kriegstein, 2002) Glutamate is an immediate precursor of GABA α-ketoglutarate 

which is an intermediate product during the citric acid cycle, is transaminased by α-

oxoglutarate transaminase (GABA-T) to form glutamate. Then an enzyme called 

glutamic acid decarboxylase (GAD) which is only expressed in the GABAergic neurons, 

decarboxylates glutamate to form GABA. Once synthesized, GABA is packaged in 

vesicles and then released into synaptic cleft when an action potential arrives and 

activates voltage-dependent Ca2+ channels in the presynaptic terminals. After binding to 

ionotropic GABA receptors in the postsynaptic membrane, a Cl- conductance occurs. 

Then GABA is released from the receptors and is taken up by surrounding glial cells or 

presynaptic terminals for future use. The reuptake of GABA depends on the GABA 

transporter (GAT). Glial cells also have GABA-T which transaminates GABA to 

regenerate glutamate.  
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GABA and its synthetic enzyme, l-glutamate acid decarboxylase (GAD) are 

expressed in horizontal cells (Schwartz, 2002) and in amacrine cells in both mammalian 

and non-mammalian retina.(Schwartz, 2002; Vaughn et al., 1981) The major function of 

GABA plasma membrane transporters (GATs) is uptake of GABA from extracellular 

space to terminate the action of GABA. GAT-1,-2 and -3 are expressed in the mammalian 

retina. They are members of Na+ and Cl- dependent transporter families and have 12 

putative transmembrane spanning segments. GAT-1 immnoreactivity is localized mainly 

to the amacrine cells and their process in the inner plexiform layer and expressed weakly 

in Müller cells (Brecha and Weigmann, 1994). GAT-2 is present in the retinal pigment 

epithelium. GAT-3 is principally expressed in Müller cells, but is present in some 

amacrine cells (Guo et al., 2009).  The vesicular GABA transporter (VGAT) mediates 

GABA uptake and storage in the synaptic vesicles in the mammalian retina. It is a 

member of SLC32 family with 10 transmembrane domains. VGAT immnoreactivity is 

strongly distributed in amacrine cell processes, and also is present in all horizontal cell 

bodies and processes (Cueva et al., 2002). 

The three different types of GABA receptors assemble differently. The GABAA 

receptor is a pentameric receptor which is composed of combinations of several subunits: 

α1-6, β1-3, γ1-3.  A variety of GABAA receptors with distinct pharmacology can be 

assembled by combining these subunits. The most common combination is 1α/2β/2γ. The 

GABAA receptor contains an extracellular N-terminus and four transmembrane regions 

that are thought to assemble into a chloride channel (Davies et al., 1997). Bicuculine and 

gabazine are selective competitive GABAA receptor antagonists. The GABAC receptor 

has a pentameric structure which consists of only single, or multiple subunits: ρ1-3. The 
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GABA ρ subunits have four transmembrane domains, a short extracellular C-terminus 

and a long extracellular N-terminal domain. The extracellular domain constitutes the 

GABA binding site. The transmembrane domains of five subunits are clustered to form 

the chloride permeable channel in the center of receptor (Qian and Ripps 2009). TPMPA 

is a selective GABAC receptor antagonist.  

GABAB receptors are metabotropic receptors coupled with G-proteins. Three 

isoforms R1a, R1b and R2 exist (Chalifoux and Carter 2011). One R1 subunit and one R2 

subunit compose a native GABAB receptor dimer. The subunits have seven 

transmembrane domains, an extracellular N-terminus which is the binding site for GABA 

and an intracellular C-terminal domain. GABAB receptors are associated with G-protein 

cascades that open postsynaptic potassium channels or modulate the current through 

voltage-gated calcium channels, as determined in whole-cell voltage clamp experiment. 

(Dunlap, 1981; Newberry and Nicoll, 1984; Shen and Slaughter, 1999). CGP is a 

selective GABAB receptor antagonist. 

The expression of GABA receptors in retina varies across species. In mammalian 

retinas, GABAA receptors (GABAARs) are expressed throughout the retina including 

bipolar cell dendrites in the outer plexiform layer (OPL) and bipolar cell terminals, 

amacrine cell processes and ganglion cell dendrites in the inner plexiform layer (IPL). 

Recent work in rabbit retina indicates that GABAA receptors are present in bipolar cell 

dendrites in light, but not dark-adapted conditions (Chaffiol et al. 2012). GABAAR 

immunoreactivity has also been found in terminals of cones and rods in goldfish retina 

(Studholme and Yazulla, 1988), and in the cone terminals and horizontal cell processes in 

rabbit retina (Greferath et al., 1994; Choi et al. 2011). 
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GABAC receptors (GABACRs) are more prominent on axon terminals of all 

bipolar cells, but also have been found on dendrites of bipolar cells in the 

mouse.(Haverkamp and Wässle 2000; McCall et al., 2002) Whether GABACRs are 

present in photoreceptors in mammalian retinas is unresolved.  GABACR-gated current 

has been reported in cone terminals of mouse retina (Pattnaik et al. 2000) and in 

horizontal cells in white perch (Qian and Dowling, 1993; Qian and Dowling, 1994), but 

no GABACR antibody immunoreactivity has been detected in photoreceptors in 

mammalian retina (Enz et al., 1996; Ogurusu et al., 1997) or in horizontal cells (Koulen 

et al., 1998).  Finally, GABAB receptors have been shown in immunocytochemical 

studies to be present presynaptically in amacrine cells, as well as postsynaptically in 

amacrine cells and retinal ganglion cells, and also in the processes of horizontal cells in 

mouse and rat retina (Koulen et al., 1998; Zhang et al., 1998). Electrophysiological 

studies suggest that GABAB receptors are also present on bipolar cell terminals in tiger 

salamander retina (Song and Slaughter, 2010). 

GABA-mediated feedback and feedforward inhibition is critical to normal 

processing of the visual signal via the bipolar cells to amacrine cells and ganglion cells in 

the retina. Lateral inhibitory interactions contribute to the surround portion of the 

receptive fields of bipolar and ganglion cells (Mangel, 1991) and modulate spatial and 

temporal component of visual signal processing (Cook and McReynolds, 1998; Flores-

Herr et al., 2001). It is not clear whether the OPL-generated surround signal is mediated 

by GABA in all vertebrate retinas (Kamermans et al., 2001; Hirasawa and Kaneko, 2003). 

In contrast, it is well established that at least half of the lateral inhibition in the IPL is 

mediated by GABA (Flores-Herr et al. 2001). In the inner plexiform layer, amacrine cells 
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synapse onto the bipolar cell axon terminals, other amacrine cells, and modulate their 

output via release of inhibitory neurotransmitters GABA and glycine that cause 

hyperpolarization of the postsynaptic cells. Amacrine cells also synapse onto ganglion 

cell dendrites, leading to reduced firing of action potentials.  

 Although both GABAA and GABAC receptors play prominent roles in IPL 

inhibition, these two receptor types have distinct cellular distributions (Euler and Wässle, 

1998). They are not localized in the same cells to identical synaptic sites. In addition, 

GABAA and GABAC receptor-mediated inhibition is dramatically different, as shown in 

the electrophysiological studies. The GABAA receptor component of inward chloride 

currents in rod bipolar cells in mouse slice preparation were found to be brief with fast 

rise and the currents turned on and off in a few milliseconds (Eggers and Lukasiewicz 

2006). The GABAC receptor component was more prolonged with slower rise, reaching 

peak amplitude in several milliseconds and turning off in tens to hundreds milliseconds 

(Lukasiewicz and Shields, 1998).  In addition to different time courses, GABAA and 

GABAC receptors have different affinities for GABA. GABAC receptors on bipolar cells 

are 10-fold more sensitive to GABA than GABAA receptors (Lukasiewicz and Shields, 

1998).  The presence of GABAC receptors gives rise to more sustained inhibition than 

those mediated solely by GABAA receptors (Freed et al. 2003). The combination of 

GABAA and GABAC receptors may give rise to a diversity of temporal filtering of 

inhibitory signals to bipolar cells. 

Different classes of bipolar cells were found to have different combinations of 

GABAA and GABAC receptors in their terminals, consistent with their cell response 

kinetics (Eggers et al. 2007). Rod bipolar cells with the slowest response to the light have 
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feedback inhibition mediated largely by GABAC receptors. Off cone bipolar cell 

responses have the fastest GABA responses, mediated largely by GABAA receptors. On 

cone bipolar cell GABA induced currents decayed with an intermediate time course, 

reflecting a larger contribution of GABAC receptors than found for Off cone bipolar cells.  

In rod bipolar cells, studied in rat retinal slice preparation, GABACRs mediated 

both reciprocal inhibitory feedback from A17 amacrine cells and lateral feedback from 

other amacrine cells (Chavez et al., 2010), suggesting that reciprocal and lateral inputs 

target distinct postsynaptic GABACR populations on rod bipolar cell terminals. Another 

role for GABAC receptors is to diminish transmission between bipolar cells and ganglion 

cells in response to receptive field center illumination. The light-adapted extracellular 

responses recorded from optic nerve fibers in mouse lacking GABACRs showed that 

excitatory drive was greater than in WT in their On ganglion cells, indicating that 

GABACRs normally limit the output of On cone bipolar cells (Lukasiewicz et al., 2004). 

GABACRs also mediate a spontaneous tonic current, which is regulated by GAT-1 

GABA transporters (Lukasiewicz and Shields, 1998; Jones and Palmer, 2009). 

GABACRs determine the time course and extent of inhibition at bipolar cell terminals, 

and in this way, modulate the magnitude of excitatory transmission from bipolar cells to 

ganglion cells (Lukasiewicz et al., 2004).  

GABAA receptors not only mediate direct inhibition to bipolar cells, but also 

mediate serial inhibitory signals between GABAergic amacrine cells (Zhang et al., 1997). 

The serial inhibition mediated by GABAA receptors reduces the GABA release from 

other amacrine cells and thereby limits the direct inhibition of bipolar cells. Studies in 

mouse have suggested that full-field light activated serial inhibition between amacrine 
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cells, suppressed the inhibition to bipolar cells, but narrow-field stimulation did not 

(Eggers and Lukasiewicz, 2010).  

Binding of GABA to GABAARs and GABACRs in bipolar cell axons and 

dendrites opens chloride channels in the plasma membrane. Most studies of GABACRs 

and GABAARs have concentrated on their inhibitory effects in the inner retina. However, 

the GABA-mediated chloride current could cause either depolarization or 

hyperpolarization of the membrane,   depending upon whether the chloride equilibrium 

potential (ECl-) is negative or positive with respect to the resting membrane potential (Erest) 

of the cell (Kahle et al., 2008). In other words, the direction of chloride flow will be 

inward if ECl- is negative relative to the Erest of the cell, and outward if it is positive. 

Intracellular chloride concentration is an important factor in determining ECl-, which is 

regulated primarily by two transporters, a Na-K-Cl cotransporter (NKCC) that normally 

accumulates chloride inside the cells and a K-Cl cotransporter (KCC) that extrudes 

chloride from the cells (Vardi et al., 2000). Both of these co-transporters have been found 

in retina. In rodents, horizontal cells express NKCC1 on their processes (Zhang et al., 

2007); KCC2 is found on dendrites, axon terminals and soma of bipolar cells, horizontal 

cell processes and some amacrine cells and ganglion cells (Vu et al., 2000). However, in 

dark-adapted retina, ECl- in bipolar and horizontal cells may be determined by KCC2 

only. NKCC may not be functional (Cao et al., 2010). There may be tonic levels of 

GABA in the unstimulated retina as well (Jones and Palmer, 2009).  

The ERG can be used to study the function of GABARs in vivo. Kapousta-

Bruneau (Kapousta-Bruneau, 2000) reported that a GABAC receptor antagonist reduced 

b-wave maximum amplitude, and enhanced what is now called nSTR and the OPs of 
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dark-adapted ERG recorded from rat retina. Dong and Hare (2002) also found that a 

GABACR antagonist reduced b-wave amplitude in rabbit retina (Dong and Hare, 2002). 

However, McCall et al. did not observe reductions in b-wave amplitude in GABAC ρ1 

null mice, that they made by deletion of exons of GABAC ρ1 subunit gene (McCall et al., 

2002).  These null mice had lost expression of both ρ1 and ρ2 subunits of the GABACR 

in the retina, virtually removing the receptor. Although the b-wave amplitude did not 

change, OPs were enhanced, as observed in rat retina after application of GABACR 

antagonists. However, given the discrepant findings for the b-wave, an important 

question to ask is what is the major role of GABAC receptors in retinal visual signal 

processing? Do the GABAC receptors participate in modulating the bipolar cell responses 

via any other mechanism other than the widely known inhibitory feedback in the inner 

retina? Since the assessment of the b-wave is commonly used in clinical diagnostic 

procedures, a clear understanding of its origin should benefit clinical applications as well 

as fundamental research.  

Specific research questions addressed in Experiment 1 and Experiment 

2 

The general purpose of experiments 1 and 2 was to help to achieve a better 

understanding of the role of ionotropic “inhibitory” GABA receptors in retinal visual 

signal processing, with a focus on the role of GABAC receptors in modulating the transfer 

of signals from outer to inner retina. I compared the effects of pharmacologic blockade of 

GABAC receptors with the effects of genetic deletion of GABAC receptors on the ERG in 

mice to resolve the discrepant effects existing in the literature, and investigate the 
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mechanisms by which GABAC receptors modulate the bipolar cell response, as reflected 

by the b-wave of ERG. 

Specific Aim 1:  

To determine the effect in vivo in mice of inactivation of GABAC receptors on the 

b-wave, a reflection of depolarizing bipolar cell responses. 

a) To determine the effect of genetic elimination of GABAC receptor (GABACR-/-

), on the b-wave of DA- and LA-ERG. 

b) To determine the effect of pharmacologic blockade of GABAC receptors by 

known GABAC receptor antagonists TPMPA and 3-AMPA, or by a more recently 

developed GABAC receptor antagonist 2-AEMP on the b-wave of DA- and LA-ERG- in 

WT mice. 

Specific Aim 2:  

To determine the effect of inactivation of GABAC receptors on ERG waves that 

reflects activity of inner retinal neurons in mice. 

a) To determine the effect of elimination of GABAC receptors (GABACR-/-), or 

pharmacologic blockade of GABAC receptors by TPMPA, 3-APMPA, or 2-AEMP on the 

nSTR and pSTR of the DA-ERG, and the photopic negative response (PhNR) of the 

light-adapted ERG. 

b) To compare effects of pharmacologic antagonists (or agonists) of other GABA 

receptors (GABAA receptor and GABAB receptor) with effects of GABAC receptor 

inactivation. 
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The PhNR in multiple sclerosis   

Multiple sclerosis (MS) is a chronic autoimmune inflammatory disease of the 

central nervous system, characterized by demyelination, axonal dysfunction and 

degeneration (Frohman et al., 2008). It is generally believed that MS is caused by 

environmental factors in a genetically susceptible host that trigger a T-cell autoimmune 

response against the central nervous system (Weiner, 2009). The afferent visual pathway, 

which extends from the retina to the primary visual cortex, is often affected in MS 

patients. 30-70% of MS patients will have optic neuritis (ON) during the course of 

disease, and visual problems are often the earliest symptoms of the disease (Balcer, 2006). 

The typical clinical profile of ON is represented by acute visual dysfunction with ocular 

pain (Optic Neuritis Study Group, 1991). Most patients with ON recover to having 

normal or near normal visual acuity after the acute episode subsides, although they will 

often continue to report visual symptoms. Asymptomatic or subclinical involvement of 

the optic nerves occurs in MS as well ( Toussaint et al., 1983; Klistorner et al., 

2009; Garcia-Martin et al., 2011).  The retinal nerve fiber layer, which contains 

unmyelinated axons of retinal ganglion cells and glial cells, can be imaged readily and 

noninvasively using standard clinical equipment, making it a useful structure for 

assessing pathological damage due to MS on neurons and their axons. 

Common tests to evaluate visual pathway abnormalities include a subjective test 

of visual sensitivity, often the Humphrey visual field (HVF), noninvasive structural 

evaluation of retina using optical coherence tomography (OCT) and scanning laser 

polarimetry (GDx) and objective evaluation of function using visual evoked potentials 

(VEPs).  Previous studies (Frohman et al., 2008) have found that MS eyes with a history 
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of ON show loss of both visual field sensitivity and retinal nerve fiber layer (RNFL). 

Reduction in RNFL thickness is complete in three to six months after an acute episode of 

ON in the most common type of MS, relapsing-remitting (RR) MS, whereas functional 

losses appear earlier and tend to recover over time, despite persistent RNFL loss 

(Costello et al., 2006; Cheng et al., 2007; Klistorner et al., 2010). The discrepancy 

between structural and functional changes in the course of optic neuritis highlights the 

need for assessment of both aspects in order to better understand the pathophysiology of 

the disease. Most reports indicate that the RNFL thickness remains relatively constant 

once loss is established, until another ON attack (Costello et al., 2008; Henderson et al., 

2010), although losses between six and twelve months after an episode have been 

reported (Klistorner et al., 2010), and  gentle steady decline has been documented in a 

large multi-center sample of patients studied over several years (Talman et al., 2010). 

Following an attack of ON, the visual field sensitivity (HVF) and VEP amplitude and 

latency continue to recover past the time that nerve fiber layer loss is permanent 

(Frohman et al., 2008). The recovery of VEP latency is likely to occur as optic nerve or 

tract experience remyelination. However, recovery of function by the remaining ganglion 

cells and their axons could be contributing, as well, to recovery seen in visual sensitivity 

and VEP amplitude.  

VEP and HVF do not discriminate retinal from more central effects of the disease. 

To assess retinal function in MS patients, the ERG can be used. The full-field flash ERG 

can be used as a diagnostic tool for diseases affecting the photoreceptors and bipolar cells, 

whose signals are reflected by a-wave and b-wave respectively. However, another 

component of photopic flash ERG,  PhNR, informs about normal or reduced activity of 
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retinal ganglion cells and their axons in humans and nonhuman primates (Viswanathan et 

al., 1999;Drasdo et al., 2001; Viswanathan et al., 2001),  as well as about K+ currents in 

retinal glial cells in primates and rodents (Machida et al., 2008; Thompson et al., 2011). 

The PhNR amplitude is reduced in macaque monkeys following pharmacologic blockade 

of inner retinal activity (Viswanathan et al., 1999), as well as in macaque eyes with 

induced experimental glaucoma, and patients with glaucoma (Drasdo et al., 

2001; Viswanathan et al., 2001), and other optic neuropathies (Rangaswamy et al., 2004) . 

Previous studies have reported reduced amplitude of the pattern ERG (PERG) in 

MS patients, particularly the N95 of the transient PERG (Berninger and Heider, 

1990; Parisi et al., 1999). This signal is known to originate from retinal ganglion cells and 

their axons, and it has been useful for assessing their function in eyes with diseases that 

affect the optic nerve (Bach and Hoffmann, 2008).  However, studies in macaque have 

shown that the N95 of the PERG and the PhNR of the full-field flash ERG share common 

generators (Viswanathan et al., 2000).  The flash ERG has the advantage that it provides 

the opportunity to simultaneously test all layers of retinal processing, including the 

photoreceptors and bipolar cells whose signals are passed to the ganglion cells. PhNR 

amplitude correlates well with loss of retinal ganglion cell axons, as measured by 

imaging the RNFL in eyes with open angle glaucoma (Machida et al., 2008). Therefore, 

the PhNR could provide a useful functional biomarker of retinal ganglion cell and axon 

function following an episode of ON in MS patients. 
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Specific research question addressed in Experiment 3 

The general purpose of experiment 3 was to improve our understanding of the 

functional and structural changes in retina associated with optic neuritis (ON) in MS 

patients. This study explored the use of the PhNR of the photopic ERG as a tool to detect 

short and longer term effects of ON, and of MS more generally, on the function of 

ganglion cells and the optic nerve, and eventually to achieve a better understanding of the 

changes in retinal function and structure over the course of MS. These studies should also 

improve application of the PhNR in research and as well as in the clinic. 

This study compared the PhNR of MS patient eyes with a history of ON with the 

PhNR in eyes of age-matched control subjects, and examined the relationship between 

functional and structural measurements of inner retina in those eyes. Then longitudinal 

changes (after one year) in PhNR amplitude and nerve fiber layer thickness in ON eyes, 

initially evaluated within 6 months of the acute episode of ON, were compared to 

recovery in visual function assessed by visual field sensitivity. The study also evaluated 

the PhNR in eyes without a history of ON in MS patients (No-ON); and described the 

relationship between functional and structural measurements of inner retina in those eyes.  

