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Chapter

Neuropathology in Hypertensive 
Glaucoma
Jan Lestak and Martin Fůs

Abstract

Hypertensive glaucoma is still defined as a disease where, at high intraocular 
pressure, retinal ganglion cell axons are impaired with excavation at the optic disc 
and changes in the visual field. In single cases, the study highlights the impor-
tance of knowledge of neuropathology not only at the level of the retina but the 
entire visual pathway, including the visual centres in the brain. It uses the issue of 
neurotransmission in the visual analyser and its pathology, but mainly the results 
of electrophysiological examinations and functional imaging of the brain using 
Positron Emission Tomography and Functional Magnetic Resonance. It does not 
overlook the imaging methods of the eye (nerve fibre layer, vessel density). On the 
basis of this information, therapy is recommended as well.

Keywords: physiology and pathology of neurotransmission in the visual pathway, 
hypertensive glaucoma, neuropathology, electrophysiology, fMRI, PET, therapy

1. Introduction

For correct and early diagnosis of glaucoma, it is useful to know the processes 
that occur in the eye during pathological intraocular pressure (IOP). In a chronic 
condition, when the nerve structures are no longer able to cope with this cause, the 
process also expands vertically. Subsequently, even following compensation of IOP, 
the disease progresses. In this study, you will read about the processes explaining 
the pathology in the entire visual pathway and the treatment options consisting not 
only of the reduction of IOP.

2. Electrophysiology in the visual analyser

One of the first stimuli that led us to examine glaucomas was the simultaneous 
measurement of pattern electroretinogram (PERG) and pattern visual evoked 
potentials (PVEP) in a 20-year-old healthy individual –firstly at IOP of 15 mmHg 
and then after increasing it to 40 mmHg. To our surprise, neurotransmission was 
blocked at the retinal ganglion cell level, while PVEPs changed slightly (Figure 1). 
With the blockade of transmission at the level of ganglion cells, we also expected an 
unequivocal or at least abnormal PVEP response (measurements were performed 
in 1988). This fact did not fit into the existing definitions of glaucoma regarding 
retinal ganglion cell axon dysfunction with excavation at the optic disc and changes 
in the visual field [1, 2].
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Therefore, we tried to find an answer to this reaction of the visual analyser. 
Several questions remained unanswered. Why did the retinal ganglion cells not 
respond? What happened to the central visual pathway when, following the block-
ade at the retinal ganglion cell level, we elicited an almost “normal response” from 
the brain? To an electrophysiologist, there was only one explanation. After stabilisa-
tion of binocular functions, the visual cortex is set to receive a certain amount of 
action potentials. When it is reduced at any level, from photoreceptors to cortical 
cells of the brain, it begins to stimulate the visual pathway through feedback 
processes in order to restore their numbers to their original values [4–7].

Before elucidating the above mechanisms, we briefly explain the process of 
transmitting electrical changes in the visual pathway, from photoreceptors to the 
visual centres in the brain.

3. Neurotransmission in the visual analyser

After the impact of light on the retina, the cis-retinal chemically changes its outer 
form in the outer segments of photoreceptors, leading to their hyperpolarisation [8].

Hyperpolarisation of photoreceptors causes the release of glutamate from 
the presynaptic neuron into the synaptic cleft during synaptic transmission and 
subsequent binding to receptors located on the membrane of the postsynaptic 
neuron [9]. Glutamate binds to receptors that have been named after their selective 
agonists. A typical agonist for NMDA receptors is N-methyl-D-aspartate. For AMPA 
receptors, α-amino-3-hydroxy-5-methyl-4-8 isoxazole propionate (AMPA), and 
for the third type, kainate receptors, kainate. AMPA and kainate receptors are also 
referred to as non-NMDA. NMDA receptors are ion channels permeable to calcium 
(Ca) ions. The flow of Ca through the NMDA receptors is blocked by magnesium 

Figure 1. 
Upper curve (PERG) and below it PVEP at normal IOP. The arrows indicate the latencies of oscillations, the 
amplitude of which arises from the responses of retinal ganglion cells. The lower curves - following increase of 
IOP to 40 mmHg [3].
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(Mg) ions at normal membrane potential. This block can be eliminated by strong 
depolarisation [10, 11]. Excessive flow of Ca into the cell through NMDA voltage-
gated channels can cause hypoxia, hypoglycaemia, etc. Under these conditions, 
glutamate levels in the synaptic cleft remain elevated for a long time, with NMDA 
receptors being permanently activated, leading to intracellular Ca concentrations 
that are cytotoxic [12]. The concentration of free glutamate in the synaptic cleft 
reaches approximately 1.1 mM during the synaptic transmission. However, its 
concentration decreases rapidly and breaks down at NMDA receptors within 1.2 ms. 
However, glutamate dissociates much faster from the AMPA receptors. Thus, 
the time course of free glutamate predicts that dissociation contributes to AMPA 
receptor-mediated postsynaptic current breakdown. Otherwise, voltage-gated 
channels would open [9].

In the mammalian central nervous system, glutamate is primarily removed from 
the synapse by the excitatory amino acid transporter (EAAT) glutamate transport-
ers and the glutamate aspartate transporter (GLAST as a glutamate transporter 
to Muller cells (MB) and glutamine synthetase (GL) as an enzyme that converts 
glutamate to glutamine in MB) [13, 14]. In the glial cells (MB), glutamate is sub-
sequently converted to glutamine, which no longer acts as a neurotransmitter and 
can thus be released back into the synapse, from where it is subsequently taken up 
by a presynaptic neuron, which converts it back to glutamate [15]. To date, there is 
no evidence of the presence of an enzyme that converts glutamate directly in the 
synapse [16].

The glutamate receptors are expressed not only in retinal ganglion cells but also 
in the photoreceptors, as well as in the horizontal and bipolar cells [17]. Glutamate 
is the predominant excitatory neurotransmitter, not only in the retina, but also in 
the mammalian brain [18].

In this way, the processes are clarified that function in the transmission of 
electrical changes in voltage in the visual path.

4. Efforts to restore the amount of action potentials entering the brain

We have two options for restoring the amount of action potentials entering the 
brain to their original values. The first is to flush out a larger amount of neurotrans-
mitter at the level of the “damaged” cell, and the second is to leave this neurotrans-
mitter in the synaptic cleft for a longer period of time. Both variants have been 
experimentally demonstrated in glaucoma.

In the vitreous body of the glaucoma eyes of experimental animals, the value of 
glutamate was up to three times higher in comparison with the control group. These 
values are toxic to both the ganglion cell layer and the inner plexiform layer. The 
GLAST and GS values did not increase until 3 weeks after an increase in IOP in rats. 
The number of ganglion cells decreased from 4 to 60 days from an increase in IOP 
to 6 to 44% [19, 20].

Another important discovery is that the glutamate transporter can begin to 
function in reverse and transfer glutamate and sodium from the cell back to the 
synaptic cleft. Thus, the flushed glutamate comes only in a small part from the 
synaptic vesicles; most of it comes from the cytosol, where it was previously 
pumped to [21].

The long-term action of glutamate on non-NMDA receptors increases the post-
synaptic potential and opens up the voltage-bound receptors which are normally 
closed by Mg, and the entry of Ca into the cell. This process takes place in all cells 
with glutamate receptors. Therefore, glaucoma damages not only retinal ganglion 
cells, but also cells in the inner nuclear layer and the photoreceptor layer [22].
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Nerve cells do not die immediately following the entrance of Ca into the cells. 
As mentioned above, their size will first be reduced. If they have a sufficient energy 
supply, they will cope with this situation. Once the energy is consumed, an apop-
totic or necrotic process begins and the cell dies [23].

With regard to the first of the above questions: why did the retinal ganglion cells 
not respond? - we found the answer in the study of Morgan et al., Naskar et al. and 
others who experimentally studied retinal cells after an acute increase in IOP. They 
found primary changes in the ganglion cells [23–26].

What happened to the central visual pathway when, after blockade at the retinal 
ganglion cell level, we elicited an almost “normal response” from the brain?

If the visual pathway, including the visual cortex, is also involved in the process 
of hypertensive glaucoma, then we should also find changes in the brain. Standard 
structural examination techniques do not allow this diagnosis.

Figure 2. 
Sagittal section of the brain of a 58-year-old patient with secondary glaucoma. VOD: 0.05, correct light 
projection, VOS: 1.0 naturally. c/d = 1.0. The green colour indicates fluorodeoxyglucose deficiency in the visual 
Centre [27].

Figure 3. 
Field of view of the same patient as in Figure 2 from the same period [27].
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For this reason, we sought a solution in Positron Emission Tomography. 
Radioactive glucose (18-fluororodeoxyglucose) is used to examine brain activity, 
which is taken up in healthy cells. Figure 2 shows the absence of glucose radioactiv-
ity in the occipital lobe and Figure 3 shows the field of view of the same patient. We 
performed the examination in 2001.

Because it was necessary to verify this finding in a larger group of patients with HTG 
and we did not want to burden the patients with radioactive material, we performed 
the further examination using Functional Magnetic Resonance Imaging (fMRI) on the 
visual paradigm (Figure 4). As an example, we present the result of the fMRI examina-
tion in the same patient, in whom we also performed the PET examination Figure 5.

Figure 4. 
Chessboard field of black and white stimulation (a) and yellow-blue stimulation (b). During stimulation,  
the chessboard field alternates with its inversion at a frequency of 2 Hz.