Specific Aim 1: 

a) To determine whether there are effects on the photopic ERG, and particularly 

the PhNR amplitude and latency, in eyes of MS patients with and without a history of ON. 

b) To determine whether the objective functional measure (PhNR) of inner retinal 

integrity correlates with structural measurements (RNFL thickness) of inner retina, and 

subjectively determined visual sensitivity in MS patient eyes.  
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c)  To determine the test-retest repeatability of the PhNR in control subjects and 

MS patients. 

d) To determine whether there are changes in the PhNR in MS patients, initially 

evaluated within 6 months of an acute event of ON, when tested again, one year later.  
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Figure 1-1. Retinal circuits 

Schematic diagram of the mammalian retinal primary rod pathway (shaded) and cone 

pathway. The retina includes five major classes of neurons within a layered structure. Not 

shown is an additional cell type, the interplexiform cell that feeds back from inner to 

outer plexiform layers. Distinct layers are indicated with abbreviations (right): ONL- 

outer  nuclear layer, OPL- outer plexiform layer, INL- inner nuclear layer, IPL- inner 

plexiform layer, GCL- ganglion cell layer. Retinal neurons are indicated with 

abbreviations: DCB- depolarizing (On) cone bipolar cells, HCB- hyperpolarizing (Off) 

cone bipolar cells, HC- horizontal cell, On GC and Off GC- ON and Off ganglion cells, 

RBC- rod bipolar cell, A- amacrine cell, AII- AII amacrine cell, A17- A17 amacrine cell. 

This diagram does not include all morphological varieties of each cell type. 
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Figure 1-2. Illustration of the murine dark-adapted (DA) and light-adapted (LA) 

ERG 

DA-ERG (left column) and LA-ERG (right column)  responses recorded from 

two different C57BL/6 mice in response to brief full-field flashes of increasing flash 

strength from bottom to top. OPs – oscillatory potentials, nSTR – negative scotopic 

threshold response, pSTR – positive scotopic threshold response. 
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 Experiment 1: Effect of GABAC receptor inactivation on the b-wave, an ERG wave 

that reflects On bipolar cell responses in the retina 

Abstract 

Purpose: GABA is a major inhibitory neurotransmitter and its receptors (GABARs) are 

highly expressed in the retina. This study investigated functions of GABARs, especially 

GABACRs, in retinal signaling by studying effects on the mouse electroretinogram 

(ERG) of using receptor antagonists and agonists, or genetic deletion of GABACRs. 

Methods: Dark-adapted (DA) and light-adapted (LA) ganzfeld ERGs were recorded 

from anesthetized C57BL/6 mice before and after intravitreal injection of GABA (30 mM, 

vitreal conc.), GABACR antagonist TPMPA (0.5 - 1000 µM), 3-APMPA (50 – 250 µM) 

and 2-AEMP (0.1 - 20 mM), GABABR antagonist (CGP, 2 mM), and also from 

GABACR-/- mice. Doses for 2-AEMP, 1 mM, and TPMPA, 50 uM, close to the C50 of 

their measured dose-response curves, were selected for the main study. The a-wave was 

measured at a fixed time 6 ms after the flash and at its trough. After oscillatory potentials 

(OPs > 50 Hz) were removed, b-wave amplitudes and pSTRs were measured at their 

common peak, 110 ms for DA-ERG, and 50 ms for b-wave in LA-ERG. OPs amplitudes 

were quantified as the root mean square (RMS) of the extracted OPs (50 – 300 Hz). 

Results:  Intravitreal GABA injection eliminated the STRs and increased b-wave peak 

amplitudes for stimuli stronger than -2 log sc td s in DA-ERG in WT mice, but reduced 

b-wave amplitudes in GABACR-/- mice. GABACR-/- mice or injection of TPMPA or 3-

APMPA (250 µM) or 2-AEMP in WT control mice both attenuated b-wave amplitudes 

for stimuli stronger than -2.6 log sc td s in DA-ERG and 1.5 log sc td s in LA-ERG, and 
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peak amplitudes were reduced by 30 – 60%. A-wave amplitude was unaffected. OP 

amplitudes were increased in DA-ERG of control mice after TPMPA by ~ 40% or 2-

AEMP by ~ 30%  injection or GABACR-/- mice (~ 50%), while increased, up to 15 - 35% 

in LA-ERG, especially for 200 ms long flashes. TPMPA still reduced b-wave amplitudes 

with additionally applied GABABR antagonist in control mice.  

Conclusions: The GABACRs in On bipolar cells must be functional for normal 

maximum b-wave amplitudes to occur. Effects of 2-AEMP, a newly developed GABACR 

antagonist are similar to those of TPMPA and 3-APMPA on the b-wave. 
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Introduction 

The major signal pathways through the retina are composed of photoreceptors, 

then the primary interneurons, the bipolar cells, and finally, the output retinal ganglion 

cells. Bipolar cells not only transmit signals from cones and rods to ganglion cells, but 

also receive inhibition from horizontal cells and amacrine cells to modulate the signals 

they are relaying. GABA is one of two major inhibitory neurotransmitters in the inner 

retina, glycine being the other. When activated by GABA, both GABAA and GABAC 

receptors open chloride channels and increase chloride conductance across the cell 

membrane, and then create a inward chloride current in bipolar cells. Therefore it is 

generally believed that GABA hyperpolarizes the postsynaptic membrane potential. 

leaeding to an inhibitory effect of cell signaling. However, a GABAC receptor antagonist 

3-APA was found to reduce b-wave maximum amplitude in rat retina (Kapousta-Bruneau, 

2000)  and the antagonist TPMPA was found to reduce the amplitude in rabbit retina 

(Dong and Hare, 2002). However, a similar reduction in b-wave amplitude was not 

observed in GABAC ρ1 null mice (McCall et al., 2002). In the present study, ERGs were 

used as a potential tool to address the conflict in the literature with respect to GABAC 

inactivation in the mammalian retina. 

GABAC receptor function in retinal signal processing is not fully understood. 

New receptor effectors could be useful for future studies. Chowdhury et al. have recently 

synthesized a compound called 2-aminoethyl methylphosphonate (2-AEMP, chemical 

formula in Figure 2-1) which they showed to be a competitive antagonist in vitro to 

homomeric ρ1 GABAC receptors expressed in Xenopus oocytes (Chowdhury et al., 2007). 
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Further work has shown competitive antagonism of 2-AEMP in neuroblastoma cells 

transfected with human GABA ρ1 subunit (Xie et al., 2011). This new potentially 

selective antagonist, 2-AEMP, has not been tested in vivo. 

Figure 2-1 near here 

 

One aim of the present study was to investigate the role of traditionally inhibitory 

GABARs in retinal visual signal processing in vivo by studying their effects on ERGs, 

with a focus on GABACRs in shaping responses originating from bipolar cells in both rod 

pathway and cone pathways. Another aim of the study was to test newly synthesized 

GABACR antagonist 2-AEMP in vivo by comparing its effect with the effect of 

GABACR-/-, and a known GABACR antagonist TPMPA on the mouse ERG. 
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Methods  

Subjects  

Subjects were adult C57BL/6 mice, 2 – 6 months old, (to be referred to as WT or 

control mice), GABACR-/- mice, 2 – 3 months old (n = 20; from Dr. Maureen McCall). 

GABACR-/- mice lack both ρ1 and ρ2 subunits due to inactivation of GABACρ1 gene 

coding by a knock-out strategy (McCall et al., 2002). Electrophysiological and 

immunohistochemical studies have shown that no function or expression of GABACRs 

remains in the retina of GABACR-/- mouse, whereas the overall retina morphology is 

intact (McCall et al., 2002). The genetic background of GABACR-/- mouse is C57BL/6J, 

and the ERGs of wild type (WT) littermates mice were not distinguished from those of 

C57BL/6 mice (McCall et al., 2002). In the present study, C57BL/6 mice were used as 

control mice. Animals were housed in a room with 12h light on and 12h light off cycle. 

All experimental and animal care procedures adhered to the ARVO statement for the Use 

of Animals in Ophthalmic and Vision Research, and were approved by the Institutional 

Animal Care and Use Committee of the University of Houston. 

 

ERG recording 

Dark-adapted (DA) and light-adapted (LA) full-field flash ERGs were recorded 

differentially between the two eyes, before and after intravitreal injection of 

pharmacologic agents, with DTL fiber electrodes placed across the center of the cornea 

under a contact lens. Animals were anesthetized with an intraperitoneal injection of 

ketamine (70 mg/kg) and xylazine (7 mg/kg), and anesthesia was maintained with 

subcutaneous injections of ketamine (20 mg/kg) and xylazine (1 mg/kg) every 20 – 30 
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minutes. Pupils were fully dilated, to about 2.5 mm diameter, with topical atropine 0.5% 

and phenylephrine 2.5%. Rectal body temperature was maintained between 36.5 and 

37 °C with a thermostatically controlled blanket (CWE Inc.). For DA-ERG, animals were 

prepared for recording under red illumination (LED, λ>620 nm). 

 

Visual stimulation 

Animals were dark-adapted overnight.  DA-ERGs were recorded in response to 

brief (< 4 ms) full-field flashes provided by LEDs (λmax 462 nm) ranging from -6 to 1.6 

log sc td s. The interval between the flashes was adjusted from 1.5 sec for the lowest 

flash strengths to 6 sec for highest flash strengths. LA-ERGs were recorded using brief 

full-field flashes (< 4ms) or 200 ms long flashes on a rod-suppressing background of 2.6 

log sc td, after light-adapting for 45 minutes. The stimuli were provided by LEDs (λmax 

513 nm) for stimuli of 0.4 to 1.9 log sc td (Espion Colorburst stimulator, Diagnosys Ltd, 

Lowell MA) with an interval of 1 sec and by xenon flash tube for stronger flashes (2.0-

3.6 log sc td s) with a flash interval of 6 sec. The long flash stimuli (2.5 – 4.6 log sc td s) 

were elicited by LEDs (λmax 513 nm, Espion Colorburst stimulator). Responses were 

averaged over 20 trials for weak stimuli, fewer for stronger stimuli.  

 

Data analysis   

The a-wave amplitudes were measured at a fixed time on the leading edge (6 ms) 

after the brief flash and also at the trough of the response. After high frequency 

components of the ERG including oscillatory potentials were removed by a low pass 

filter with cutoff at 50 Hz, b-wave amplitudes were measured between the a-wave trough 

and b-wave peak, and also at the peak of b-wave, 110 ms after flash onset for DA-ERG 
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and 50 ms for LA-ERG. The implicit time of a-wave was measured from flash onset to 

the trough. The implicit time of b-wave was measure from flash onset to the peak of b-

wave. OPs (50 – 300 Hz) were extracted starting from the trough of a-wave. OP 

amplitudes were quantified by calculating the root mean square (RMS) of the extracted 

OPs in the signal window between 0 and 100 ms for LA-ERG and DA-ERG at strong 

flash energies (-2.3 to 1.6 log sc td s) and between 50 and 150 ms for DA-ERG at weak 

flash energies (-6.0 to -2.3 log sc td s). The signal between 700 and 800 ms was selected 

as the unstimulated noise window.  

Repeated-measures ANOVA (SPSS 19.0) was performed to determine whether 

there was significant difference in amplitude for the stimulus-response functions 

measured under different experimental conditions. In the DA-ERG, the testing range for 

a-wave and b-wave were from -3 to 1.6 log sc td s. OPs were tested from -3 to 1.6 log sc 

td s. The pSTR and nSTR analyzed in Chapter 3, were tested from -6 to -3 log sc td s 

(Saszik et al., 2002). In the LA-ERG, a-wave, b-wave, OPs and PhNR were all tested 

from -2.3 to 1.6 log sc td s. A paired t-test was used to determine a significant difference 

in amplitude at single flash strength. 

 

Intravitreal injections 

Intravitreal injections was made using a Hamilton microsyringe (Hamilton 

Company, Reno, NV, USA)  with a pulled glass pipette attached (tip < 10 µm) through a 

hole which was punctured 0.5 mm posterior to the limbus by a 30-gauge needle. All 

procedures were performed under dim red illumination (λ>620 nm) delivered by LEDs to 

avoid light-adapting the rods. The pre-injection and post-injection recordings were 

generally performed in the same session on the same eye. After injection, the ERG was 
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monitored until the drug effects on the waveform were stable (approximately 45 min). 

The volume of agent injected was 1 µl for mouse eye. Intravitreal concentrations of the 

pharmacologic agents were estimated by assuming the vitreal volume to be 20 µl for 

mouse (Saszik et al., 2002). Most of agents were tested in multiple doses. Figure 2-2A, B 

illustrates the effect of vitreal concentration of TPMPA and 2-AEMP on the b-wave 

amplitude in response to the flash of 1.3 log sc td s. Vitreal concentrations tried for 

1,2,5,6-tetrahydropyridine-4-yl-methylphosphinic acid (TPMPA) were 0.50 – 1000 µM 

and for 2-aminoethyl methylphosphonate (2-AEMP), 0.1 – 20 mM.  The figure shows 

that the greater the concentration of TPMPA, or 2-AEMP, the larger the effect on b-wave 

amplitude. Amplitude attenuation was not observed for the lowest dose of TPMPA or 2-

AEMP applied. However, the b-wave amplitude was reduced by 80% when an extremely 

high dose was used. 2-AEMP doses of 0.5 to 1 mM (vitreal conc.) and TPMPA doses of 

5 to 50 uM yielded effects on the ERG similar to those seen in the GABACR-/- mouse, 

when compared to WT, as illustrated in the representative example on the right side of 

the figure. More extensive comparisons are included in the results section. The reason for 

the extreme effects of large doses on b-wave amplitude is not known.  The effects of very 

high doses were not due to nonphysiological pH of injections. The pH values for 1 mM 

TPMPA and 20 mM 2-AEMP were close to 7.4. Figure 2-2D shows the relationship 

between intravitreal dose and normalized b-wave amplitude evoked by flash of 1.3 log sc 

td s for TPMPA and 2-AEMP. The b-wave amplitudes after injection were normalized to 

those before the injection of TPMPA (4 -5 mice per dose) or of 2-AEMP (3 -4 mice per 

dose), and then the results were subtracted from one, in order to calculate b-wave 
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amplitude reduction. The Hill equation (equation 1), was fit to the relations between 

antagonist dose and b-wave amplitude reduction (1-normalized amplitude). 

R = (Rmax  Cn ) / ( C50
n + Cn )                                                                          (2-1) 

In this equation, R is the b-wave amplitude reduction, Rmax is the maximal 

amplitude reduction, C is the concentration of test agent and C 50 is the level of C that 

produces a response amplitude of one half Rmax and n is the Hill coefficient denoting the 

slope of the function where C is equal to C50. The dose-response functions for TPMPA 

and 2-AEMP in response to flash of -1.1 and 1.3 log sc td s, were well described by the 

Hill equation,  as shown in table 2-1, where parameters are reported. The curves based on 

the parameters are also shown in Figure 2-2D. In response to flash of 1.3 log sc td s, 

TPMPA fit yielded C50 = 0.05 mM and n = 0.77. For 2-AEMP, the fit yielded C50 = 1.42 

mM and n = 1.68. Sensitivity to TPMPA was 28-fold greater than for 2-AEMP. TPMPA 

exhibits negative cooperative binding (n < 1) whereas 2-AEMP exhibits positive 

cooperative binding (n > 1).  The doses of 2-AEMP, 1 mM, and TPMPA, 50 uM, were 

selected for the rest of the study, because effects were similar to alterations in GABACR-/- 

mice (see Figure 2-2C and later comparisons in this paper) were also close to the C50 of 

the dose-response curve in each case.   

Figure 2-2 and Table 2-1 near here 

 

The following agents and vitreal concentrations were also used in mice: 3-

APMPA (50 – 250 µM), to block GABACRs; CGP35348 (2 – 20 mM) to block 

GABABRs; GABA (30  mM). 
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Results  

Inactivation of the GABACR reduced the DA-ERG b-wave amplitude 

Figure 2-3A shows representative DA-ERGs recorded from WT and GABACR-/- 

mice in response to brief flashes of increasing stimulus strength. The typical control 

ERGs shown as grey traces had a prominent positive b-wave that grew in amplitude with 

increasing stimulus strength. The b-wave peaked at 110 ms after the stimulus flash for 

flashes of less than -1 log sc td-s that mainly stimulate the primary rod pathway (Robson 

et al., 2004). In response to weaker flashes (< 4 log sc td s), the positive response is 

dominated by a small sensitive positive wave called the pSTR, which peaks at 110 ms as 

well. The pSTR and nSTR responses are described in Chapter 3. In response to stronger 

flashes that stimulate the cone pathway as well (Abd-El-Barr et al. 2009), the negative a-

wave was present and b-wave peaked earlier.  ERGs recorded from a GABACR-/- mouse 

had a-waves similar to those of WT, shown as black traces. Neither amplitude nor latency 

of the a-wave was changed in the GABACR-/- mouse, compared to WT. However, the b-

wave of the GABACR-/- mouse had lower maximum amplitude than the WT mouse. The 

initial part of leading edge of the b-wave showed similar kinetics to the WT, but the 

maximum amplitude lower in the GABACR-/- mouse than in the WT. It rose only to about 

50% of maximal amplitude of the WT mouse, before it ceased increasing in amplitude.  

The inset figures on the right hand side show the isolated OPs (> 50 Hz) in response to 

flashes of 1.2 and -2.3 log sc td s, respectively. OP amplitudes were enhanced for the 

mid- range stimuli in GABACR-/- mouse. 

Based on the dose response relations of TPMPA and 2-AEMP shown in Figure 2-

2,  doses of 50 µM for TPMPA and a much higher dose of 1 mM for 2-AEMP, were 
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selected for experiments that compared ERGs after injection of these antagonists with  

ERGs in the GABACR-/- mouse. Figure 2-3B and 2-3D show the superimposed ERGs of 

the WT control and the same eye after intravitreal injection of TPMPA or 2-AEMP. Both 

TPMPA and 2-AEMP reduced b-wave maximum amplitude by truncating the response, 

as observed for the GABACR-/- mouse. However neither a-wave nor the early leading 

edge of b-wave was changed. The amplitudes of isolated OPs (>50 Hz) were enhanced 

after TPMPA or 2-AEMP injection over the entire flash range. The inset traces illustrate 

the OPs in response to a flash of 1.2 log sc td s. 3–APMPA, another GABACR antagonist 

also was tested in this study. Based on the power spectrum density, the spectral peak of 

the OPs was about 25 Hz lower in two TPMPA injected animals and three 2-AEMP 

injected animals for flashes > -3 log sc td s, compared to that (around 100 Hz) before 

injection. Its effect, plotted in Figure 2-3C, with an injection of 250 µM on the DA-ERG 

b-wave was similar to that in GABACR-/- mouse and to effects after intravitreal injection 

of TPMPA or 2-AEMP. Injection of 3-APMPA, 100 µM, had less effect on the b-wave 

amplitude (data not shown). 

Figure 2-3 near here 

 

Figure 2-4 shows stimulus-response functions for the averaged results from 4 – 5 

animals per group for each of the conditions shown in Figure 2-3 (except for use of 3-

APMPA where only two animals were tested with the 250 µM dose) . The results of 

repeated measures ANOVA analysis for comparison of stimulus-response function are 

shown in Table 2-2. The stimulus-response relation for b-wave amplitude in GABACR-/- 

was significantly different (F=563, p<0.001) from that in WT mice. Statistically 
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significant attenuation of the b-wave commenced at -2.6 log sc td s (t-test, p<0.05), and 

increased up to b-wave saturation (-1 log sc td s) and then stabilized with maximal 

reduction of about 50% on average, when b-wave was measured at 110 ms after the 

stimulus flash onset and 45% when measured from trough to peak. When measured at 50 

ms after the flash where isolated cone-driven b-wave peaks in the DA-ERG in the mouse 

(unpublished data on mouse) and rat (Mojumder, 2006), the b-wave was not significantly  

reduced until -0.2 log sc td s. Past that point, the cone-driven b-wave amplitude of 

GABACR-/-  mice saturated, whereas amplitude for WT increased up to the strongest flash 

used, 1.6 log sc td s (Figure 2-4B).  

The stimulus-responses relations after intravitreal injection of TPMPA (F=30, 

p=0.01) or 2-AEMP (F=13, p<0.05) were significantly different from those before 

injection. The statistically significant attenuation of the b-wave commenced around -2.6 

and -2.9 log sc td s respectively,  increased up to b-wave saturation (-0.9 log sc td s) and 

then stabilized with maximal average reduction of about 45%  for TPMPA and 30% for 

2-AEMP when the b-wave amplitude was measured at 110 ms after the flash. When 

measured from peak to trough, the average maximal reduction in b-wave amplitude was 

42% for TPMPA and 28% for 2-AEMP, compared to pre-injection. After saturation, b-

wave 50-ms amplitude reduction continuously increased till the strongest flashed used 

(data not illustrated). 

The a-wave amplitudes were not affected by GABACR-/- (p>0.05), TPMPA 

(p>0.05) or 2-AEMP (p>0.05) measured at 6 ms after the flash (not shown in Figure 2-4) 

or at the a-wave trough. OP amplitudes were significantly enhanced over the flash range 

of -1 to 1.6 log sc td s after injection of TPMPA (F=32, p<0.05) with 40% increase and 2-
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AEMP (F=16, p<0.05) with 30% enhancement on average. GABACR-/- mice had larger 

OPs (F=8, p<0.05) as well over the flash range of -3 to -1 log sc td s only, in terms of the 

amplitude calculated by root mean square over 100 ms signal window. The RMS of noise 

was unaltered (p>0.05) after injection of TPMPA or 2-AEMP or in GABACR-/- mice. 

Figure 2-4 and Table 2-2 near here 

 

To further confirm that there was no residual function of GABACRs are in 

GABACR-/- mouse, TPMPA (50 µM) injection was performed in 4 GABACR-/- mice. As 

shown for a representative mouse in Figure 2-5, no further reduction of b-wave amplitude 

was observed in the GABACR-/- mouse after the injection of TPMPA. The shape and 

timing of b-wave (and a-wave) remained the same as well. The nSTR was enhanced in 

one animal, due to activation of GABABRs, to be described briefly here, and more 

thoroughly in the next chapter.   

The GABACR antagonist TPMPA has weak GABABR agonist effects (Ragozzino 

et al., 1996). To further investigate whether the GABABR takes part in the effect of 

GABACR antagonist on the b-wave amplitude, injection of TPMPA plus CGP, a 

GABABR antagonist, was performed. Figure 2-6A shows the responses before and after 

injection of CGP alone. After CGP, the ERGs were hardly changed, including STRs, a-

wave and b-wave. In Figure 2-6B, injection of both CGP and TPMPA slightly reduced 

the nSTR amplitude, but did not change b-wave amplitude, compared to response after 

TPMPA injection alone. These experiments show that the reduction of b-wave amplitude 

over much of the stimulus-response function past the pSTR range seen in Figure 2-3, was 

due only to effects on GABACRs. 
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It should be noted that the blockade of GABAARs also did not reduce the b-wave 

amplitude in control mouse DA-ERG. These data are shown in Chapter 3. 

Figure 2-5, 6 near here 

 

GABA increased b-wave amplitude in WT but not in GABACR-/- mice 

As shown in Figure 2-7A and also reported previously (Saszik et al., 

2002; Robson et al., 2004), an intravitreal injection of GABA removed both positive and 

negative STR and oscillatory potentials in the DA-ERG. The b-waves were smoother 

after GABA removed OPs.  GABA increased b-wave amplitude (p<0.01, n=4 mice) 

when the stimuli were stronger than those eliciting ERGs dominated by STRs (>-2 log sc 

td s). The a-waves measured at 6 ms after the flash were hardly changed, while they were 

reduced when measured at the trough for the moderate flashes (-1 to 0.5 log sc td s). 

However, intravitreal application of GABA in the GABACR-/- mice did not enhance b-

wave amplitude as it did in WT mice.  Instead, as shown in Figure 2-8, GABA further 

reduced the b-wave maximum amplitude for the entire range of stimuli used, and the b-

wave peaked slightly later than in uninjected GABACR-/- mouse. The p- and n-STR were 

removed by GABA injection, as found in WT. The OPs were almost completely 

suppressed, except that an OP1-like wavelet appeared at the trough of a-wave. The results 

indicate that eliminating GABACRs removes the enhancing effect of GABA on the b-

wave, but does not change GABA’s suppressing effect on inner retina.  

Figure 2-7,  8,  9 near here 

 

To further investigate whether GABAARs are involved in the b-wave enhancing 

effect of GABA, GABA was injected after SR95531 treatment to block GABAA 
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receptors. The results are illustrated in Figure 2-9. After the GABAARs were blocked 

GABA still increased the b-wave maximum amplitude. In response to weak flashes (<2.0 

log sc td s), the b-wave was slightly lower than that before GABA+SR95531. This was 

mainly due to loss of positive STR. 

 

Inactivation of GABACRs reduced LA-ERG b-wave amplitude 

As shown in Figure 2-10 (grey traces), a typical mouse LA-ERG in response to 

brief stimulus has a negative a-wave which is visible for strong flashes, a prominent b-

wave, and oscillatory potentials superimposed on the b-wave. In the GABACR-/- mouse, 

the b-wave did not reach the maximum amplitude found in the WT mouse, but, as 

observed in the DA-ERG, the leading edge of b-wave of the GABACR-/- mouse was 

similar to the control mouse for the weakest stimuli, and the main effect was truncation of 

responses to strong stimuli. Figure 2-10D shows the average b-wave amplitude, measured 

at 50 ms after the flash, after OPs (>50 Hz) were removed. Results of repeated measures 

ANOVA test comparing stimulus-response function are summarized in Table 2-3. The b-

wave peak amplitude over the range of stimuli tested in GABACR-/- mice was 

significantly different (F=31.7, p<0.001) from that in WT mice. B-wave amplitude 

attenuation increased up to b-wave saturation at 2.3 log sc td s with 30% reduction 

maximally. The a-waves were unchanged in amplitude (F=1.03, p>0.05). The amplitude 

of the whole train of OP wavelets was larger in GABACR-/- mouse, but the number of OP 

wavelets was constant. The stimulus-response relation of OPs (>50 Hz) amplitude, in 

term of RMS, in GABACR-/- mice was significantly different (F=9.1, p=0.01) from that in 

WT mice, with 60% increase maximal. The OPs enhancement was even more obvious in 

response to the 200 ms flashes (data not illustrated). The noise RMS was not altered. 
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Figure 2-10B and C show the LA-ERG responses before and after TPMPA (50 

µM) or 2-AEMP (1 mM) injection. Similar to the GABACR-/- mice, TPMPA or 2-AEMP 

also attenuated the maximal amplitude of the b-wave and left the leading edge of b-wave 

and a-wave unchanged. The relations in Figure 2-10E, F showed that b-wave maximal 

amplitude was significantly reduced after TPMPA (n=8) or 2-AEMP (n=5) injection. The 

b-wave amplitude attenuation increased as flash strength increased, up to b-wave 

saturation at 2.3 log sc td s, with 60% reduction maximally for TPMPA and 40% for 2-

AEMP. The OPs amplitude were significantly enhanced after TPMPA with 35% maximal 

increase and after 2-AEMP, with 20% maximal increase, compared to the control. The 

noise RMS was not altered by TPMPA or 2-AEMP injection. In summary, for LA-ERG, 

as found for DA-ERG, genetic elimination of GABACR or pharmacologic blockade of 

GABACR reduced the maximum amplitude of b-wave and enhanced the OPs without 

altering the a-wave and leading edge of b-wave.  

Figure 2-10 and Table 2-3 near here 
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Discussion 

The present study found that inactivation of GABACRs in vivo by genetic 

elimination of GABACRs or by GABACR antagonists, lead to attenuation of b-wave 

maximum amplitude and enhancement of OPs in dark- and light-adapted ERGs. This is 

consistent with previous reports that pharmacologic blockade of GABACRs reduced b-

wave amplitude of ERG in rabbit (Dong and Hare, 2000), skate (Chappell et al., 2002), 

frog (Kupenova et al., 2008) and rat (Kapousta-Bruneau, 2000). Because some GABACR 

antagonists have GABABR agonist properties, it was also demonstrated in the present 

study that the attenuation of b-wave maximum amplitude could not be prevented by 

addition of a GABABR antagonist.  

The reduction of b-wave amplitude by blockade of inhibitory input to bipolar cells 

in the present and previous studies has been puzzling. It was previously shown that 

intravitreal injection of GABA enhances the b-wave in mice (Saszik, 2003; Robson et al., 

2004; Herrmann et al., 2011).   In the present study we observed that the enhancement no 

longer existed in mice in which GABACRs were genetically deleted. In fact, in the 

present study, GABA actually decreased b-wave amplitude in these animals. The present 

study thus provides evidence that GABA, acting via GABACRs, can be excitatory in the 

adult mouse retina, as well as providing the widely acknowledged inhibitory feedback 

onto bipolar cells mediated by both GABAA and GABAC receptors.  The data suggest 

that the full amplitudes of depolarizing bipolar cell light responses (that underlie b-wave 

generation in ERG) are critically dependent upon polarizing Cl- currents carried by 

GABACRs in those cells. The mechanism was recently proposed by Herrmann et al. 

(Herrmann et al., 2011) in a publication, to which our laboratory contributed, that 
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includes some of the findings in this chapter.  Herrmann et al. suggested that because of 

the presence of KCC transporters in the bipolar cells, the equilibrium potential is such 

that in the presence of standing extracellular GABA levels, Cl- will flow into and 

hyperpolarize the bipolar cell resting potential via the GABACRs, which have been 

shown to mediate tonic currents (Jones and Palmer, 2009). This extends the available 

response range of the cells, increasing the maximum change in voltage possible in 

response to light stimulation. We found that effects of inactivation of GABACRs on b-

waves were similar in DA- and LA-ERG. Therefore this mechanism may work on 

depolarizing bipolar cells in both rod and cone pathways. 

One difference between the data published in Herrmann et al and present study is 

that in Herrmann et al, GABA (20 mM) had no effect on the b-wave of GABACR-/- mice, 

i.e. it neither increased nor decreased the maximum amplitude. In the present study, the 

injection of a higher dose, 30 mM GABA, further reduced the b-wave amplitude of 

GABACR-/- mice. The higher dose may have activated more GABAARs on the bipolar 

cell terminals and induced stronger inhibitory feedback onto bipolar cells. This may be 

why we observed a more reduced bipolar cell response than Herrmann et al did. This also 

provides evidence that GABAARs are not involved in the b-wave amplitude enhancement 

caused by GABA injection. 

Compared with GABAAR, GABACR has relatively simple structure, less 

widespread distribution and its function is not fully understood.  New receptor effectors 

could be useful for future studies. The present study investigated a newly discovered 

selective GABACR antagonist 2-AEMP (2-aminoethyl methylphosphonate) in retina by 

studying its effect on mouse ERG. Chowdhury et al. (Chowdhury et al., 2007)  have 
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recently reported the discovery of a new reaction of lithium trialkylborohydrites, the 

reductive monodealkylation of phosphonic diesters. This new reaction was applied to 

synthesize a previously unexplored GABAC receptor antagonist 2-aminoethyl 

methylphosphonate (2-AEMP, chemical formula in Figure 3-2). 2-AEMP is a phosphonic 

acid analog of GABA. 2-AEMP performed as a full GABAC antagonist of GABA-

induced current, reducing it in a dose-dependent fashion to near baseline values in vitro 

in Xenopus oocytes expressing homomeric ρ1 GABAC receptors, but is inactive at 

GABAA receptors. Further work has demonstrated competitive antagonism of 2-AEMP 

in neuroblastoma cells transfected with human GABA ρ1 subunit (Xie et al., 2011). 

Additionally, 2-AEMP produced a pronounced inhibition of GABA-elicited currents in 

isolated rat retinal bipolar cells which possess GABAA as well as GABAC receptors. 

However, 2-AEMP did not significantly change the GABA-elicited current after 

GABACRs were blocked by TPMPA and the current elicited by GABAAR agonist 

4,5,6,7-tetrahydroisoxazolo (5,4-c)38yridine-3(-ol) (THIP) Therefore, most or all of 2-

AEMP’s antagonist activity reflects its competitive antagonism at the GABA binding site 

of GABAC receptors. This new selective antagonist had not been tested in vivo prior to 

the present study. 

The present study provides in vivo evidence that 2-AEMP has a similar effect as 

TPMPA, 3-AMPA and genetic deletion of GABACRs (GABACR-/- mouse), on both DA- 

and LA-ERG; reduction of b-wave amplitude and enhancement of OPs. However, 

TPMPA had greater potency for blockade of GABACRs than 2-AEMP, based on the Hill 

equation fit to dose-response functions for effects of TPMPA and 2-AEMP on the b-wave 

amplitude in DA-ERG. The relative potencies of TPMPA and 2-AEMP obtained in 
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present study were more similar to that in ρ1 GABACR expressing X. lavevis oocytes 

(Chowdhury et al., 2007) than those found for  ρ1 GABACR expressing neuroblastoma 

cells (Xie et al., 2011). This may have resulted from different microenvironments, and 

different concentrations of GABA present in these testing system, and as well as to 

different testing approaches (bipolar cell light responses reflected in ERG vs. GABA 

currents in other preparations).  

Compared to genetic elimination of GABACRs in mice, GABACR antagonists, 

both TPMPA and 2-AEMP caused a greater reduction of the b-wave amplitude when 

extremely high doses were applied. This may have resulted from the amplified effect on 

other GABA receptors by extremely high doses of the agents, such as removing pSTR 

(which occurred but was not illustrated) perhaps by activating GABAARs, and enhancing 

nSTR by activating GABABRs. As long as a dose around C50 was chosen, both TPMPA 

and 2-AEMP yields effects similar to those in the GABACR-/- mouse. 
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Table 2-1. Parameters of Hill equation fit to the dose-response function 

Flash 1.3 log sc td s Flash -1.1 log sc td s 

  TPMPA 
(n=4-5 per dose) 

2-AEMP 
(n=3-4 per dose) 

TPMPA 
(n=4-5 per dose) 

2-AEMP 
(n=3-4 per dose) 

r2  0.9 0.91 0.88 0.96 

F value 56.4 73.9 52.97 180 

p value <0.0001 <0.0001 <0.0001 <0.0001 

Rmax  0.79 (0.11) 0.70 (0.07) 0.82 (0.14) 0.79 (0.05) 

n 0.72 (0.23) 1.46 (0.41) 0.77 (0.30) 1.68 (0.37) 

C50 (mM) 0.04 (0.03) 1.62 (0.47) 0.05 (0.03) 1.42 (0.27) 

b-wave was measured from trough to peak for a flash of 1.3 log sc td s and at 110 ms 

for a flash of -1.1 log sc td s. Data are presented as mean and standard error.  
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Table 2-2. Comparisons of stimulus-response functions of a-waves, b-waves and OPs 
of DA-ERGs 

  GABACR-/- vs. WT 
n=6, n=6 

TPMPA vs. control 
n=5 

2-AEMP vs. control 
n=5 

  F value p value F value p value F value p value 

b-wave amp (µV) 
@ 110 ms 
 

563 <0.001 30.1 0.01 12.8 <0.05 

b-wave amp (µV) 
@ peak-trough 
 

194 <0.001 43 <0.01 8.4 <0.05 

a-wave amp (µV) 
@ trough 
 

0.28 >0.05 0.5 >0.05 1.3 >0.05 

OPs amp (RMS) 
8.1 <0.05 31.6 <0.05 16 <0.05 

b-wave and a-wave were compared over the range from -3 to 1.6 log sc td s.  

OPs were tested from -3 to 1.6 log sc td s, except that GABACR-/- amplitudes were tested 

from -3 to -1 log sc td s.  

The F values and p values were derived from repeated measures ANOVA tests.  
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Table 2-3. Comparisons of stimulus-response functions of a- waves, b-waves and 
OPs of LA-ERGs 

  GABACR-/- vs. WT 
n=6, n=6 

TPMPA vs. control 
n=8 

2-AEMP vs. control 
n=5 

  F value p value F value p value F value p value 

b-wave amp (µV)  
@ 50 ms 
 

31.7 <0.001 33.7 <0.01 44.8 <0.01 

b-wave amp (µV) 
@ peak-trough 
 

24.9 <0.01 22.1 <0.01 416.6 <0.01 

a-wave amp (µV) 
@ trough 
 

2.36 >0.05 5 >0.05 0.02 >0.05 

OPs amp (RMS) 9.1 <0.05 10.1 <0.05 10 <0.05 

The F values and p values were derived from repeated measures ANOVA tests.  
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Figure 2-1. Chemical formulae for GABA, 2-AEMP, TPMPA and 3-APMPA 
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Figure 2-2. Dose-response functions for effects of TPMPA and 2-AEMP on DA-ERG 

b-wave amplitude 

DA-ERG responses to a flash of 1.3 log sc td s are shown before (grey lines) and 

after (black lines) intravitreal injection of (A) TPMPA or (B) 2-AEMP over a range of 

increasing vitreal concentrations from bottom to top and for a (C) GABACR-/- mouse.  (D) 

Normalized b-wave amplitudes were plotted against the vitreal concentration for TPMPA 

(filled circles, n=4 - 5 per dose) and 2-AEMP (open circles, n=3 - 4 per dose) in response 

to a flash of 1.3 log sc td. The solid and dashed lines show the best Hill equation fits 

(equation 2-1) to the data represented as 1-normalized b-wave amplitudes. The b-wave 

amplitudes measured from trough to peak after injection were normalized to amplitudes 

before injection. Error bars represent standard error of the mean. The arrows point to the 

doses of TPMPA (thin arrow) and 2-AEMP (thick arrow) used for following study. 
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Figure 2-3. The effect of genetic inactivation of GABACRs (GABACR-/-) and 

GABACR antagonists on the mouse DA-ERG.  

DA-ERG responses elicited by brief full-field flashes with energy increasing from 

bottom to top were recorded in (A) WT (grey lines) and GABACR-/- mice (black lines), 

and before (grey lines) and after (black lines) intravitreal application of (B) TPMPA and 

(C) 3-APMPA and (D) 2-AEMP. The plots inserted to the right of the responses to 1.2 

and -2.3 log sc td s flashes show the extracted OPs (50 – 300 Hz).  
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Figure 2-4. The effect of genetic inactivation of GABACRs (GABACR-/-) and TPMPA 

and 2-AEMP on the amplitude of mouse DA-ERG 

Amplitudes of b-wave measured at 50 or 110 ms after flash and  a-wave trough to 

peak (inset) are plotted against flash strength recorded from (A, B, C) WT (open circles) 

and GABACR-/- (black filled circles) mice (n=6), and before (open circles) and after 

(black filled circles) application of (D) TPMPA (n=5) and (E) 2-AEMP (n=5). 

Amplitudes of a-wave measured at the trough are plotted against flash strength before 

(open circles) and after (black filled circles) application of (G) TPMPA, (H) 2-AEMP 

and from (F) GABACR-/- mice. RMS of OPs from the 0-100 ms window in the record are 

plotted against flash strength before (open circles) and after (black filled circles) 

application of (J) TPMPA, (K), 2-AEMP and from (I) GABACR-/- mice. The noise RMS 

from the 700 to 800 ms window are plotted against flash strength before (open triangles) 

and after (black filled triangles) application of (J) TPMPA, (K) 2-AEMP and from (I) 

GABACR-/- mice. Error bars represent standard error of the mean. 
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Figure 2-5. The effect of TPMPA on DA-ERG in GABACR-/- mouse  

DA-ERG responses elicited by brief full-field flashes with energy increasing from 

bottom to top were recorded in a GABACR-/- mouse before (grey lines) and after (black 

lines) intravitreal application of TPMPA. Results were similar in 4 experiments. The inset 

is the magnified recording in response to flash of 1.2 log sc td s. 
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Figure 2-6. GABABRs do not mediate GABA effects on b-wave amplitude  

(A). DA-ERG recordings elicited by brief full-field flashes before (grey lines) and 

after (black lines) intravitreal application of CGP, GABABR antagonist. (B). DA-ERG 

recordings before (grey lines) and after (black lines) intravitreal application of TPMPA 

and with additional application of CGP after TPMPA (red lines). Stimulus-response 

function for b-wave amplitude measured at 110 ms before (open circles) and after (filled 

black circles) the treatments are plotted for (C) CGP (n=4), for (D) TPMPA (n=4, black 

filled circles) and TPMPA&CGP (n=4, filled red circles). Error bars represent standard 

error of the mean. 
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Figure 2-7. The effect of GABA on DA-ERG in WT mouse  

(A). DA-ERG responses elicited by brief full-field flashes with stimulus strength 

increasing from bottom to top were recorded in WT mouse before (grey lines) and after 

(black lines) intravitreal injection of GABA. (B). Average amplitudes of pSTR and b-

wave measured at 110 ms after the flash are plotted again the flash strength for WT mice 

before (n=4, open circles) and after (n=4, black filled circles) injection of GABA, and in 

GABACR-/- mice (n=6, grey filled triangles). Error bars represent standard error of the 

mean. Solid line indicates Michaelis-Menten function line labeled as PII (rod bipolar cell 

contribution to b-wave) and dashed line indicates model line for pSTR as defined in 

Saszik et al. (Saszik et al., 2002) 
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Figure 2-8. The effect of GABA on DA-ERG in GABACR-/- mouse 

(A). DA-ERG responses elicited by brief full-field flashes with stimulus strength 

increasing from bottom to top were recorded in a GABACR-/- mouse (A) before (grey 

lines) and after (black lines) intravitreal application of GABA. Average b-wave 

amplitudes measured at 110 ms (B) and at trough-peak (C) after the flash and of (D) 

nSTR measure at 200 ms are plotted against the flash strength before (n=4, open circles) 

and after (n=4, black filled circles) injection of GABA. Error bars represent standard 

error of the mean. 
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Figure 2-9. The effect of GABA on DA-ERG after GABAAR blockade 

(A). DA-ERG responses elicited by brief full-field flashes with stimulus strength 

increasing from bottom to top were recorded in WT control mouse before (grey lines) and 

after (black lines) intravitreal application of GABA + SR95531. (B) Average b-wave 

amplitudes measured at 110 ms after the flash and for trough to peak (inset) are plotted 

against the flash strength before (n=3, open circles) and after (n=3, black filled circles) 

injection of GABA + SR95531. Error bars represent standard error of the mean. 
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Figure 2-10. The effect of inactivation of GABACRs on the LA-ERG  

LA-ERG responses elicited by brief full-field flashes on a rod-saturating 

background before (grey lines) and after (black lines) intravitreal injection of (B) TPMPA 

and (C) 2-AEMP and from (A) GABACR-/- mice. Stimulus-response function of b-wave 

are plotted before (open circles) and after (filled circles) injection of (E) TPMPA (n=8) 

and (F) 2-AEMP (n=5) and for (D) WT (open circles, n=6) and for GABACR-/- (filled 

circles, n=6) mice. OPs RMS and noise RMS are plotted against stimulus strength before 

(open circles) and after (filled circles) injection of (H, K) TPMPA and (I, L) 2-AEMP 

and for (G, J) WT (open circles) and GABACR-/- (filled circles) mice. Error bars 

represent standard error of the mean. 
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Experiment 2: Effect of GABAC receptor inactivation on third order neuron 

responses in the retina, assessed in vivo using the ERG 

Abstract 

Purpose: All three types of GABA receptors, GABAA, GABAB and GABAC, are 

expressed in the inner retina, and all three types of GABA receptors can participate in the 

inhibition found in the inner retina. This experiment studied the effect of activation or 

inactivation of GABA receptors, especially GABAC receptors, on inner retinal signal 

processing, by comparing their impacts on the ERG waves reflecting inner retinal 

responses. 