Figure 5. 
Functional magnetic resonance imaging (fMRI) following the visual paradigm of a black and white chessboard 
in the same patient as in Figure 2. We performed the examination in 2010. Sagittal (a), coronary (b) and 
transverse (c) section [27].
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For comparison, we also present a normal fMRI finding in a patient with normo-
tensive glaucoma (Figure 6).

With the use of Positron Emission Tomography and fMRI, we have shown that 
hypertensive glaucoma also damages the visual centres in the brain. The finding 
was surprising in patients with HTG following stimulation with both black-white 
and yellow-blue stimulation, which has not been used in any of the cited work 
(Figure 4). We examined 8 patients with HTG (various stages) and compared 
their results with the results of 8 healthy people. We found that the difference in 
the number of activated voxels in patients using black and white versus yellow-
blue stimulation was 59%. It was only 2% in a control group. We consider that the 
ganglion cell damage will be greater than normally expected [27].

5. Electrophysiology in hypertensive glaucoma

We now return to electrophysiological eye examinations.
In experimental glaucoma, electroretinographic changes (decrease in amplitudes 

of up to 50%) preceded changes in the retinal nerve fibre layer [28].
These facts, as well as the conclusions of other authors, [29–31] led us to use the 

electrophysiological methods (PERG and PVEP) to determine the level and depth 
of damage in various types of hypertensive glaucoma. Based on these examinations, 
we concluded that the changes in PERG and PVEP in HTG indicate that not only the 
retinal ganglion cells and subsequently their axons, but also the visual centres in the 
brain are damaged [32].

At the neuronal membrane level, the relationship between the two neurotrans-
mitter systems is supported by the direct inhibition of the NMDA receptor by 

Figure 6. 
fMRI in a patient with normotensive glaucoma (61 years), V: 1.0 without correction. c/d = 1 [27].
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dopamine and the inhibitory effect of glutamate on dopamine release. This means 
that a higher dopamine level blocks the NMDA receptor and, conversely, glutamate 
blocks the release of dopamine [33, 34].

To verify this biochemical information, we used the examination of the oscillat-
ing potentials of the electroretinogram. Amacrine cells are divided into dopaminer-
gic and GABAergic according to the neurotransmitter. Dopaminergic cells generate 
oscillating potentials in the electroretinogram, and GABAergic cells participate in 
the formation of the threshold scotopic potential [35].

We performed the examination in 2001 on a Primus device (Lacce Elettronica) 
according to the ISCEV methodology (1989). After a 30-minute adaptation to 
darkness, we examined the oscillating potentials. Retinal stimulation in artificial 
mydriasis (tropicamide) was performed with a 5 ms flash light with a luminous flux 
of 2.5 cd/m2/s. An average of 10 responses (stimuli after 15 seconds) were averaged, 
using 80 to 500 Hz filters. We evaluated latency and amplitude of the P2 oscillation.

The first group consisted of 23 eyes of healthy people. In the second group, there 
were 36 glaucoma eyes with incipient changes in visual field with compensated IOP. 
Persons included in the groups had an average age of 40.3 years (35–56). The results 
showed a statistically significant prolongation of the latency of the P2 oscillation 
(p = 0.049) and a reduction of the amplitude of the P2 oscillation (p = 0.001) in the 
glaucoma eyes, compared to the healthy group. In this way, we indirectly demon-
strated increased levels of glutamate in glaucoma eyes.

We were also interested in how retinal ganglion cells (PERG) will behave when 
adjusting antiglaucoma treatment, and subsequently the whole visual analyser 
(PVEP). We performed PERG and PVEP examinations (according to the ISCEV - 
2012 methodology on the Roland Consult Germany device) in a patient (64 years old)  

Figure 7. 
PERG before discontinuation (blue curve) and after discontinuation of antiglaucoma medications (red curve). 
Right eye (A), left eye (B).
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with glaucoma, compensated by Cosopt and Lumigan to IOP of 18/18 mmHg. The 
perimeter was normal in this patient, c/d = 0.4 and GDX 11/20. Due to these values, 
we repeated the examination one month after discontinuation of both antiglaucoma 
medicines. IOP increased to 23/29 mmHg. The amplitude of the PERG oscillations 
P50 and N95 decreased by 3.2uV and 1.1uV, respectively, after discontinuation of the 
medications (Figure 7), and conversely, it was increased in PVEP by 1.4 and 4.7uV, 
respectively (Figure 8).

This finding also indicates an alteration of the retinal ganglion cells and, con-
versely, a potentiation of the visual pathway by glutamate [36].