Methods: Dark-adapted (DA) and light-adapted (LA) ganzfeld ERGs were recorded 

from anesthetized C57BL/6 mice before and after intravitreal injection of GABACR 

antagonist TPMPA (50 µM) and 2-AEMP (1 mM), GABABR agonist (baclofen, 100µM), 

Na+ channel blocker TTX (3 µM), and also from GABACR-/- mice. DA-ERGs were also 

compared in C57BL/6 mice before and after intravitreal application of another known 

GABACR antagonist and GABABR agonist 3-APMPA (100 µM) and GABAARs 

antagonist (SR95531, 100 µM) and agonist (muscimol, 30 - 100 µM).  The pSTR and 

nSTR were measured at a fixed time (110 ms and 200 ms respectively) after flash. A-

wave was measured at a fixed time 6 ms after flash and also at the trough. After 

oscillatory potentials (OPs > 50 Hz) were removed, b-wave amplitudes were measured at 

the b-wave peak, 110 ms for DA-ERG and 50 ms for LA-ERG. Oscillatory potentials 

(OPs) amplitudes were quantified as the root mean square (RMS) of the extracted OPs 

(50 – 300 Hz). 
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Results:  The pSTR was unaltered in GABACR-/- mice compared to WT, or by GABACR 

antagonist TPMPA or 3-APMPA (100 µM) or 2-AEMP. Compared to WT, the nSTR of 

GABACR-/- mouse was less sensitive, and was slightly smaller (F=544, p<0.01) in 

amplitude, from -6 to -4.5 log sc td s, and then reached the same amplitude at the flash 

strength of -4.2 log sc td s. 2-AEMP did not alter the nSTR. However, the nSTR was 

significantly (F=12.3, p=0.04) enhanced by TPMPA which is a weak agonist of GABAB 

receptors. GABABR agonist baclofen (F=26.7, p<0.01) and 3-APMPA (F=11.1, p=0.04) 

significantly enhanced nSTR. Baclofen also significantly (F=8.6, p<0.05) enhanced 

amplitude of the PhNR, an inner retinal response of LA-ERG. TTX blocked the 

enhancement by baclofen of nSTR and PhNR amplitudes. The a-wave and b-waves were 

unaltered by baclofen application. After blockade of GABAARs by SR95531, a negative 

STR-like potential was enlarged and slow oscillations occurred in all tested animals; a- 

and b-waves were unaffected. TTX partly suppressed the enhanced inner retina responses; 

relating them to the spiking activity of inner retinal neurons. Muscimol eliminated STRs 

and slightly, but significantly (F=6.5, p=0.04) reduced b-wave amplitude. 

Conclusions:  

GABA inhibits inner retina light responses via GABAAR and GABACR receptors. 

However, a GABA agonist selective for GABABRs, baclofen, and the GABACR 

antagonists, TPMPA and 3APMPA which have GABABR agonist properties, enhances 

ERG signals originating from inner retina. The more recently developed 2AEMP does 

not affect inner retina signaling, indicating that 2AEMP is more selective in this respect 

than the other antagonists for GABACRs. 
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Introduction 

 The amino acid, GABA is one of two main inhibitory neurotransmitters in the 

retina, the other being glycine, which play an important role in the lateral inhibitory 

feedback between amacrine cells and the bipolar cells. GABA activates two types of 

ionotropic receptors, GABAA and GABAC receptors. These two GABA receptors are 

found abundantly in the inner plexiform layer (IPL), and less abundantly in the outer 

plexiform layer (OPL). In the IPL of mouse retina, the GABAC receptors with 10-fold 

higher affinity for GABA than GABAA receptors are located on the axon terminals of rod 

bipolar cells, and On and Off cone bipolar cells (McCall et al., 2002). The GABAA 

receptors are located not only on the bipolar cell terminals, but also postsynaptic to 

bipolar cells on the amacrine cells and ganglion cells dendrites (Haverkamp and Wässle, 

2000; McCall et al., 2002). The GABAB receptor is a metabotropic receptor. GABAB 

receptor immunoreactivity is present presynaptically in amacrine cells, as well as 

postsynaptically in amacrine cells and retinal ganglion cells in mammals (Koulen et al., 

1998; Zhang et al., 1998). Electrophysiological studies have shown that all three types of 

GABA receptors participate in the inhibition in the inner retina (Lukasiewicz et al., 

2004;Eggers and Lukasiewicz, 2006; Song and Slaughter, 2010). 

The ERG is a good tool to assess in vivo, overall retinal signaling, and changes in 

that signaling due to experimental manipulation. Among the ERG waves, negative and 

positive scotopic threshold response (nSTR and pSTR) in the DA-ERG, photopic 

negative response (PhNR) in the LA-ERG and the oscillatory potentials (OPs) reflect 

signaling from  inner retinal neurons, i.e. amacrine and ganglion cells. In rodents, both 
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the nSTR and pSTR may have ganglion cell input. The n and pSTR amplitudes were 

reduced to 55% and 40% two weeks after the optic nerve transection which destroyed 80% 

of the ganglion cells in mice (Alarcon-Martinez et al., 2010). In contrast, previous work 

in our lab showed that nSTR was not reduced by the ganglion cell loss or completely 

eliminated by TTX intravitreal injection (Saszik, 2003). It was speculated that nSTR is 

more reliant on amacrine cell activity, especially AII amacrine cells. In fact, when the AII 

amacrine cells are uncoupled in mice by genetic deletion of the connexin Cx36, the nSTR 

disappeared (Saszik, 2003; Abd-El-Barr et al., 2009). In contrast to nSTR, the pSTR was 

removed by either ganglion cell elimination or TTX injection (Saszik et al., 2002). In the 

DA-ERGs of Brn3b or Math5 deficient mice who lost a majority of retinal ganglion cells, 

the pSTR was not detectable (Moshiri et al., 2008), which is consistent with Saszik’s 

observations. Thus the pSTR may originate from the sodium spiking of ganglion cells.  

The pSTR has been used in rodent studies of high IOP effects on ganglion cells.  For 

example, a study of high IOP model in mouse has shown that the pSTR is selectively 

sensitive to the IOP elevation with 50% amplitude loss after a single 30-min IOP 

elevation of 41 mmHg, and one week after the 50 mmHg IOP spike, pSTR amplitude was 

still reduced with 30% loss (Kong et al., 2009).  

In the light-adapted ERG in rats, some studies have shown that the PhNR is  

dependent on ganglion cell integrity, as it was lost after optic nerve transection, and time 

for ganglion cells to degenerate (Li et al., 2005). However, in other studies optic nerve 

transection or TTX injection did not completely remove this negative response (Bui and 

Fortune, 2004; Mojumder et al., 2008). Another study showed that the PhNR in rat is 

more related to the amacrine cell activity than ganglion cell activity, as well as to Müller 
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cell currents (Machida et al., 2008). Both the PhNR and nSTR have slow time course.  

Müller / glia cell contributions due to K+ spatial buffer currents, present as a consequence 

of amacrine/ganglion cell activation may explain the slow time course of the PhNR and 

nSTR.  

The OPs, in the form of a series of high frequency and low amplitude wavelets 

superimposed on the leading edge of b-wave are present in both DA- and LA-ERG.  Not 

all OPs wavelets have the same origin. But they are clearly postreceptoral and dependent 

on the inner retinal neuron activity, and likely dominated by amacrine cell input 

(Wachtmeister, 1998). In the previous chapter data were presented showing that OPs 

were eliminated by GABA injection, and enhanced by blockade of GABACRs. 

In the previous chapter and in a recent publication (Herrmann et al.,, 2011), 

findings were consistent with GABA having an excitatory role in enhancing maximum 

response amplitude in On bipolar cells,  In the previous chapter, it was also noted that 

GABACR antagonists, intravitreal TPMPA and 3-AMPA increased the amplitude of the 

nSTR in the mouse DA ERG. A potential role for GABABR agonist properties was 

suggested. 2-AEMP did not enhance nSTR, suggesting that it is a more specific 

antagonist of GABAC receptors. 

The ERG will again be used as a tool to study the effects of inactivation or 

activation of GABA receptors, especially GABAC receptors, on retinal signaling. The 

experiments described in this chapter focus on processing in the inner retina, and also 

compare effects of the recently developed GABAC receptor antagonist, 2-AEMP, with 

ERG phenotype of GABACR-/- mouse, and effects of known GABAC receptor antagonists 

on the inner retinal signals.  
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Methods 

Subjects 

Subjects were adult C57BL/6 mice, 2 - 6 months old, to be referred to as WT or 

control mice, GABACR-/- mice, 2 - 3 months old (n = 12; from Dr. Maureen McCall). 

GABACR-/- mice lose both ρ1 and ρ2 subunits due to inactivation of GABACρ1 gene 

coding by a knock-out strategy (McCall et al., 2002). Electrophysiological and 

immunohistochemical studies have shown that no function or expression of GABACR 

remains in the retina of GABACR-/- mouse, whereas the overall retina morphology is 

intact (McCall et al., 2002). The genetic background of GABACR-/- mouse is C57BL/6J, 

and the ERGs of wild type (WT) littermates mice were not distinguished from those of 

C57BL/6 mice (McCall et al., 2002). In the present study, C57BL/6 mice were used as 

control mice. Animals were housed in a room with 12h light on and 12h light off cycle. 

All experimental and animal care procedures adhered to the ARVO statement for the Use 

of Animals in Ophthalmic and Vision Research, and were approved by the Institutional 

Animal Care and Use Committee of the University of Houston. 

 

ERG recording 

Dark-adapted (DA) and light-adapted (LA) full-field flash ERGs were recorded 

differentially between the two eyes, before and after intravitreal injection of 

pharmacologic agents, with DTL fiber electrodes placed across the center of the cornea 

under a contact lens. Animals were anesthetized with an intraperitoneal injection of 

ketamine (70 mg/kg) and xylazine (7 mg/kg), and anesthesia was maintained with 

subcutaneous injections of ketamine (20 mg/kg) and xylazine (1 mg/kg) every 20 - 30 
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minutes. Pupils were fully dilated with topical atropine 0.5% and phenylephrine 2.5%. 

Rectal body temperature was maintained between 36.5 and 37 °C with a thermostatically 

controlled blanket (CWE Inc.). For DA-ERG, animals were prepared for recording under 

red illumination (LED, λ>620 nm). 

 

Visual stimulation 

DA-ERGs were recorded in response to brief (< 4 ms) full-field flashes after 

overnight dark-adaptation. Stimuli were provided by LEDs (λmax 462 nm) (-6 to 1.6 log 

sc td s). The interval between the flashes was adjusted from 1.5 sec at lowest flash energy 

to 6 sec at highest flash energy. LA-ERGs were recorded using brief full-field flashes (< 

4ms) on a rod-suppressing background of 2.6 log sc td, after light-adapting for 45 

minutes. The stimuli were provided by LEDs (λmax 513 nm) for energies of 0.4 to 1.9 

log sc td (Espion Colorburst stimulator, Diagnosys Ltd, Lowell MA) with a interval of 1 

sec and by xenon flash tube for higher strength flashes (2.0-3.6 log sc td s) with a flash 

interval of 6 sec. Responses were averaged over 20 trials for weak stimuli, fewer for 

stronger stimuli.  

 

Intravitreal injection 

Intravitreal injections (1.2 µl) were made using a Hamilton microsyringe 

(Hamilton Company, Reno, NV, USA)  with a pulled glass pipette attached (tip < 10 µm) 

through a hole which was punctured 0.5 mm posterior to the limbus by a 30-gauge needle. 

Intravitreal concentrations of the pharmacologic agents were estimated by assuming the 

vitreal volume to be 20 µl. 
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The following agents and vitreal concentrations were also used in mice: SR95531 

(100 µM) to block GABAA receptors, 5-Aminomethyl-3-hydroxyisoxazole (muscimol, 

30 - 100 µM) to stimulate GABAA receptors, baclofen (100 µM) to activate GABAB 

receptors, 3-aminopropyl-(methyl)phosphinic acid (3-APMPA, 250 µM, 100 µM) to 

block GABAC receptors and activate GABAB receptors partially, 1,2,5,6-

tetrahydropyridine-4-yl-methylphosphinic acid (TPMPA, 50 µM) and 2-aminoethyl 

methylphosphonate (2-AEMP, 1 mM) to block GABACRs, and tetrodotoxin (TTX, 3 µM) 

to block sodium-dependent spiking activity.  

 

Data analysis   

The a-wave amplitudes were measured at a fixed time (6 ms) after the brief flash 

and at the a-wave trough. After oscillatory potentials (OPs > 50 Hz) were removed,  b-

wave amplitudes were measured between the a-wave trough and b-wave peak, and also at 

the peak of b-wave, 110 ms after flash onset for DA-ERG and 50 ms for LA-ERG. OP 

amplitudes were quantified by calculating the root mean square (RMS) of the extracted 

OPs (50 - 300 Hz). The signal time window was chosen between 0 and 100 ms for LA-

ERG and DA-ERG at strong flash energies (-2.0 to 3.6 log sc td s) and between 50 and 

150 ms after the flash for DA-ERG at weak flash energies (-6.0 to -2.3 log sc td s). The 

activity between 700 and 800 ms was the time window chosen to measure the noise. The 

p-STR and n-STR amplitudes were measure at 110 ms and 200 ms after the flash 

respectively. 

Curve fitting was carried out using the Marquardt–Levenberg algorithm in 

SigmaPlot 10 (Systat Software Inc, USA) to find reasonable parameter values that 
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minimized equally weighted sum of squared differences between the data and the 

equation. 

Repeated-measures ANOVA (SPSS 19.0) was performed to determine whether 

there was a significant difference in amplitude between the stimulus-response functions 

of WT mice and those measured when different GABA receptors were manipulated. In 

the DA-ERG, the testing range for a-wave and b-wave was from -3 to 1.6 log sc td s. OPs 

were tested from -3 to 1.6 log sc td s. The pSTR and nSTR were tested from -6 to -3 log 

sc td s. In the LA-ERG, a-wave, b-wave, OPs and PhNR were all tested from -2.3 to 1.6 

log sc td s. Paired t-test was used to determine significant difference in amplitudes at 

single flash strength. 
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Results  

The effect of GABAC receptor inactivation on the STRs of DA-ERGs 

Grey traces in Figure 3-1 show the typical mouse brief flash DA-ERGs elicited by 

weak flashes from -6 to -3 log s td s. A slow negative potential, nSTR was present in 

response to a stimulus of -5.1 log sc td.s peaking at 200 ms after the flash, and then for 

slightly stronger stimuli, a positive wave, pSTR preceded it, peaking at 110 ms. Genetic 

elimination of GABACR or intravitreal injection of 2-AEMP or TPMPA or 3-APMPA 

did not alter the pSTR amplitude or latency. The pSTR amplitudes measured at 110 ms in 

GABACR-/- mice, illustrated in Figure 3-1C, were not different (p>0.05) from the WT 

when stimulus-response curves were compared over the range from  -6 to -3 log sc td s. 

However, nSTR amplitude was affected differently by inactivation of GABACRs. In 

Figure 3-1A, the nSTR recorded from a GABACR-/- mouse was slightly smaller in 

amplitude than for WT at the flash of -5.1 log sc td s, but then reached the same 

amplitude at the flash strength of -4.2 log sc td s. Figure 3-1C shows that nSTR amplitude 

in GABACR-/-  mice (n=6) was lower (F=544, p<0.01) over the range of -6 to -4.5 log sc 

td s, compared to WT mice, and eventually reached the same maximum amplitude of 

nSTR as the WT mice at higher flash strength (-4.2 log sc td s) than for WT mice (-4.8 

log sc td s). Compared with the WT mice, the stimulus-response function of the nSTR in 

GABACR-/- mice was shifted toward a higher flash strength by 0.6 log sc td s,  indicating 

the nSTR was less sensitive in GABACR-/- mice than that in WT mice. In order to 

quantify the sensitivity of nSTR, the nSTR stimulus-response relation from the smallest 

response to saturation in each GABACR-/- and WT mouse were fit with the generalized 

Naka-Rushton function:  
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V = (Vmax  In ) / ( In + I0
n )                                                                      (3-1)         

                                           

In this equation, V is response amplitude, Vmax is the maximum amplitude, I is 

stimulus strength, I0 is the level of I that produces a response amplitude of one half Vmax, 

and n denotes the slope of the function where I is equal to I0.  The nSTR stimulus-

response relations of both GABACR-/- (r2=0.98) and WT (r2=0.98) mice are well fit with 

the generalized Naka-Rushton function.  Curves calculated from average parameters of 

the fits are shown in Table 3-1 and Figure 3-1C.  The measure of sensitivity, I0, was 

significantly reduced (p<0.05) in GABACR-/- mice (-5.0 log sc td s), compared with WT 

(-5.5 log sc td s) mice. The saturated amplitude (Vmax) of nSTR was not significantly 

(p>0.05) different between GABACR-/- (35.6 µV) and WT mice (36.0 µV). The exponent, 

n, was fairly close to 2.5 in both cases. A value of greater than 1 for the nSTR may have 

been due to the presence and interaction of a positive STR for the same stimulus 

strengths. In previous curve fits of nSTR where n was essentially equal to 1, the nSTR 

and pSTR (and PII and PIII) were fit simultaneously.  

 

Figure 3-1 and Table 3-1 near here 

 

In contrast to effects of genetic inactivation, the nSTR was slightly larger on 

average (F=12.3, p=0.04) after TPMPA injection over the flash range of -6 to -3 log sc td 

s where the nSTR is present. 3-APMPA (100 µm) significantly increased nSTR 

amplitude (F=11.1, p=0.04), with 200% increase maximally. Neither TPMPA nor 3-
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APMPA changed the timing and shape of nSTR, and the nSTR saturated at the same 

flash strength as it did in the control mice, around -4.5 log sc td s.  In contrast, injection 

of 2-AEMP did not alter the nSTR in amplitude (or sensitivity) (p>0.05), as shown in 

Figure 3-2.  

Figure 3-2 and Table 3-2 near here 

 

TPMPA and 3-APMPA are known to have GABABR agonist properties (Tian and 

Slaughter, 1994), and for this reason, in the next experiments the effects of a specific 

GABAB agonist, baclofen were investigated. 

 

The effect of GABAB receptor activation on the nSTR and pSTR 

The effect of 100 µM baclofen on the DA-ERG of one control mouse is shown in 

Figure 3-3. After injection of baclofen, the ERG wave measured at 200 ms, mainly nSTR 

increased in amplitude, but the timing of the waveform did not change. The effect on the 

nSTR was similar to, but much larger than the effects of TPMPA and 3-AMPA. The 

stimulus-response relations are shown in Figure 3-4 for 4 mice before and after baclofen 

injection. Baclofen significantly increased the amplitude of nSTR (F=26.7, p<0.01) over -

6 to -2 log sc td s. Maximum saturated amplitude was increased from 30 µV to 110 µV, 

and  the response saturated at higher flash strengths (-3 log sc td s), compared to the 

control, but the leading edge of stimulus-response relations were not changed.  The larger 

amplitude measured at 200 ms could have resulted from enhanced maximum amplitude 

of nSTR and/or reduced amplitude of pSTR. In this case, it is more likely that the 

increased amplitude at 200 ms was due to the enhanced nSTR because the amplitude at 

200 ms was enhanced by about 70 µV maximally which was larger than the saturated 
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pSTR, which was about 30 µV (illustrated in Figure 2-7B).  Furthermore, a small 

negative dip appeared around 100 ms on the top of pSTR, indicating the enhanced nSTR 

appeared early butwas covered by positive going waves. As shown in Figure 3-3B the 

enhanced nSTR could be removed partially (60 - 80 %) by TTX, a voltage-gated Na+ 

channel blocker, in this, and another animal (data not shown) indicating a role for spiking 

activity of inner retinal neurons in its generation. In Figure 3-5, injection of TTX alone 

(n=6) in the WT control mice significantly reduced the maximum amplitude of nSTR by 

70% for flashes < -3.9 log sc td s and shifted the stimulus-response function to higher 

flash strengths, indicating that blockade of spiking greatly reduced the sensitivity of 

nSTR.  nSTR amplitude was saturated at a stronger flash strength (-3.3 log sc td s). In 

Figure 3-3 and 3-4, baclofen injection did not change the a-wave, and intravitreal 

baclofen did not alter the b-wave amplitude, except for responses to weak flashes (< -1 

log sc td s) where the enhanced nSTR pulled the b-wave down. The stimulus-response 

relation of b-wave was shifted toward higher flash strengths for flashes from -4 to -2 log 

sc td s, indicating there may be a reduction of sensitivity of PII component after baclofen. 

The OPs (>50 Hz) were significantly (F=18, p<0.01) enhanced by baclofen. The noise 

amplitude,  the RMS of responses (<50 Hz) from 700 to 800 ms after the flash 

(unstimulated record) was not altered after baclofen, as shown in Figure 3-4D. 

Figure 3-3, 4, 5 near here 

 

The effect of GABAB receptor activation on the PhNR of the LA-ERG 

Figure 3-6A shows the effect of 100 µM baclofen on the LA-ERG of one control 

mouse. Application of baclofen did not affect the timing of a-wave, or b-wave, although 

the b-wave appeared to be slightly reduced in the amplitude. In contrast, baclofen cause a 
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relatively large negative wave to appear after the b-wave. Given the timing of the wave, it 

was called the PhNR. A TTX injection blocked baclofen’s effect, and the PhNR 

disappeared in this and another one animal. Figure 3-6C, D, E shows the stimulus-

response functions of PhNR measured at 100 ms after the flash, b-wave measured at 50 

ms and a-wave measured at the trough. Baclofen injection significantly (F=8.6, p<0.05) 

increased the amplitude of PhNR over the stimulus range. This enhancement became 

obvious at 1 log sc td s, and reached the full effect at 1.7 log sc td s, with the maximal 

amplitude of -80 µV. These results indicate that baclofen enhanced the spiking activity of 

inner retinal neurons in the LA-ERG, which increased PhNR amplitude, similar to the 

enhancement of spiking activity and nSTR in the DA-ERG. 

The negative PhNR pulled the b-wave down. The b-wave amplitude was slightly 

reduced, although this change was not significant when measured at 50 ms (F=3.5, 

p>0.05) and just significant when measured from trough to peak (F=1.5, p<0.05). The a-

wave amplitude was unaltered (F=0.32, p>0.05). 

 

Figure 3-6 near here 

 

The effect of GABAA receptor inactivation on the p and nSTR 

Figure 3-7A shows the DA-ERG responses before and after application of 

GABAAR antagonist SR95531 in one control mouse. After SR95531, the b-wave reached 

the same maximal amplitude as the control, but its shape changed; the b-wave was 

narrower. The b-wave stimulus-response relation measured at 110 ms after the flash was 

not significantly (p>0.05) different from before the injection of SR95531, as shown in 

Figure 3-7C. After blockade of GABAARs, the pSTR was reduced, a negative STR-like 
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potential was enlarged and slow oscillations occurred in all 5 animals tested. TTX partly 

suppressed the enhanced inner retina responses; relating them to the spiking activity of 

inner retinal neurons. This was observed in 3 animals. All of the OPs were removed after 

blockade of GABAAR, except for a positive OP1-like wavelet that appeared in the trough 

of a-wave. The amplitude of the a-wave on leading edge measured at 6 ms was not 

affected by GABAAR blockade (p>0.05). However, measured at the trough, the a-wave 

amplitude was enhanced (F=150, p<0.01) by SR95531 for responses to flashes of -1.7 to 

-0.7 log sc td s. For the stronger flashes, this a-wave enhancement did not exist. The 

enhancement in responses to middle range flashes  may be related to a postreceptoral 

contribution to the a-wave from the second rod pathway, that may normally be regulated 

by GABAARs (data not shown)(Robson and Frishman, 1996). 

 

Figure 3-7 near here 

 

The effect of GABAA receptor activation on the STR 

Intravitreally injected GABAAR agonist muscimol (30 µM) totally suppressed the 

both p- and n-STR (Figure 3-8), much as occurred with GABA itself. The b-wave peak 

was shifted forward by around 20 ms and reduced about 20% in maximum amplitude 

after muscimol treatment for animal whose ERGs are illustrated in Figure 3-8, as well as 

for 3 other animals. Figure 3-8B shows the stimulus-response relation of b-wave 

amplitude. Muscimol treatment slightly but significantly (F=6.5, p=0.04) reduced b-wave 

amplitude measured from trough to peak. This effect on the b-wave amplitude was more 

obvious when higher dose (100 µM) of muscimol was used. The inset plot in Figure 3-8A 

illustrates the a-wave trough of DA-ERG in response to flash 1.2 log sc td s after 
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muscimol (30 µM) application. The leading edge of the a-wave was not altered. Most 

OPs were removed by muscimol, except that a small positive wavelet appeared in the 

trough of a-wave. This small wavelet had different timing and amplitude, than OP1 

before muscimol injection.  

Figure 3-8 near here 
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Discussion 

Although b-wave amplitude was similarly reduced in GABACR-/- mice, and by 

injection of TPMPA, 3-AMPA or 2-AEMP in WT control mice, amplitude of DA-ERG 

nSTR of inner retina was affected differently in some cases. In GABACR-/- mice, the 

nSTR was less sensitive than WT by about a factor of 2.5, but maximal amplitude was 

similar. In contrast 2-AEMP had essentially no effect on the nSTR, whereas both 

TPMPA and 3-AMPA enhanced nSTR amplitude. Both of the latter two agents are 

known to have GABAB agonist properties. A higher dose of 3-APMPA (250 µm) 

treatment had greater effect on nSTR, increasing nSTR maximum amplitude by 245%, 

compared with 100 µm 3-APMPA treatment which increased nSTR by 200%. Baclofen, 

a specific GABAB agonist, produced an even larger enhancement (~290%) of the nSTR 

amplitude at the doses that were used. These findings are consistent with the increased 

amplitude being due to stimulation of GABAB receptors. Thus the more recently 

developed 2-AEMP was shown to be more selective for GABACR-/- than TPMPA or 3-

AMPA in the present study. Antagonism of GABAA receptors and agonism of GABAB 

receptors both increased inner retina responses, but not with the same time course.   

GABAARs are widely expressed in the amacrine and ganglion cells, whereas 

GABACRs are confined to bipolar cells. When GABAARs are fully activated, a shunting 

inhibition is strong enough to completely overwhelm excitatory currents, resulting in the 

loss of all light responses in third order neurons (Bolz et al., 1985; Frumkes and Nelson, 

1995). This is shown in ERG as loss of n and pSTR and OPs post GABA injection. 

Consistent with this, nSTR was significantly enhanced after blockade of GABAARs.  
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GABACRs are also involved in modulating feedback inhibition, which might 

explain the enhanced OPs after blockade of GABACRs. The enhanced OPs might be 

associated with enhanced spontaneous and light-evoked spiking that has been reported in 

On retinal ganglion cells (Lukasiewicz et al., 2004) and enhanced responses in A17 

amacrine cells (Eggers and Lukasiewicz, 2006) in GABACR-/- mice. The nSTR was not 

greatly affected in the GABACR-/- mice except for being slightly less sensitive in response 

to very weak stimuli. The small effect might have resulted from balancing out both 

excitatory and inhibitory effect of GABACR on bipolar cells after GABACR inactivation.  

The pSTR did not appear to be altered at all in GABACR-/- mice and post injection 

of GABACR antagonists. The pSTR is thought to be more related to the Off than On 

ganglion cell responses (Saszik et al., 2002).  The expression of GABACRs on Off 

bipolar cells is very limited. Responses of optic nerve fibers recorded extracellularly in 

GABACR-/- mice also showed that Off pathway signals were hardly affected by loss of 

GABACRs (Lukasiewicz et al., 2004). 

Metabotropic GABABRs are expressed in amacrine cells and retinal ganglion cells. 

GABABRs also participate in the inner retinal inhibitory feedback and feed forward 

circuit. The present study found that activating GABAB receptors did not affect the b-

waves, reflecting bipolar cell responses to brief flashes, but enhanced signals from inner 

retina, the nSTR and PhNR. Why did baclofen enhance the inner retinal neuronal 

responses, instead of suppressing? One possibility is that baclofen may inhibit the 

inhibition from other GABA receptors. This could occur via GABABRs located either 

presynaptically to modulate calcium channels or postsynaptically to modulate potassium 

channels (Slaughter and Bai, 1989; Slugg et al., 2003). For instance, in the presynaptic 
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terminals of GABAergic amacrine cell, GABABR activation inhibits the voltage-gated 

calcium channel and thereby reducing GABA release. Postsynaptically in some 

GABAergic amacrine cells, binding of GABA to GABABR leads the outflow of 

potassium which hyperpolarizes the cell and reduces the GABA release. Both 

mechanisms could cause less GABA release from amacrine cells or inhibit the inhibitory 

feedback from GABAergic amacrine cells.  

A second possibility is that the enhancement of nSTR by baclofen might be due to 

tonic activation of GABABRs in retina. This is consistent with several previous studies 

showing that exogenous activation of GABABRs using baclofen, enhanced light evoked 

excitation in transient ganglion cells (Müller et al., 1992; Lukasiewicz and Werblin, 

1994). It has been reported that baclofen (100 µM) produced a 5 mV hyperpolarization of 

dark membrane potential and a 150% augmentation of On and Off light evoked 

excitatory postsynaptic potentials (EPSPs) of third order neurons in the retinal slice of 

tiger salamander (Tian and Slaughter, 1994). The hyperpolarization is probably 

associated with the opening of  K+ channels, allowing outward flow of K+ ,  as suggested 

in the previous paragraph (Slaughter and Bai, 1989; Slugg et al., 2003). It is also reported 

(Shen and Slaughter, 1999) that baclofen enhances opening of L-type voltage-gated 

calcium channels in ganglion cells. When the GABABR antagonist, CGP (200 µm) was 

applied, the opposite effect was observed:  the dark membrane potential was slightly (1 

mV) depolarized and the EPSPs was slightly reduced to 80% of control (Tian and 

Slaughter, 1994). A study in dissociated hippocampal CA3 neurons showed that GABAB 

receptors are 15-fold more sensitive to GABA, compared to GABAA receptors and have 
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slower time course(Sodickson and Bean, 1996).  These properties of GABAB receptors 

make them well suited to respond to low concentrations of extra-synaptic GABA.  

A third possible hypothesis is that the enhancement in third order neuron response 

could be due to the enhanced output of depolarizing bipolar cells by stimulating 

GABABRs to modulate the calcium channels on their terminals, as suggested by Song 

and Slaughter (Song and Slaughter, 2010). However, the immunoreactivity evidence for 

GABABRs expression on the DBCs is lacking, and it is controversial how GABABRs 

modulate the neurotransmitter release from depolarizing bipolar cells. Suppressing  

(Maguire et al., 1989; Lukasiewicz and Werblin, 1994) and enhancing effects (Song and 

Slaughter, 2010) have been all reported previously, but only in non-mammalian species. 

No GABABR expression and activity has been found in bipolar cells of rodent retina 

(Koulen et al., 1998; Zhang et al., 1998) . In the present study the GABABR antagonist 

CGP did not alter the DA-ERG, which is inconsistent with Song and Slaughter’s 

hypothesis. This difference may be related to brief flash (<4 ms) stimuli we used while 

Song and Slaughter used two sec light stimuli, or alternatively the difference may reflect 

a species difference.  The present results show that with GABAAR and GABACR intact, 

GABABRs have the potential of enhancing third order neurons responses, but normally 

do not do so, and they do not modulate the depolarizing bipolar cell responses, at least to 

brief flashes in the dark-adapted condition even when they are stimulated by a strong 

agonist.   

The presence of a PhNR in rodents has been controversial, since the PhNR is not 

always obvious (Miura et al., 2009). The results of the baclofen experiment helped to see 

that circuitry for generating the PhNR in mice may exist, but may not be sufficiently 
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active under normal conditions to produce the wave. A small PhNR also emerged in the 

LA-ERG in chapter 2, Figure 2-10 arrow, when TPMPA was injected. As the spiking 

activity of inner retinal neuron is enhanced by GABABR agonists, the PhNR becomes 

large enough to be observed.  
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Table 3-1. Parameters of Naka-Rushton fits to the nSTRs of DA-ERG 
 
 

WT 
n=6 

GABACR-/-

n=6 
Vmax (µV) 35.6±2.2 36.0±4.2 

n 2.39±0.38 2.43±0.27 

I0 (log sc-td-s) -4.5±0.22 -5.0±0.13 

r2 0.98±0.35 0.98±0.41 

Data are presented as mean and standard error.  

 
  

 82



Chapter 3          Tables 
____________________________________________________________________________________________________________ 

 83

Table 3-2. Comparisons of stimulus-response functions on the STR of DA-ERG 
 

  

GABACR-/- vs. 
WT 

TPMPA vs. 
control 

3-APMPA vs. 
control 

2-AEMP vs. 
control 

n=6,  n=6 n=5 n=4 n=5 
  F  p  F  p  F p  F  p  

 
pSTR amp 
(µV) 
 

0.18 >0.05 1.4 >0.05 1.1 >0.05 0.9 >0.05 

 
nSTR amp 
(µV) 
 

544.3 <0.01 12.3 <0.05 11.1 <0.05 0.4 >0.05 

nSTR and pSTR were only tested from -6 to -3 log sc td s. The F values and p values 
were derived from repeated measures ANOVA tests. 
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Figure 3-1. The STR of DA-ERG recorded from GABACR-/- mice and after TPMPA 

injection in WT control mice  

DA-ERG responses elicited by weak flashes (-6 to -3 log sc td s) are shown from 

(A) WT (grey lines) and GABACR-/- (black lines) mice (n=6), and before (grey lines) and 

after (black lines) intravitreal application of (B) TPMPA (n=5). Amplitudes of pSTR 

(triangles) measured at 110 ms after flash and nSTR (circles) measured at 200 ms are 

plotted against flash energy for (C) WT (white filled symbols) and GABACR-/- mice 

(black filled symbols), and before (white filled symbols) and after (black filled symbols) 

application of (D) TPMPA.  
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Figure 3-2. The STR of DA-ERG recorded before and after injection of 3-APMPA 

and 2-AEMP 

DA-ERG responses elicited by weak flashes (-6 to -3 log sc td s) were recorded 

from WT control mice before (grey lines) and after (black lines) intravitreal application 

of (A) 3-APMPA and (B) 2-AEMP. Amplitudes of pSTR (triangles) measured at 110 ms 

after flash and nSTR (circles) measured at 200 ms are plotted against flash strength 

before (white filled symbols) and after (black filled symbols) intravitreal injection of (C) 

3-APMPA (n=4) and (D) 2-AEMP (n=5). 
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Figure 3-3.  The effect of  GABABR agonist baclofen on mouse DA-ERG 

(A). DA-ERG recordings before (grey lines) and after (black lines) intravitreal 

application of baclofen. (B) DA-ERG responses with additional application of TTX 

(black line) after baclofen injection (grey line).  
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Figure 3-4.  The effect of GABABR agonist, baclofen, on the amplitudes of DA-ERG 

waves  

Stimulus-response functions before (open circles) and after (black filled circles) 

application of baclofen (n=4) are plotted for (A) b-wave amplitude measured at 110 ms 

after the flash and also from a-wave trough to peak (inset), for (B) a-wave amplitude 

measured at trough, for (C) nSTR amplitude measured at 200 ms (D) OPs RMS and noise 

RMS. Error bars represent standard error of the mean. 
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Figure 3-5.  The effect of TTX on the mouse DA-ERG  

(A). DA-ERG recordings before (grey lines) and after (black lines) intravitreal 

application of TTX in response to weak flashed stimuli. (B) Stimulus-response relations 

before (open circles) and after (black filled circles) injection of TTX (n=6) are plotted for 

nSTR amplitude measured at 200 ms. Error bars represent standard error of the mean. 
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Figure 3-6.  The effect of GABABR agonist baclofen on the LA-ERG  

(A). LA-ERG recordings before (grey lines) and after (black lines) intravitreal 

application of baclofen. (B) Responses after additional injection of TTX (black line) after 

baclofen injection (grey line). Stimulus-response functions before (open circles) and after 

(black filled circles) application of baclofen (n=4) are plotted for (C) the PhNR amplitude 

measured at 100 ms after the flash, for (D) b-wave amplitude measured at 110 ms and for 

(E) a-wave amplitude measured at the trough. Error bars represent standard error of the 

mean. 
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Figure 3-7.  The effect of GABAAR antagonist SR95531 on the DA-ERG  

(A) DA-ERG recordings before (grey lines) and after (black lines) application of 

SR95531. (B) DA-ERG responses after SR95531 (grey lines) and with additional 

application of TTX after SR95531 (black lines). Stimulus-response function before (open 

circles) and after (black filled circles) application of SR95531 (n=5) are plotted for (C) b-

wave amplitude measured at 110 ms after the flash and also from a-wave trough to peak 

(inset), for (D) a-wave amplitude measured from trough to baseline and at 6 ms. Error 

bars represent standard error of the mean. 
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Figure 3-8.  The effect of GABAAR agonist muscimol on the DA-ERG  

(A) DA-ERG recordings elicited by brief full-field flashes before (grey lines) and 

after (black lines) intravitreal application of muscimol. The inset expanded plot shows the 

trough of a-wave in response to the flash of 1.2 log sc td s. Stimulus-response function 

before (open circles) and after (black filled circles) application of muscimol (n=4) are 

plotted for (B) b-wave amplitude measured from a-wave trough to peak and b-wave 

implicit time, for (C) a-wave amplitude measured at the trough, and for (D) nSTR 

amplitude measured at 200 ms after the flash. Error bars represent standard error of the 

mean. 
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Experiment 3: PhNR in the multiple sclerosis 

Abstract 

Purpose: To evaluate retinal function in eyes of multiple sclerosis (MS) patients with and 

without a history of optic neuritis (ON) using photopic electroretinogram (ERG) and to 

compare functional and structural status of inner retina. 

Methods: Full-field ERG responses to brief red flashes (0.04 to 2.8 cd-s/m2) on a rod-

saturating blue background, were recorded from 51 MS patients and 33 age-matched 

control subjects. In patients, Humphrey visual fields (HVF) were measured, and 

peripapillary retinal nerve fiber layer thickness (RNFLT) assessed, by optical coherence 

tomography (OCT) and GDx-VCC. MS eyes were separated into ON>6 months (n=25), 

ON<6 months (n=29) and no-ON (n=33) based on positive or negative history of ON, 

and time since last attack.  Thirteen ON<6 eyes were re-evaluated one year later. 

Results: PhNR amplitudes were lower in ON>6, ON<6 and no-ON eyes (mean±SD, 

17.3±7.6, 16.0±6.5, 23.8±9.3μV), than in control eyes (29.8±6.5μV, p<0.001) for a 

standard stimulus of 1.42 cd-s/m2; a- and b-wave amplitudes were unaffected. PhNR 

amplitudes were correlated (p<0.05) with HVF Mean Deviation (MD) in ON>6 (r2=0.43) 

and no-ON eyes (r2=0.10), with similar results for weaker stimuli. PhNR amplitudes were 

correlated with RNFLT in ON>6 eyes: OCT (r2=0.52, p<0.0001); GDx (r2=0.51, p<0.01), 

and no-ON eyes: OCT (r2=0.21, p<0.01); GDx (r2=0.17, p<0.05).  ON<6 amplitudes 

were not significantly correlated with other measures, but increased after one year by 

5.1±3.1μV (p<0.001) from 14.7±5.3μV, HVF MD by 1.8±2.3 dB (p<0.05), whereas 

RNFL loss persisted. 
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Conclusion: Photopic ERG PhNR amplitudes in MS patients are significantly reduced in 

eyes with and without a history of ON. 
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Introduction 

The ERG is a noninvasive test for recording massed electrical potentials from the 

entire retina, which allows separate evaluation of different layers of the retina.  A typical 

photopic ganzfeld brief flash ERG consists of a negative-going a-wave originating 

mainly from photoreceptors and Off pathway neurons, a positive going b-wave from 

bipolar cells, a negative-going photopic negative response (PhNR) following the b-wave. 