Because, even with compensated IOP, the amount of action potentials is reduced 
due to the loss of cells involved in the processing of electrical changes in the visual 
pathway, these cells are “bombarded” by feedback mechanisms to a higher response. 
Excessive flushing and reduced resorption of glutamate from the synaptic cleft 
increases the postsynaptic potential. Subsequently, the voltage-gated channels for 
the entry of Ca into the cells are unblocked and the whole process progresses. As the 
disease progresses, the response to flushing of more neurotransmitters is higher. We 
also confirmed this in our study, where we monitored the progression of changes in 
the visual fields in compensated glaucoma eyes over a 5-year period. We found that 
the greater the baseline perimeter changes were, the greater was their progression in 
5 years [37].

6.  The role of vascular supply of the posterior pole of the eye in 
hypertensive glaucoma

Another issue is that of the vascular supply to the posterior pole of the eye and 
its relationship to the retinal nerve fibre layer (RNFL). We also investigated the 
relationship between RNFL, vessel density (VD) and visual field (VF) in HTG. 
The results showed a moderate correlation between RNFL and VD in the same 

Figure 8. 
PVEP before discontinuation (blue curve) and following discontinuation of antiglaucoma medicines  
(red curve). Following stimulation of the right eye (A) and left eye (B).



9

Neuropathology in Hypertensive Glaucoma
DOI: http://dx.doi.org/10.5772/intechopen.96034

altitudinal halves of the retina. We did not find any dependence between RNFL 
and VF [38]. When we compared VD from the whole measured area to the sum of 
sensitivities in the central part of the visual field (0–22 degrees), we found a strong 
correlation (0.64–0.65) [39].

The relationship of VD in different stages of HTG was also studied by other 
authors. They all found that, with the progression of glaucoma, a reduction in VD 
occurs [40–45].

The IOP value also plays an important role in the value of VD. By decreasing IOP 
in young individuals with high IOP, Holló noted an increase in VD [46]. Conversely, 
after its increase above 20 mmHg, the vascular density (VD) in the macula and 
peripapillary decreased significantly [47].

Another important fact is the finding that glutamate can also affect blood vessels 
of the posterior pole of the eye. Tsuda et al. studied the effect of intravitreal NMDA 
in an experiment and found that NMDA induced retinal vessel loss. After block-
ing NMDA with nafamostat mesylate, there was a significantly lower loss of these 
vessels [48].

This means that, even after compensation of the IOP, the progression of changes 
in HTG may occur, as through the feedback, glutamate constantly bombards the 
neurons which have receptors for this neurotransmitter. And merely the high levels 
of glutamate can cause ischaemia in the eye [4–7].

Already in 1974, Hayreh [49] summarised the pathogenesis of optic disc excava-
tion as three factors that are probably the most responsible for this abnormality:

1. Destruction of the nerve tissue in the prelaminar area;

2. Distortion of the cribriform plate (lamina cribriformis) rearwards that occurs 
due to retrolaminar fibrosis and a lack of normal support in the back part of 
the lamina due to its loss;

3. Weakening of the cribriform plate. These changes, however, are not character-
istic only for optic disc glaucoma atrophy, but also have other (mainly vascular)  
causes.

Notwithstanding these conclusions, it is also worth noting that some local 
antiglaucoma medicines may lead to the progression of changes in visual fields, 
even following a decrease in IOP [50].

Based on this knowledge, effective antiglaucoma treatment is also offered. We 
emphasise the reduction of IOP in the first place. We draw attention to the unsuit-
ability of antiglaucoma medications which can cause ischaemia of the posterior 
pole of the eye. This is followed by a reduction in glutamate in the synaptic cleft 
and blockade of its binding to NMDA receptors. The supply of energy substrates 
to altered nerve cells is also suitable. Because the entire visual pathway is damaged, 
this treatment should be systemic.

7. Conclusion

In hypertensive glaucomas, the entire visual pathway is damaged. Therefore, 
early diagnosis of this disease is important. Treatment should consist not only of the 
reduction of IOP, but also of reducing the levels of glutamate in the synaptic cleft 
and their binding to glutamate receptors. An important element of treatment is the 
supply of energy substrate to nerve cells with the ability to cope with intracellular 
processes. This therapy should be systemic.



Ocular Hypertension - The Knowns and Unknowns

10

Author details

Jan Lestak1,2* and Martin Fůs1

1 Eye Clinic JL Faculty of Biomedical Engineering Czech Technical University in 
Prague, Prague, Czech Republic

2 Faculty of Biomedical Engineering, CTU in Prague, Kladno, Czech Republic

*Address all correspondence to: lestak@seznam.cz

Conflict of interest

The authors declare no conflict of interest.

Acronyms and abbreviations

AMPA α-amino-3-hydroxy-5-methyl-4-8 isoxazolpropionate c/d, cup/disc ratio
CGL corpus geniculatum laterale (lateral geniculate body)
EEAT excitatory amino acid transporter
FMRI functional magnetic resonance imaging
GS glutamine synthetase
GLAST glutamate aspartate transporter
HTG hypertensive glaucoma;
IOP intraocular pressure
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