The PhNR is thought to originate from spiking activity of retinal ganglion cells and their 

axons in both humans and nonhuman primates (Viswanathan et al., 1999; Viswanathan et 

al., 2001).  It has been found to be reduced in affected eyes of patients with primary open 

angle glaucoma (POAG) and anterior ischemic optic neuropathy (Viswanathan et al., 

2001; Rangaswamy et al., 2004), among other pathologies affecting ganglion cells and 

the optic nerve. 

Another disease that causes optic neuropathy is optic neuritis. Optic neuritis (ON) 

is a common consequence of multiple sclerosis.  It is an acute inflammation of the optic 

nerve which may lead to loss of retinal nerve fiber layer.  Major symptoms of ON are 

sudden loss or blur of vision, and pain on movement of the affected eye. Humphrey 

visual field (HVF) and visual evoked potentials (VEP) are commonly used to assess optic 

nerve function and retinal imaging tests optical coherence tomography (OCT) and 

scanning laser polarimetry (GDx) to assess the intra ocular axonal integrity. Previous 

studies (Frohman et al., 2008; Saidha et al., 2011) found that MS eyes with a history of 

ON showed reduction of visual sensitivity (HVF) and loss of retinal nerve fiber layer 

(RNFL), and this occurred frequently even in eyes without a history of ON. The 
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functional effects are early and tend to recover over time, despite persistent loss of nerve 

fiber layer after an acute attack (Klistorner et al., 2010). The discrepancy between 

structure and function emphasizes the need for assessment of both aspects in order to 

better understand the pathophysiology of disease. A recent study (Klistorner et al., 2010) 

suggested that cortical mechanisms of plasticity may be responsible for functional 

recovery noted in HVF and VEP results 6 to 12 months after acute ON in pre-MS patients.  

However, retinal ganglion cells (whose axons form the optic nerve) were not investigated 

or eliminated as a possible site of recovery of function.  One scenario, for example, is that 

effects of tissue inflammation due to ON are still present, after the acute stage (more than 

1 month but within 6 months) of an ON episode, and affecting ganglion cell and optic 

nerve function. As effects of inflammation subside, retinal ganglion cell function might 

improve. The ERG can discriminate retinal from more central effects of disease. 

The effect of ON on the ERG has been described in a few studies. A reduction in 

the negative wave (N95) of the pattern ERG has been the most common finding. The 

positive wave (P50) of the pattern ERG may also be affected after acute onset of optic 

neuritis, but it tends to recover in a few weeks (Berninger and Heider, 1990; Holder, 

1991; Falsini and Porciatti, 1996). Reduction of negative wave (N95) persists after the 

acute phase has subsided (Kaufman et al., 1988). Small delays and reductions have been 

reported in a-wave and b-wave in the acute phase (Fotiou et al., 1999; Gundogan et al., 

2007). However, most studies have not observed dysfunction of preganglionic neurons 

after the acute phase of ON (Pierelli et al., 1985; Parisi et al., 1999). 

The purpose of this study was to investigate the changes in the PhNR in MS 

patient eyes with and without a history of ON. One focus was on the longitudinal changes 
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in PhNR and nerve fiber layer thickness, compared to recovery of visual function 

assessed by visual field sensitivity.  
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Methods 

Subjects  

All procedures were reviewed and approved by the University of Houston 

Committee for the Protection of Human Subjects and adhered to the tenets of Declaration 

of Helsinki. Informed consent was obtained from the subjects after explanation of the 

nature and possible consequences of the study. 

The subjects in this study included 51 MS patients of the relapsing-remitting type 

with or without history of ON between 18 - 60 years of age and 33 age-matched normal 

control subjects with normal corrected visual acuity (20/20) and good ocular health. The 

diagnoses of MS and ON were made by experienced neurologists and neuro-

ophthalmologists, based on clinical criteria (Optic Neuritis Study Group, 1991; Polman et 

al., 2011). Patients with diagnosed diseases other than MS that affect the central nervous 

system and/or cause retinal pathology were excluded from this study. Eyes also were 

excluded if they had no light perception, or they were in the peak period of an acute 

attack of ON (< 1 month after onset). Most of the patients had been treated with IV 

steroids to control symptoms of acute ON, and were receiving immunomodulatory 

medication, such as interferon beta-1a, to slow the course of MS. All patients received a 

complete neuro-ophthalmologic evaluation that included: best corrected visual acuity, 

color vision, pupil assessment, intraocular pressure, dilated ophthalmoscopy, standard 

automated perimetry (HVF 30-2), peripapillary RNFL thickness measurement with OCT 

and GDx-VCC, and photopic flash ERG. For analysis, right eyes only were included if 

both eyes of one subject were assigned to the same group. Eyes of the 51 MS patients 

were classified into three groups: 33 No-ON eyes without a history of ON (5 left eyes 
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excluded), 29 ON<6 eyes with an episode of ON less than six months and more than one 

month before ERG testing (3 left eyes excluded), and 25 ON>6 eyes with an episode of 

ON more than six months before ERG testing (7 left eyes excluded). Thirteen MS 

patients from the first visit (13 ON<6 eyes [right eye only was included for one subject 

who had ON<6 in both eyes], seven no-ON eyes and five ON>6 eyes) who had at least 

one eye with ON<6 at that visit and had not experienced another episode of ON, were re-

tested one year later. Patient demographics and clinical characteristics are summarized in 

Table 4-1. 

Table 4-1 near here 

 

ERG recordings 

Photopic full-field flash ERGs were recorded differentially between the two eyes 

using DTL fiber electrodes moistened with carboxymethyl cellulose 1% and placed 

underneath the lower eyelid. Pupils were fully dilated with tropicamide 1% and 

phenylephrine 2.5%. Recordings were made using stimulation of one eye at a time, 

during which the other eye was occluded. The stimuli were brief (< 5 ms) red flashes 

(λmax=660 nm, Espion ColorDome Diagnosys LLC, USA) ranging from 0.04 to 2.84 

cd-s/m2 presented on a rod-saturating blue (λmax=460 nm, 100 scotopic cd/m2) 

background. This color combination provides a good stimulus for eliciting the 

PhNR;(Sustar et al., 2009). Responses to each flash strength were averaged over 20 trials. 

PhNR amplitude was measured from baseline at 65 ms after flash. This time for 

measuring the PhNR was established by comparing response amplitudes between 60 ms 

and 80 ms, as described in the results. The a-wave amplitude was measured from baseline 

to trough of the first negative wave, and its latency from flash onset to the trough. The b-
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wave amplitude was measured from a-wave trough to b-wave peak, and b-wave latency 

was measured from the time of the stimulus flash to the peak of b-wave. 

 

Standard automated perimetry 

The Humphrey field analyzer 750 (Carl Zeiss Meditec, Inc.) with SITA (Swedish 

interactive threshold algorithm) 30-2 protocols was used with a Goldman size III (0.43°) 

stimulus on a 31.5-apostilb background. The mean deviation (MD) on a logarithmic (dB) 

scale, the global metric that was used for HVF analysis, is defined as the mean of the 

difference of the measured sensitivity (dB) and normal values of age-matched controls in 

the built-in database. Another parameter that we used was a linear measure of visual 

sensitivity. This was expressed as the average unlogged visual sensitivity in 1/Lambert 

(1/L) which was calculated by dividing the original sensitivity in dB by 10 for each point, 

taking its antilog, and finally, averaging  the unlogged values over the whole field. 

 

Peripapillary RNFL thickness assessed by OCT and GDx 

The Stratus OCT (model 3000, software version 4.0.1; Carl Zeiss Meditec, USA) 

was used to acquire three standard 3.4 mm diameter circular scans centered on the optic 

disc (fast RNFL protocol). The overall RNFL thickness along the circumference was 

automatically calculated by the OCT software and compared with a built-in normative 

database of age matched control subjects. The integrated area of RNFL was calculated by 

multiplying the mean RNFL thickness by the circular scan circumference (Patel et al., 

2011), and the circumference was adjusted based on the axial length and cornea effective 

power (Garway-Heath et al., 1998). For 33 patients, macular thickness was also measured 

using the fast macular thickness protocol to obtain six cross-sectional B-scans, 6 mm in 
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length, at equally spaced angular orientations (30°) in a radial spoke pattern centered on 

the fovea. (For a small group of patients [n=20] late in the study, Cirrus OCT (Carl Zeiss 

Meditec, USA) was used as well, and results showed similar trends. Due to the small 

number of subjects, these data were not reported here.)  Peripapillary RNFL thickness 

was also assessed using the GDx-VCC (Carl Zeiss Meditec, USA). The average temporal, 

superior, nasal and inferior (TSNIT) thickness was analyzed automatically by the GDx 

software.  

 

Data analysis 

The PhNR stimulus-response relation from the smallest response to saturation in 

each single subject was fit with the generalized Naka-Rushton function: (Binns et al., 

2011)  

V = (Vmax In ) / ( In + I0
n )                                                                      (4-1)                                       

In this equation, V is response amplitude, Vmax is the maximum amplitude, I is 

stimulus strength, I0 is the level of I that produces a response amplitude of one half Vmax, 

and n denotes the slope of the function where I is equal to I0.  Curve fitting was carried 

out using the Marquardt–Levenberg algorithm in SigmaPlot 10 (Systat Software Inc, 

USA) to find reasonable parameter values that minimized an equally weighted sum of 

squared differences between the data and the equation. 

The procedure, MIXED (SAS 9.2; SAS Institute, Inc, USA), was performed to 

determine whether ERG parameters (PhNR amplitude, a-wave and b-wave amplitude and 

latency) were significantly different across normal control, No-ON, ON<6 and ON>6 

groups. Analysis with mixed model statistics (Procedure MIXED) takes into account the 

possible correlations among groups due to two eyes of some subjects being in different 
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groups. Procedure MIXED was used for responses to the standard stimulus strength (1.42 

cd-s/m2) and for repeated measurements for the seven flashes used to generate stimulus-

response functions. For the longitudinal comparisons for a single group, repeated-

measures (two visits, seven flashes) ANOVA was used to compare PhNR stimulus-

response functions between the two visits.  For the 1.42 cd-s/m2 flash, paired t-tests were 

performed to compare PhNR amplitude at the second visit to that at the first visit. Linear 

regression analysis was used to calculate Pearson’s correlation coefficient (r; r2 reported 

in this paper) to indicate the direction and strength of any linear association between 

PhNR amplitude and other functional/structural measurements (HVF MD on a 

logarithmic scale, for which an exponential curve also was fit, visual sensitivity on a 

linear scale, RNFL thickness measured by OCT and GDx).  

 

Test-retest repeatability of ERG 

Test-retest repeatability in the same session was examined for 15 right eyes of 15 

normal control subjects and 20 eyes with the history of ON of 20 MS patients aged 18-60 

years.   Photopic ERGs were recorded twice for these subjects, with an inter-test interval 

of 30 minutes. The ERG procedures were the same as described above.  

The reliability of ERG signals was considered using the following three 

approaches: 1) regression analysis using a correlation coefficient; 2) 95% limits-of-

agreement (LOA), which are calculated as ±1·96 times the standard deviation of the inter-

test difference. 95% of the difference is expected to fall within this range; 3) the 

coefficient-of-variation (COV) which is the ratio of the standard deviation (S.D.) to the 

mean of two tests. 
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Results 

Reduced PhNR of photopic ERG in MS patient eyes 

The typical full-field brief flash ERG recorded from a normal control subject, 

(Figure 4-1 left column), is composed of three main waves: an initial negative-going a-

wave, a positive-going b-wave and a slow negative-going PhNR following b-wave. The 

amplitudes of the three waves increased as stimulus strength was increased.  Figure 4-1 

middle and right hand columns showed ERG responses recorded from a 43-year-old 

RRMS patient whose left eye had experienced one episode of optic neuritis six years 

earlier. The right eye had no history of ON. Compared to the control subject, both eyes of 

the patient maintained similar timing and amplitude for the a- and  b-waves, but PhNR 

amplitudes were markedly lower in the ON eye (LE) and slightly lower in the no-ON eye 

(RE). The patient showed reduced visual sensitivity (HVF) in the ON eye (MD of -4.91 

dB), and in the no-ON eye as well (MD of -3.66 dB). The ON eye showed peripapillary 

RNFL thinning in both OCT (83.1μm) and GDx tests (44.1μm), while the-no-ON eye 

showed more normal peripapillary RNFL thickness of 99.4μm and 47.7μm, respectively.  

 

Figure 4-1 near here 

PhNR amplitude was measured from the baseline to the PhNR trough. In both 

control subjects and MS patients, the largest PhNR amplitudes on average occurred at 65 

ms and 70 ms after the flash (Figure 4-2). Given this result, we elected to measure PhNR 

amplitude at 65 ms, a time also used in a previous study from this lab (Rangaswamy et al., 

2007). In Figure 4-3A, the PhNR amplitude is plotted as a function of the flash strength 
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in control, no-ON, ON>6 and ON<6 eyes. PhNR amplitude increased as flash strength 

increased and was maximal for the flash strength of 1.42 cd-s/m2 for all groups. These 

stimulus-response relations (for responses to all seven flashes tested) were significantly 

different (F=33.43, p<0.0001) across the four groups. Compared to the control subjects, 

amplitudes were lower in MS ON>6 (p<0.0001), ON<6 eyes (p<0.0001) and no-ON eyes 

(p<0.0001). The MS ON>6 eyes were not significantly different from the ON<6 eyes 

(p>0.05), but the MS no-ON eyes had larger PhNR amplitudes than ON>6 eyes (p<0.001) 

and ON<6 eyes (p<0.0001). Figure 4-3B shows plots of the PhNR amplitude in response 

to a flash strength of 1.42 cd-s/m2 in control, no-ON, ON>6 and ON<6 eyes. Responses 

to this stimulus will be used for comparisons with structural measures below. The 

differences between groups were similar to those for the whole stimulus-response curves. 

Compared to control eyes (29.8±6.5 μV [mean ± SD]), PhNR amplitude was significantly 

reduced in no-ON (23.8±9.3 μV, p<0.001), ON>6 (17.3±7.6 μV, p<0.001) and ON<6 

(16.0±6.5 μV, p<0.0001) eyes. The no-ON eyes had larger PhNR amplitudes, compared 

to ON>6 (p<0.001) and ON<6 (p<0.001). PhNR amplitudes for ON>6 vs. ON<6 eyes 

were not significantly different (p >0.05).  

In order to study whether the sensitivity of PhNR was different across groups, 

each subject’s PhNR amplitudes at 65 ms were normalized to his/her near saturated 

PhNR amplitude in response to the 1.42 cd-s/m2 stimulus, as illustrated in Figure 4-3C. 

The relations of normalized PhNR amplitude and stimulus strength were superimposed 

very well for all 4 groups.  No left or right shift was observed, indicating that PhNR 

sensitivity was not altered. This was further confirmed in a later section by the fitting of 

Naka-Rushton functions.  
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Figure 4-2, 4-3 near here 

As shown in Table 4-2, the amplitudes of a-waves and b-waves for the flash 

strength of 1.42 cd-s/m2 were not significantly different across control, no-ON, ON>6 

and ON<6 eyes. The time from stimulus onset to the peak of the b-wave (b-wave latency) 

also was not significantly different across groups (p>0.05). The time from stimulus onset 

to the trough of the a-wave (a-wave latency) was slightly longer (<1 ms) in MS eyes 

compared to control eyes (F=2.86, p=0.04). 

Table 4-2 near here 

 

Correlation between PhNR amplitude and visual sensitivity measured by HVF 

In order to compare the PhNR measured in MS patients to HVF sensitivity 

measures, we analyzed the data to determine whether sensitivity of the PhNR was 

changing. The PhNR stimulus-response relation, up to saturation, from each individual 

subject was fit with the generalized Naka-Rushton function (Binns et al., 2011).  The 

average data for the different subject groups are illustrated in Figure 4-3 along with 

curves generated using the averaged parameters from the individual fits. These 

parameters are also presented in Table 4-3. Inspection of parameters of the fits in Table 

4-3, show that saturated amplitude (Vmax) differed among groups, consistent with the 

statistical analysis reported above. However, the other parameters were relatively stable 

across groups. The exponent, n, was fairly close to 1 in all cases, indicating a roughly 

linear rise of the response amplitude with increasing flash strength before the response 

saturated.  A measure of sensitivity, I0,  (stimulus strength necessary for a response of 
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one-half  Vmax), was also similar across groups, and was not significantly correlated with 

either dB or sensitivity (I/L) in any of the MS patient groups.  

Table 4-3 near here 

 

PhNR amplitude at 20% of Vmax of the stimulus-response function, based on the 

Naka-Rushton fits, was calculated for each subject. This was done so that a small PhNR 

in the initial portion of the stimulus-response function could be compared with HVF 

measures, MD and visual sensitivity (1/L). The results are shown in Figure 4-4, and 

summarized in Table 4 for this and subsequent analyses. For comparison, results based 

on maximum amplitude responses to the standard stimulus of 1.42 cd-s/m2 are shown in 

Figure 4-5.  In ON>6 eyes, the 20% Vmax PhNR, and PhNR amplitude for the standard 

stimulus were correlated similarly with HVF MD exponentially (r2=0.45, p<0.05; r2=0.43, 

p<0.001, respectively) and linearly with visual sensitivity expressed as 1//L (r2=0.47, 

p<0.05; r2=0.46, p<0.001). In no-ON eyes, weaker correlations, again similar for the two 

PhNR amplitude measures, were observed with HVF MD (r2=0.10, p<0.05: r2=0.10, 

p<0.05) and with visual sensitivity (r2=0.20, p<0.05; r2=0.26, p<0.05). No significant 

correlation was observed in ON<6 eyes between PhNR amplitudes and HVF MD or 

visual sensitivity (1/L).  

Table 4-4 near here 

 

Figures 4-4A and 4-5A both show an power log fit to the relation between PhNR 

amplitude and HVF MD, for ON>6 eyes. The PhNR amplitudes in both plots approached 

a minimum value when HVF MD was between -10 to -15 dB, but HVF still tracked 

 111



Chapter 4           Results 
____________________________________________________________________________________________________________ 

functional losses beyond -15 dB (Luo et al., 2011). Because the number of eyes having 

large visual sensitivity losses was small, PhNR amplitudes, in both figures were 

correlated with HVF MD in dB linearly almost as well (20% Vmax vs. VF MD: r2=0.40, 

p<0.001; PhNR vs. VF MD r2=0.38, p<0.001).  For ON<6 eyes, HVF measures were 

generally more reduced in eyes with an attack 2-3 months previously (open symbols in 

Figures 4 and 5), than 4-6 months (filled symbols) previously. 

 
Figure 4-4 near here 

 

Correlations between PhNR amplitude and RNFL thickness  

PhNR amplitude, for the standard 1.42 cd-s/m2 flash, is plotted against average 

peripapillary RNFL thickness, measured by OCT, in Figure 5C and G. The amplitude 

was correlated significantly with RNFL thickness (r2=0.52, p<0.0001) and similarly with 

integrated area of RNFL (r2=0.51, p<0.001, plot not illustrated) in ON>6 eyes. In no-ON 

eyes, PhNR amplitude was weakly correlated with RNFL thickness (r2=0.21, p<0.01) and 

with RNFL area (r2=0.26, p<0.01), and the data could be fit with a line just slightly 

shallower than the one for ON>6 eyes. However, for ON<6 eyes no significant 

correlation was observed. For 86% (25/29) of ON<6 eyes, the ON attack was the first one 

for that eye, and thinning of RNFL may have been incomplete at the time of ERG 

recording. In a couple of cases, in which RFNL was already thin, a previous episode or 

episodes of ON had occurred. In the case of three patients who had ON episodes within 

2-3 months of testing, the RNFL was very thick, exceeding  the range reported for normal 

subjects in previous studies (Budenz et al., 2007),  marked for comparison on the top of 

the graph. 
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The PhNR includes a contribution from the macula where ganglion cell density is 

greatest (Kurimoto et al., 2009).  Macular scans (OCT) were also done in 33 of the MS 

patients, and the results support a macular contribution to the PhNR, even without 

segmentation to isolate the ganglion cell and interplexiform layers. PhNR amplitude was 

significantly correlated with the macular volume in ON>6 eyes (n=29, r2=0.35, p<0.01) 

but not in ON<6 eyes (n=16). The PhNR amplitude in no-ON eyes (n=21) followed the 

trend of ON>6 eyes, although the correlation was not significant (data not illustrated). 

In an effort to avoid the effect of swelling on measurements of RNFL thickness in 

ON<6 eyes, we also used GDx TSNIT to quantify thickness. GDx measures the 

birefringence of retinal ganglion axons in the RNFL. Microtubules in the axons make a 

significant contribution to the birefringence, with additional contributions from 

neurofilaments and axonal membranes (Huang and Knighton, 2005). GDX TSNIT values 

should not increase in patients with disc edema, despite increased RNFL thickness 

measured by OCT, because axonal swelling is not thought to impact the birefringent 

elements (Banks et al., 2003); (Fortune et al., 2008). As shown in Figure 5D, a significant 

correlation (r2=0.51, p<0.01) was observed between PhNR amplitude and average RNFL 

thickness for ON>6 eyes. The results were similar to those for OCT, and in ON<6 eyes, 

again there was no significant correlation even though the three eyes with very thick 

RNFL in the OCT plot (Figure 4-5G) were no longer obvious outliers in the GDx TSNIT 

plot (Figure 5H) (Da Pozzo et al., 2006).  RNFL thicknesses were 62, 51.3, and 59.7 μm, 

for eyes with 155, 208, 239 μm for OCT respectively. These data suggest that swelling 

alone cannot explain the lack of significant correlation between structure and function in 

the ON<6 eyes. In no-ON eyes, a weak correlation with GDx TSNIT (r2=0.17, p<0.05) 
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was observed, and again, the line fit to the no-ON data was similar to the line fit to ON>6 

data.  

Figure 4-5 near here 

 

Longitudinal change in function and structure of inner retina in ON<6 eyes 

Thirteen patients (13 eyes), in the ON<6 group, were re-evaluated a year after the 

first session. The PhNR stimulus-response functions were significantly different (F=10.9, 

p<0.01) between the two visits. PhNR amplitudes for the standard stimulus from the 13 

eyes at the first visit are plotted against amplitudes at the second visit in Figure 6. In 92% 

of the eyes, PhNR amplitude in response to the standard stimulus was larger at the second 

visit, with an increase of 5.1 ± 3.1 μV (mean ± SD) (p<0.001, paired t-test) compared to 

the first visit (14.7 ± 5.3 μV) (Figure 6A), which was an increase by 17% of the average 

PhNR amplitude in the normal control subjects. These significant changes were not large, 

but were all in one direction, rather than both directions as would occur for normal 

variability from test to test.  To assess the variability to be expected from repeated ERG 

testing, we examined test-retest repeatability for the PhNR in 15 control subjects and 20 

MS patients with ON. Both recordings for a given subject were done in the same session, 

30 minutes apart, and data from the one eye with history of ON were included for one 

subject.  The 90% limit of agreement was 4.8 μV, as determined by 1.64 times the SD of 

the intra-test amplitude difference. The 95% limit of agreement was 5.8 μV (1.96 SD).   

Figure 4-6 near here 
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HVF MD also showed mild improvement in 85% eyes, and by 1.8 ± 2.3 dB 

(p<0.05) on average for all eyes (Figure 4-6B). The improvement in HVF is more 

obvious in the visual sensitivity plot in Figure 6C (p<0.01). However, for OCT results, 

RNFL thinning was sustained, with increased loss in about half of the eyes. RNFL 

thickness was decreased, mean+/- SD for all eyes, by 7.7±8.3 μm (p<0.01). However, the 

GDx average TSNIT thickness did not show a statistically significant additional loss 

(p>0.05). The relationships between PhNR and HVF visual sensitivity (1/L) and between 

PhNR and RNFL were improved sufficiently that the correlations became significant 

(Figure 4-7 and Table 4-4): r2=0.35 (p<0.05) for 20% Vmax vs. visual sensitivity, r2=0.31 

(p<0.05) for PhNR (standard 1.42 cd-s/m2) vs. visual sensitivity, and r2=0.26 (p<0.05) 

for PhNR vs. RNFLT. The one eye with RNFL thickness of around 120 μm in the re-

evaluated group was excluded from the correlation analysis. The RNFL thickness 

measured with GDx for this eye was in the clinically normal range, but the clinical exam 

report indicated presence of pseudo-edema in optic nerve head at the one year follow-up. 

Figure 4-7 near here 

 

As shown in Figure 4-8, the amount of increase in PhNR amplitude at the second 

visit was also significantly correlated with the RNFL thickness measured by OCT 

(r2=0.48, p<0.01) and GDx (r2=0.55, p<0.01) at the first visit. This suggests that the 

PhNR amplitude recovery was greatest for eyes with the least loss of RFNL, and did not 

recover as much if RFNL loss was already substantial. The improvement in PhNR 

amplitude did not correlate with initial HVF MD.  

Figure 4-8 near here 
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Finally, in the patients that were re- evaluated, in addition to the 13 ON<6 eyes, 

five ON>6 eyes and seven no-ON fellow eyes were tested.  No significant changes were 

observed in either functional or structural measures for these small samples.   

 

Test-retest repeatability of ERG 

The inter-test repeatability of photopic ERG parameters for 1.42 cd.m/s2 flash in 

normal control subjects is shown in Figure 4-9. The amplitudes in the first test were well 

correlated with that in the second test for the PhNR (r2=0.91), a-wave (r2=0.84) and b-

wave (r2=0.92). The slopes of the fit lines were close to 1: 0.99 for PhNR, 1.08 for a-

wave, 1.06 for b-wave, respectively. ANOVA test revealed no significant different 

between the two tests for any of the three waves. As shown in the Bland-Altman plots 

(Figure 4-9 bottom), the differences between two tests for all parameters are evenly 

distributed around zero, indicating a lack of systematic bias toward either test. As the 

inter-test LOA (95% limits-of-agreement)  was expressed relative to the mean value for 

each parameter (Table 4-4), 95% of the inter-test change was expected to fall in the range 

of ±19% of the mean amplitude for the PhNR, ±25% for a-wave and ±17% for b-wave. 

The coefficient-of-variation (COV) was 30% for PhNR amplitude, 25% for a-wave 

amplitude, 28% for b-wave amplitude. Overall, the PhNR amplitude was as reliable as 

the other ERG parameters, a-wave and b-wave. 

Figure 4-9 near here 

 

Figure 4-10 shows the inter-test reliability of photopic ERG parameters for 1.42 

cd.m/s2 flash in MS patient eyes with a history of ON. The ERG amplitudes in the two 

tests were well correlated for the PhNR (r2=0.82), a-wave (r2=0.91) and b-wave (r2=0.94). 
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The slope of the fit line was close to 1 (0.95 for the PhNR, 0.96 for a-wave, 0.98 for b-

wave, respectively). An ANOVA test did not reveal a significant different between the 

two tests for any wave.  The Bland-Altman plots in Figure 4-10 bottom show that inter-

test amplitude difference was evenly distributed around zero for all parameters. The 

coefficient-of-variation (COV) was similar across the ERG waves; 33% for PhNR 

amplitude, 36% for a-wave amplitude and 34% for b-wave amplitude (Table 4-5). 95% 

LOA was ±5.8 µV for PhNR, ±4.7 µV for a-wave and ±13.7 µV for b-wave, similar to 

values for the normal control subjects. As the inter-test LOA was expressed relative to 

the mean value, 95% LOA was 31% for the PHNR, which was higher than that in control 

subjects. This was mainly due to the lower mean PhNR amplitude in MS patients, rather 

than the test-retest variability. Overall, the ERG parameters in MS patients are as reliable 

as in control subjects and PhNR amplitude measurement is as reliable as the other ERG 

parameters, a-wave and b-wave in MS patients as well as control subjects. 

Figure 4-10 near here 
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Discussion 

In this study, we recorded the photopic flash ERG using a stimulus that facilitated 

eliciting a PhNR, and compared results with HVF and peripapillary RNFL thickness from 

patients with relapsing-remitting MS. We found a significant reduction of the PhNR 

amplitude over the entire stimulus-response function in eyes of MS patients both with, 

and without a history of ON. Amplitudes of a- and b-waves were not affected. We also 

found significant reductions in PhNR amplitude for responses to a standard stimulus of 

1.42 cd-s/m2, that elicited a nearly saturated maximal response.  For the eyes in which the 

ON episode had occurred more than six months before they were tested, PhNR amplitude 

in response to the standard stimulus was well correlated with HVF MD, HVF visual 

sensitivity. PhNR amplitude was well corrected with RNFL thickness, as well. For eyes 

with no history of ON, the correlations were weaker, but data were generally collinear 

with data from ON>6 month eyes. For eyes with ON < 6 months before testing, PhNR 

amplitudes were not consistently related either to the HVF measures or RNFL thickness 

measures. The functional tests, PhNR and HVF (MD and visual sensitivity) showed a 

small but significant recovery a year later in MS ON eyes that were initially tested within 

six months of an episode of ON, even though the eyes had persistent or even increased 

loss of RNFL. 

The relation of PhNR amplitude to measures of sensitivity was examined using a 

response low in the stimulus-response range of the PhNR, in addition to the standard 

stimulus. This was done to ensure that results were not distorted by comparing nearly 

saturated PhNR amplitudes elicited with the standard stimulus with measures of visual 

sensitivity. In fact, for the present study, results were very similar whether PhNR 
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amplitudes were low in the range, or nearly saturated. Although correlations were strong, 

there were instances both in Figure 4-4A and 4-5A where PhNR amplitude was at or 

above the average control values, whereas HVF MD was down to -3 to -4 dB. It is 

possible that these patients, and others in the study, had experienced damaging effects of 

MS attacks more centrally in the visual pathways.  

 

The photopic negative response as a read out of ganglion cell function 

The PhNR has been shown in numerous studies to reflect activity of ganglion 

cells and their axons (Viswanathan et al., 1999; Drasdo et al., 2001). The finding that 

PhNR amplitude was significantly reduced in MS eyes with a history of ON indicates the 

presence of functional defects in retinal ganglion cells and their axons after an attack of 

ON. This finding agrees with previous pattern ERG studies (Holder, 1991)  that found 

reduced N95 amplitude in MS patients with a history of ON. It also is in agreement with 

a recent study showing persistent changes in PhNR in eyes of patients not diagnosed with 

MS, but with an isolated episode of ON (Nakamura et al., 2011).   Interestingly, that 

study also reported global reduction in amplitude of a- and b- waves during the acute 

attack of ON.  

The significant correlation of PhNR amplitude with RNFL in ON>6 and no-ON 

eyes) in the present study, and in studies of glaucoma patients by other investigators 

(Machida et al., 2008; Tamada et al., 2010), suggests that PhNR amplitude is related to 

the number of ganglion cells and their axons that are functional. It is in the literature that 

RNFL loss occurs mostly within three to six months after an attack of ON (Costello et al., 

2006; Costello et al., 2008).  Retrograde degeneration of axons and ganglion cell bodies 
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after a demyelinating event more proximally in the optic nerve or tract is likely to be an 

important factor in the reduction of PhNR amplitude seen in eyes with ON>6 months.  

 

PhNR as an early detector of ganglion cell dysfunction and recovery 

In ON<6 eyes, a significant reduction of PhNR amplitude was observed, but the 

amplitude was not consistently related to RNFL thickness measured by either OCT or 

GDx.  This is not surprising as the RNFL loss was not complete at the time of recordings. 

In fact, at times closest to the ON episode, there may have been residual swelling (e,g, 

Figure 4-5J). The reduced PhNR amplitude at that point could also have been a result of 

neuronal dysfunction due to inflammation (De Stefano et al., 2001; Kuhlmann et al., 

2002; Lassmann et al., 2007; Nakamura et al., 2011), and/or dysfunction of Müller glia 

cells or radial astrocytes  in the optic nerve head (Viswanathan et al., 1999; Machida et 

al., 2008; Thompson et al., 2011). The PhNR response to a brief flash is slow to reach a 

trough, compared to the peak time expected for retinal ganglion cells, and is thought to be 

mediated by potassium (K+) currents in retinal glia (Viswanathan et al., 1999; Machida et 

al., 2008; Thompson et al., 2011). These currents are set up as the glia move K+, released 

into the extracellular space during spiking activity, from regions of high extracellular 

concentration to regions of lower extracellular concentration, by a process called spatial 

buffering (Newman, 1987). Clinically, measuring the PhNR may assist early detection of 

optic nerve disease when RNFL thickness measured by OCT or GDx is normal or 

borderline due to overt or subclinical edema and/or delayed neuronal atrophy. 

RNFL thickness decreased in MS eyes that were retested a year later, when the 

initial OCT scan had been done within 6 months of an ON attack, both in the present 

study, and in previous studies with similar timelines (Costello et al., 2008; Klistorner et 
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al., 2010). In contrast, visual sensitivity and electrodiagnostic tests in the present study 

and previous studies (Jenkins et al., 2010; Klistorner et al., 2010) showed improved 

function, even when there was persistent or increased loss of RNFL. As described above, 

the reduced PhNR at early times after the ON attack could be due to impaired neuronal 

and/or glial function, thus improvement in either could have contributed to functional 

improvements seen a year later. The increased visual sensitivity, as well, a year later, 

suggests that neuronal signaling sent to the visual cortex became less abnormal. A 

comparison of the percent increase in PhNR amplitude in this study with increases in 

mfVEP and VEP amplitude in similar longitudinal studies by other investigators supports 

this suggestion. The mfVEP amplitude in one study showed an increase over 12 months 

after ON attack by an amount that we calculated to be 19% of the average mfVEP 

amplitude in normal control eyes reported in a related study by the same investigators 

(Klistorner et al., 2009; Klistorner et al., 2010). In another study, the VEP amplitude also 

recovered by 19% based on average amplitude of control eyes (Jenkins et al., 2010). The 

percent PhNR amplitude increase observed in present study was similar: 17% of the 

average amplitude in normal control eyes. 

 

MS patient eyes without a history of ON 

Significant reduction of PhNR amplitude was found even in unaffected fellow 

eyes of MS ON eyes and MS patients with no history of ON in either eye in this study 

(see Figures 4-4 and 4-5, crossed open circles). Other studies have also reported 

functional and structural damage of the visual pathway, such as loss of RNFL and 

abnormal VEP latency and amplitude, in eyes with no history of demyelinating ON 

(Pulicken et al., 2007; Klistorner et al., 2009). Thus, chronic damage to retinal neurons 
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and their axons in MS patients is also caused by subclinical pathological changes 

associated with the disease, not only by manifest episodes of ON. 

 

Outer retinal integrity in MS patients  

In the present study, a- and b-wave amplitudes were not significantly different in 

MS eyes than in control eyes, as reported recently for standard clinical testing (Fraser and 

Holder, 2011). As noted above, distal retinal function, documented by ERG a- and b-

waves, can be affected in the acute phase of ON (Nakamura et al., 2011).  However, in 

the present study, in which recordings were made after the acute episode, there was only 

a hint of lower  a- and b-wave amplitudes in eyes with ON less than 6 months, especially 

when compared to the eyes without history of ON. Neuronal loss in the inner nuclear 

layer has been described in a histological study of a population of postmortem eyes, 

mainly from secondary and primary progressive MS patients, who had long term disease 

(Green et al., 2010).  Atrophy of the inner nuclear layer in RRMS patients with shorter 

disease duration was less common (Green et al., 2010). Recently, however, retina distal 

to ganglion cells was observed to be permanently affected in a small subset of MS 

patients, mainly of the RRMS type, from a large population (Saidha et al., 2011). 

Segmentation analysis of spectral-domain OCT macular scans showed thinning of both 

inner and outer nuclear layers in 10% of the MS patients, and multifocal ERGs showed 

reduced signals from retina distal to ganglion cells (Saidha et al., 2011).  It is likely that 

these subgroups represent variants of the disease that we have not encountered. 
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Reliability of PhNR in MS patients 

Before using the PhNR in a longitudinal study to monitor disease progression, it is 

important to establish its reliability in patients. The variations in repeatability tests of 

ERG recordings are mainly caused by instrument noise, the electrodes, changes in the 

physiologic and psychological conditions of the subjects, when the recording is taken by 

the same operator using the same instrument and same measurement procedures. It has 

been reported that the PhNR measurement is consistently reliable with inter-test LOA 

(limit-of-agreement) of 15 - 25% in control human and non-human primate subjects 

(Viswanathan et al., 2001; Fortune et al., 2004; Mortlock et al., 2010).  An ERG 

repeatability test in MS patients has not been done before. The present study investigated 

the repeatability in MS patients with history of ON. Since the aim of this portion of the 

study was to investigate whether there is difference in repeatability between control 

subjects and MS patients, the ERG procedures were repeated in the same session, 30 

minutes apart, without the electrodes being replaced. In the present study, COV was 

around 30% for PhNR, a-wave and b-wave amplitudes in both normal control and MS 

patient subjects. The PhNR was as reliable as the other ERG parameters and the ERG 

parameters recorded from MS patients were as reliable as those recorded from normal 

control subjects. The 95% inter-test LOA of PhNR (5.8 µV) in MS patient eyes was 

found to be similar to that in control subjects (6.1 µV). This similarity may have been 

partly due to the electrodes being left in place. This variation itself was mainly caused by 

electrode movement, eye movement, and, as noted above, the change in the patient’s 

physiological and psychological state and the instrumental noise. 
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Table 4-1. Demographic and clinical characteristics 
 
  MS   Control 

Subjects at 1st visit, n 51 33 

Subjects at 2nd visit, n 13 / 

Male : female ratio 1:5 1:3 

Age (yr, mean ± SD) 41±10 39±12 

Duration (yr, median, range) 3, 1 - 14 / 

Episode of ON (median, range) 1, 0 - 3 / 

MS patient groups: Visual acuity (median, range) 

ON>6 eyes (n=25) 20/20, 20/20 - CF 

ON<6 eyes (n=29) 20/20, 20/20 - CF 

 No-ON eyes (n=33) 20/20, 20/15 - 20/50   

 

 
 
 
 

 

 

The Association for Research in Vision and Ophthalmology is the copyright holder for 

Tables 4.1 through 4.3, and Figures 4.1 through 4.8. These tables and figures appeared 

in: Wang J, Cheng H, Hu YS, Tang RA, Frishman LJ. The photopic negative response of 

the flash electroretinogram in multiple sclerosis. Investigative Ophthalmology and Visual 

Science 2012;53:1315-23.  
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Table 4-3. Parameters of Naka-Rushton function fits to the PhNR amplitude data 

re-evaluated 

ON<6 *  
Control MS no-ON MS ON>6 MS ON<6 

Vmax (µV) 33.9 (2.3) 25.4 (1.9) 19.8 (2.3) 18.4 (3.6) 20.2 (1.6) 

I0 (cd-s/m2) 0.24 (0.03) 0.21 (0.04) 0.19 (0.06) 0.25 (0.13) 0.19 (0.4) 

n 1.2 (0.15) 1.2 (0.22) 1.0 (0.25) 0.9 (0.28) 1.1 (0.28) 

r2 0.96 (0.01) 0.95 (0.01) 0.92 (0.02) 0.91 (0.02) 0.92 (0.02) 

Individual subject’s data were fit first. The mean and standard error are presented. 

* Fit to PhNR stimulus-response functions of ON<6 eyes from the one year re-evaluation 
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Table 4-4. Repeatability of ERG parameters in normal control subjects 
 PhNR a-wave b-wave 

Meanamp (µV) 31.4 21.3 67.6 

S.D. amp (µV) 9.1 5.2 19.1 

COV (S.D. amp/Meanamp) 30% 25% 28% 

Meandiff (µV) -0.25 -0.56 2.12 

S.D.diff (µV) 3.1 2.5 6.0 

95% LOA (1.96×S.D.diff) (µV) 6.1 4.9 11.7 

95% LOA (1.96×S.D.diff) /Meanamp 19% 25% 17% 

Meanamp: the mean of amplitudes in 2 tests,  

S.D.amp: the standard deviation of amplitudes in 2 tests,  

Meandiff: the mean of inter-test amplitude difference,  

S.D.diff: the standard deviation of inter-test amplitude difference. 
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Table 4-5. Repeatability of ERG parameters in MS patient subjects 
 PhNR a-wave b-wave 

Meanamp (µV) 18.7 21.4 82.4 

S.D. amp (µV) 6.2 7.8 28.3 

COV (S.D.amp/Meanamp) 33% 36% 34% 

Meandiff (µV) -0.52 0.35 1.38 

S.D.diff (µV) 2.97 2.40 6.97 

95% LOA (1.96×S.D.diff) (µV) 5.82 4.70 13.66 

95% LOA (1.96×S.D.diff) /Meanamp 31% 22% 17% 

Meanamp: the mean of amplitudes in 2 tests,  

S.D.amp: the standard deviation of amplitudes in 2 tests,  

Meandiff: the mean of inter-test amplitude difference,  

S.D.diff: the standard deviation of inter-test amplitude difference. 
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Figure 4-1. Photopic full-field flash ERGs 

Photopic full-field flash ERG responses recorded from a 43 year old RRMS 

patient with LE ON>6 (middle) and RE no-ON (right) and an age matched control 

subject (left), with stimulus strength increasing from bottom to top. Arrow indicates the 

PhNR. 
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Figure 4-2. PhNR amplitude measured at different fixed times 

Stimulus-response functions of PhNR amplitude in (A) control subject eyes (n=33) 

and (B) MS patient eyes (n=54) with the history of optic neuritis regardless of > or < 6 

months, measured from baseline at fixed times after the stimulus flash of 60 ms (open 

diamonds), 65 ms (black filled circles), 70 ms (open downward triangles), 75 ms (open 

circles), and 80 ms (grey filled upward triangles). 

  

 130



Chapter 4           Figures 
____________________________________________________________________________________________________________ 

 
 
 

 
 

 

 

 131



Chapter 4           Figures 
____________________________________________________________________________________________________________ 

Figure 4-3. PhNR amplitude measured at 65 ms after the flash in control subjects 

and MS patients  

A. PhNR amplitude is plotted as a function of stimulus strength with the Naka-

Rushton fit in control subjects (open diamonds, black solid line), MS no-ON (open 

circles, grey solid line), MS ON>6 (filled upward triangles, dashed line) and MS ON<6 

eyes (filled downward triangles, dotted line). The error bars indicate ±1 SE. B. Plots of 

PhNR amplitude in response to the 1.42 cd-s/m2 flash in control, no-ON, ON>6 and 

ON<6 eyes. The boundaries of each box indicate the 25th and 75th percentiles. The solid 

and dashed lines within the box mark the median and mean, respectively. Error bars 

below and above the box indicated the 10th and 90th percentiles. Filled circles represent 

the 5th and 95th percentiles. C. Plots of normalized PhNR amplitude measured at 65 ms as 

a function of stimulus strength in control, no-ON, ON>6 and ON<6 eyes. Each subject’s 

PhNR amplitude was normalized to his/her nearly-saturated PhNR amplitude in response 

to the 1.42 cd-s/m2 flash. Mean and SE are reported. 
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Figure 4-4. Relation between 20% Vmax PhNR amplitude and visual sensitivity 

Relation between 20% Vmax PhNR amplitude obtained from Naka-Rushton fits 

and HVF (A, C) MD and (B, D) visual sensitivity in MS ON>6 & no-ON eyes (top) and 

in MS ON<6 eyes (bottom). Symbols: no-ON eyes with ON in the fellow eye (open 

circles),  no-ON eyes in either eye (crossed open circles), ON>6 eyes (black filled 

upward triangles), eyes with an episode of ON 2 through 3 months before (open 

downward triangles) and eyes with an episode of ON between 4 and 6 months before 

(black filled downward triangles). Black solid lines were fit to the ON>6 data and green 

solid lines, to the no-ON data. The r2 values in black and green indicate the coefficient of 

determination in the ON>6 and no-ON eyes, respectively.   
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Figure 4-5. Relationship between PhNR amplitude and other measures  

PhNR amplitude for a flash of 1.42 cd-s/m2 was plotted as a function of (A, E) 

HVF MD and (B, F) visual sensitivity. PhNR amplitude was also plotted as a function of 

average peripapillary RNFL thickness obtained from (C, G) OCT and (D, H) GDx. The 

grey reference lines represent the mean (solid lines) of PhNR amplitudes and two 

standard deviations away from the mean (dashed lines) in control subjects. The inward 

ticks on the top axes (C, D, G, H) indicate the mean (middle tick) and 2 SD away from 

the mean of RNFL thickness from machine norms for Stratus OCT (Budenz et al. 2007) 

and GDx VCC (Da Pozzo et al., 2006). Black solid lines were fitted to the ON>6 data and 

green solid lines, to the no-ON data. The r2 values in black and green indicate the 

coefficients of determination for the ON>6 and no-ON eyes, respectively.  
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Figure 4-6. Changes in functional and structural measures between two visits 

The plots show a comparison of the first visit results (X axis) and the second visit 

results (Y axis) for (A) PhNR amplitude, (B) HVF MD, (C) visual sensitivity, and 

average peripapillary RNFL thickness by (D) OCT and (E) GDx, in 13 re-evaluated 

ON<6 eyes. The closer the data points are to the upper left hand corner of the plot, the 

greater the improvement. 
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Figure 4-7. Relationship of PhNR amplitude vs. visual sensitivity and PhNR 

amplitude vs. RNFL thickness in re-evaluated ON<6 eyes 

(A) 20% Vmax PhNR amplitude derived from Naka-Rushton function fit to PhNR 

amplitudes at the second visit is plotted as a function of visual sensitivity. (B and C) 

PhNR amplitude measured at 1.42 cd-s/m2 is plotted as a function of (B) visual 

sensitivity and (C) OCT average peripapillary RNFL thickness at the second visit. One 

eye (grey filled circle) was excluded from regression analysis due to clinical presence of 

pseudo-edema in the optic nerve head. 
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Figure 4-8. Relationship between PhNR amplitude change and RNFL thickness 

Plots of the change in  PhNR amplitude (measured at 1.42 cd-s/m2) between the 

two visits, a year apart, as a function of average peripapillary RNFL thickness obtained 

from (A) OCT and (B) GDx at the first visit in 13 re-tested ON<6 eyes. 
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Figure 4-9. Test-retest repeatability in normal control subjects.  

Amplitude in the first test was plotted against that in the second test for PhNR (A), 

a-wave (B), b-wave (C) of photopic ERG recorded from one eye of normal control 

subjects (n=15). The r2 indicates the coefficients of determination and the slope is for the 

slope of linear regression fit line. The inter-test difference is plotted against the mean 

amplitude of the two tests for each subject on the bottom for PhNR amplitude (D), a-

wave amplitude (E), b-wave amplitude (F). Mean inter-test difference (solid lines) and 

the 95% limits-of-agreement ±1.96 × S.D. (test-retest), dashed lines]. 
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Figure 4-10. Inter-test repeatability in MS patients with a history of ON 

 Amplitude in the first test was plotted against that in the second test for PhNR 

(A), a-wave (B), b-wave (C) of photopic ERG recorded from MS patient eyes with the 

history of ON (n=20). The r2 indicates the coefficients of determination and the slope is 

for the fit linear regression line. The inter-test difference is plotted against the mean of 

the two tests for each subject in the bottom row; PhNR amplitude (D), a-wave amplitude 

(E), b-wave amplitude (F). Mean inter-test difference is shown by solid lines, and the 95% 

limits-of-agreement [±1.96 × S.D. (test-retest)] by dashed lines. 
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General discussion 

 

The studies in this dissertation focused first, on the effect of GABA receptors on 

retinal signal processing, and especially on the effects of GABAC receptors on the 

depolarizing bipolar cell response. The second focus was on the changes in PhNR of 

photopic ERG in MS patients with and without the history of optic neuritis.  

 

Experiments 1 and 2: Role of GABA in retinal processing 

In the retina, glutamate is the major excitatory neurotransmitter, and GABA and 

glycine are the major inhibitory neurotransmitters. GABA binding to ionotropic GABA 

receptors opens chloride channels which allow the flow of chloride ions across cell 

membrane. The direction of the chloride flow determines whether its effect is 

excitatory/depolarizing or inhibitory/hyperpolarizing for the cell. GABA is excitatory and 

depolarizes the cell membrane when outward chloride currents occur; GABA is 

inhibitory and hyperpolarizes the cell membrane when inward chloride currents occur. In 

fact, GABAergic neurotransmission is functionally excitatory during embryonic and early 

postnatal life and is critical for the maturation of neurons and their integration into 

circuits (Ben-Ari, 2002). Within immature neocortical neurons and retinal neurons this is 

achieved by increasing early expression of the Cl- accumulating Na+K+2Cl- cotransporter 

(NKCC1), and by delaying the expression of the Cl- extruding K+-Cl- cotransporter 

(Yamada et al., 2004; Zhang et al., 2006). 

  Results of Experiment 1 showed that intravitreal GABA application enhanced b-

wave maximal amplitude, and this enhancement did not appear in the GABACR-/- mouse. 
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Genetic deletion or pharmacological blockade of GABAC receptors reduced b-wave 

maximal amplitude without altering a-wave in both DA- and LA-ERGs. A similar 

reduction of b-wave amplitude did not occur by activating or inactivating GABAA or 

GABAB receptors. Therefore, GABAC receptors are essential for the depolarizing bipolar 

cell to achieve its maximal response. In this way, GABA is functionally excitatory in the 

retina which is mediated uniquely by the GABAC receptor, due to its properties. 

GABAC receptors are 10-fold more sensitive to GABA and desensitize more 

slowly, when compared with GABAA receptors (Lukasiewicz and Shields, 1998). 

GABAC receptors have the potential to respond to standing GABA levels, and then Cl- 

will flow tonically into cells, and in the present context, make bipolar cell resting 

potentials more hyperpolarized. When light stimulates the retina, bipolar cells will be 

able to generate a larger range of response, than when the receptor is inactivated. This is 

shown in the ERG as an increased b-wave amplitude. This change in b-wave amplitude 

may be involved in the modulation of light sensitivity by dopamine in dim light 

conditions. A recent study (Herrmann et al., 2011)  reported that knockout of the 

dopamine D1 receptor also caused ERG b-wave amplitudes to be low, particularly with 

increasing steady background levels. Adding GABA via an intravitreal injection restored 

full amplitude b-waves for the dopamine D1 receptor (D1R) knockout mouse but not for 

the GABACR-/- mouse. D1R receptors are not found on the rod bipolar cells (Herrmann et 

al., 2011).   They are located in horizontal and amacrine cells  (Veruki and Wässle, 1996). 

Immunostaining of GABA in horizontal cells decreased as background light level 

decreased in WT mice, but not in D1R knockout mice, where it remained at a steady high 

level (Herrmann et al., 2011).    Herrmann et al. suggested that dopamine via D1R may 
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modulate the release of GABA from horizontal cells. GABA, via GABAC receptor serves 

as a plausible mechanism for dopamine to enhance, indirectly, the response amplitude of 

the depolarizing bipolar cell. The finding in the present study that the nSTR is less 

sensitive in GABACR-/- mouse also supports this hypothesis that the input signal to inner 

retina is reduced by eliminating GABAC receptors. However, direct evidence from single 

bipolar cell recording is needed to further prove this mechanism.  

Herrmann’s study (Herrmann et al., 2011) did provide evidence from patch-clamp 

recording in mouse retinal slice that application of GABA can hyperpolarize rod bipolar 

cells by acting on GABAC receptors.  However, the source of this GABA in the intact 

retina is not clear.  Is GABA released from horizontal cells in outer plexiform layer, or 

from amacrine cells in the inner plexiform layer, or from both? More important evidence 

is lacking at the level of the single cells. For example, it has not been directly 

demonstrated in bipolar cell recordings that the hyperpolarization induced by GABA via 

GABAC receptors can cause the bipolar cell’s maximum response amplitude to be 

enhanced. It will be helpful to see whether the bipolar cell response to the light will be 

reduced by TPMPA application to bipolar cell terminal or dendrite in patch-clamp 

recordings in a retinal slice preparation. These experiments will be very difficult because 

we do not know the real concentration of GABA in retina in vivo, and a study showed 

that GABA in the horizontal cells was depleted soon after the retina was isolated, making 

studies in slices problematic (Deniz et al., 2011). 

Meanwhile, GABA behaves as inhibitory neurotransmitter as well, through the 

GABAAR and GABACR mediated responses to the synaptic GABA release onto these 

receptors on bipolar cell terminals, as well as onto GABAA receptors in amacrine and 
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ganglion cells. It has long been known that GABAA receptors and GABAC receptors 

modulate the inhibition in inner retina (Ichinose and Lukasiewicz, 2002; Eggers and 

Lukasiewicz, 2006). Experiment 1 in the present study confirmed that GABA is a strong 

enough inhibitory neurotransmitter to completely suppress all inner retinal responses, 

such as the STRs and OPs when concentrations in the extracellular space are very high.  

Mutated mice, GABACR-/- mice were used in this study which raises a concern 

about whether or not the gene deletion results in changes in the neural network other than 

those caused by GABAC receptor gene products. Alterations in gene expression may 

change the development and the structure of central nervous system, when a gene and its 

products are involved in the development. For instance, GABAA receptors play a role in 

the development of central nervous system in multiple regions including the retina. 

GABAA receptors help to maintain the normal position of cone cell bodies and regulate 

cone synaptogenesis (Messersmith and Redburn, 1993; Huang et al., 2000). However, it 

is evident that GABACR-/- mice do not exhibit significant retinal rewiring. The GABAC 

receptor does not play a role in early retinal development, the GABAC ρ1 subunit is not 

expressed in the retina until postnatal day 9 (Wu and Cutting, 2001). McCall and her 

colleagues compared the gross anatomy of retina and labeled bipolar cell of WT and 

GABACR-/- mice using  light microscopy and no significant differences were found 

(McCall et al., 2002). The overall lamination pattern and thickness of each lamina in 

GABACR-/- mice appeared similar to that in the WT, and the rod bipolar cells and their 

processes appear normal as well. In Experiment 1, TPMPA injection did not alter the 

ERGs of the GABACR-/- mice, and strong similarity occurred in ERG b-waves after 

pharmacologic blockade of GABAC receptors and b-waves in GABACR-/- mice. These all 
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suggest that no additional significant change occurs in the retina of GABACR-/- mice 

except the lack of GABAC receptors. 

An interesting finding in Experiment 2 is that activation of GABABRs has the 

potential to enhance third order neuron responses. Thus both GABAB and GABAC 

receptors can lead to excitatory events. There is evidence from electrophysiological 

studies that GABAB receptor activation can modulate channel activity and alter light 

responses in ganglion cells in fish, amphibian and mammalian retinas ( Slaughter and Bai, 

1989; Müller et al., 1992; Zhang et al., 1997). The excitatory effect of GABABR on third 

order neurons could be mediated by a direct or indirect mechanism. Directly, similar to 

GABA’s effect on GABAC receptors, GABABR activation could hyperpolarize resting 

membrane potentials and augment the response range of these neurons (Tian and 

Slaughter, 1994; Shen and Slaughter, 1999). The property of greater sensitivity and slow 

time course of GABABRs (Sodickson and Bean, 1996),  make them well suited to 

respond to low concentrations of extra-synaptic GABA. Indirectly, GABAB activation 

could reduce the GABA release from amacrine cells, thus decreasing the inhibitory 

feedback in the inner retina. In Experiment 2, a GABAB agonist significantly enhanced 

3rd order neuron response to brief light stimuli, while a GABAB antagonist barely affected 

any retinal response to brief stimuli.  One possibility why there was no effect of the 

antagonist is that the brief light step we used may not be the ideal stimulus to evoke 

activation of GABAB receptors under physiological conditions. A more prolonged 

stimulus may have evoked a greater GABAB receptor activation, since studies have 

demonstrated that GABAB agonist enhances transient and suppresses sustained ganglion 

cell responses in amphibian and cat retina (Slaughter and Bai, 1989; Müller et al., 1992). 
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Experiment 1 and 2 also provided in vivo evidence that 2-AEMP is a more 

selective GABAC receptor antagonist, compared with TPMPA and 3-APMPA, although 

TPMPA yielded higher potency in stimulating GABACRs than 2-AEMP. 2-AEMP has a 

similar effect as TPMPA and a GABACR-/- mouse, on both DA- and LA-ERG, causing 

the reduction of b-wave amplitude and enhancement of OPs. An exception was that 

TPMPA and 3-APMPA both had an enhancing effect on nSTR which is probably 

associated with GABAB receptor activation. 3-APMPA is a strong GABAB receptor 

agonist which is 10-fold more potent to the GABAB receptor than baclofen in rat brain 

neurons (Seabrook et al., 1990). The GABAB receptor activation induced by 10 µm 3-

APMPA caused 90% reduction in evoked excitatory synaptic current in rat hippocampus 

slide (Ragozzino et al., 1996).  TPMPA is a weak GABAB receptor agonist. Its potency 

for GABAB receptor is >1000 fold less than that of 3-APMPA. But a high dose of 

TPMPA is able to serve as a partial GABAB receptor agonist. GABAB receptor activation 

induced by 500 µm TPMPA can cause 50% reduction in evoked excitatory synaptic 

current in rat hippocampus slide (Ragozzino et al., 1996).   The tetrahydryopyridyl ring 

of TPMPA is believed to impair binding to the GABAB receptor, accounting for its high 

GABAC-ρ1 selectivity (Ragozzino et al., 1996). However, 2-AEMP did not enhance the 

nSTR of ERG even when an extremely high dose was used. 

Experiment 3: PhNR of MS patients  

In Experiment 3,  a significant reduction of the PhNR amplitude was found over 

the entire stimulus-response function in eyes of MS patients both with, and without a 

history of ON. Outer retina responses, a-wave and b-wave were not different from control, 

suggesting the input signal to the ganglion cells was not altered. The entire stimulus-

response function of the PhNR was scaled in the eyes of MS patients, but the normalized 
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stimulus-response function of PhNR was similar across the groups. This suggests that 

individual ganglion cells and their axons behaved similarly for control eyes and MS 

patient eyes. What might have changed was the number of ganglion cells and their axons 

that were healthy enough to respond to the light and contribute to the PhNR. This 

evidence is consistent with the PhNR being a summation of responses from a certain 

number of ganglion cells and their axons. PhNR amplitude is related to the number of 

ganglion cells and their axons still functional. It would not be surprising that PhNR 

amplitude was well correlated with RNFL thickness, if the only change was a loss of 

ganglion cells, for the eyes in which the ON episode had occurred more than six months 

before they were tested.  Other studies have shown a good correlation of PhNR or focal 

PhNR to RFNLT in glaucoma patients (Machida et al., 2008; Tamada et al., 2010). 

Therefore, PhNR can be used as a good biomarker to monitor the change in optic nerve in 

the MS patients.  

There also was a significant reduction of the PhNR amplitude in eyes of MS 

patients who experienced an episode of ON less than 6 months before recording. Their 

PhNR amplitudes were not consistently correlated with RNFL thickness or HVF MD. 

This may have resulted from two reasons. The first and major reason is that it will take as 

long as six months for the loss of RNFL to be complete after an acute ON. At the time 

when we recorded, the RNFL loss was not complete. Secondly, the inflammation at the 

acute phase of ON may cause swelling, and interrupt normal function of both neurons 

and Müller glial cells.  It has been demonstrated clearly that the PhNR of photopic ERG 

has a prominent contribution from retinal ganglion cells and their axons in non-human 

primates and humans. The PhNR amplitude is reduced in macaque monkeys following 
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pharmacological blockade of inner retinal activity (Viswanathan et al., 1999), as well as 

in macaque eyes with induced experimental glaucoma, and patients with glaucoma 

(Drasdo et al., 2001; Viswanathan et al., 2001) and other optic neuropathies 

(Rangaswamy et al., 2004). But ganglion cells are apparently not the only generators of 

the PhNR. The Müller cells and other glial cells are also involved in the generation of the 

PhNR because the time course of PhNR can be as slow as 250 – 300 ms – i.e. too slow to 

be the response of a retinal neuron to a brief flash. The PhNR has been shown to be 

reduced by intravitreal barium in cat retina (Viswanathan and Frishman, 1997) which 

blocks the potassium channels in the Müller cells (Linn et al., 1998).  

It is reasonable to conclude that the generation of PhNR in primates depends on a 

subsystem which is mainly composed of retinal ganglion cells, perhaps amacrine cells, 

Müller cells and other glial cells. One function of Müller cell is to remove the potassium 

from extracellular space which is released by ganglion cells and other retinal neurons, 

and transfer the potassium to areas with lower potassium concentration. Any disease or 

injury which has impact on the integrity of this microsystem will affect the PhNR. For 

instance, a recent study reported  significantly reduced PhNR amplitude in EAST 

syndrome patients who had KCNJ10 gene mutation causing dysfunction of potassium 

channels in the Müller cells (Thompson et al., 2011). In  Experiment 3, the reduction of 

PhNR amplitude in patients with acute ON may have been a result, at least partially, of 

inflammation which interrupts the normal function of Müller cells. The slight recovery of 

PhNR amplitude found in patients who had been recorded one year later after the acute 

ON event may have resulted from recovery of Müller cell function a year later, compared 

with that at acute phase of ON. 
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In future work it would be interesting to compare the changes in retina, using 

ERG, and more central visual pathway, using VEP. Recovery of function in retinal 

neurons after acute ON may contribute to the improvement in visual function in MS 

patients seen in VEPs. However, this has not been resolved in the current study.  It will 

be helpful to answer this question directly by collecting both photopic ERG and VEP 

from MS patients with acute episode of ON, and follow these patients for one year with 

three months intervals. If multifocal PhNR or multifocal ERG protocol has been 

developed successfully, it will be even better to compare the localized change in 

multifocal PhNR with that in multifocal VEP and in HVF. Another issue that this study 

has not addressed, which some recent studies have suggested is that outer retinal function 

may be affected in MS patients at the very acute phase of ON. In order to answer this 

question, photopic ERGs recording will be needed in patients who have experienced an 

acute episode of ON less than one month previously and who have not taken any medical 

treatment (i.e. steroids).  This group may be hard to find in US. 
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