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Purpose: Neurotransmitters (NTs) are the key mediators of essential ocular functions, such as processing the visual
functions of the retina, maintaining homeostasis of aqueous humor, and regulating ocular blood flow. This study aims
to determine variations in the levels of L-glutamate and y-aminobutyric acid (GABA), histaminergic, adrenergic, cho-
linergic, and serotonergic NTs in patients with primary glaucoma versus patients with cataract.

Methods: This case—control study involved three age-matched groups of patients with primary open angle glaucoma
(POAG, n = 14), primary angle closure glaucoma (PACG, n = 21), and cataract (control, n = 19). Patients’ aqueous humor
and plasma were collected, snap frozen at —80 °C, and subjected to ultrasensitive liquid chromatography tandem mass
spectrometry (LC-MS/MS) analysis for quantification of NTs.

Results: Baseline intraocular pressure and the cup-to-disc ratio were found to be statistically significantly elevated in
the POAG and PACG groups compared to the cataract control group. In aqueous humor, histamine was found to be
statistically significantly elevated (5-fold, p<0.0001), whereas 1-methyl histamine was statistically significantly decreased
(p<0.05) in POAG compared to the control group. A statistically significant increase in L-glutamate and GABA was
observed among both patient groups with glaucoma compared to the cataract control group. Adrenaline was found to
be elevated only in the PACG group (2.7-fold, p<0.05). No statistically significant difference was observed among the
plasma NT levels between the groups.

Conclusions: This study demonstrated the prominent role of the histaminergic system apart from autonomic mechanisms
in the progression of glaucoma. Elevated L-glutamate and GABA could be due to retinal ganglionic cell death. Further
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studies are required to evaluate the effects of histamine on Miiller cell dysfunction.

Glaucoma is a multifactorial disease characterized by
neurodegenerative optic neuropathy and retinal ganglionic
cell death that leads to irreversible loss of vision without any
symptoms [1-3]. Glaucoma is the leading cause of irreversible
blindness worldwide, and its global prevalence is estimated
to be up to 112 million in 2040 [4].

The eye is considered a highly complex and immune-
privileged part of the nervous system, and neurotransmitters
(NTs) are the key mediators for processing visual information
and regulating the aqueous humor dynamics and ocular blood
flow. The development of drugs for therapeutic management
of glaucoma has been based on the involvement of the auto-
nomic system and its related NTs in aqueous humor regula-
tion. The localized autonomic nervous system controls the
ciliary body and iris, thus influencing neuronal control of
intraocular pressure (IOP) [5]. Blood perfusion control of
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individual ocular tissues is augmented by additional factors
at postganglionic fibers which is controlled by autonomic
inputs through sympathetic and parasympathetic nerve
fibers. L-glutamate and y-aminobutyric acid (GABA) are
the principle excitatory and inhibitory NTs responsible for
synaptic transmission of retinal signals for visual perception
[6,7]. L-glutamate-induced excitotoxicity is one of the well-
understood mechanisms responsible for retinal ganglionic cell
death in glaucoma [8,9]. Although most of the NTs involved
in the central nervous system are also reported in the visual
signal transduction pathway of the retina, their influence on
aqueous humor dynamics has yet to be elucidated in patients
with glaucoma.

The advent of techniques such as liquid chromatography
tandem mass spectrometry (LC-MS/MS) has made possible
the precise quantification of a group of water-soluble analytes
from a single sample to study the total variation in a sample
compared to an age-matched control group (patients under-
going surgery for senile cataract). The purpose of the study
was to evaluate the levels of NTs in the aqueous humor of
patients with primary open angle (POAG) and primary angle
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closure glaucoma (PACG) undergoing trabeculotomy surgery
compared with patients with normal IOP undergoing cataract
surgery (the control group).

METHODS

Human ethics approval and patient recruitment: The experi-
ments conducted according to the tenets of the Declaration
of Helsinki and the ARVO guidelines for vision research in
humans. The protocol was approved by the Institute Ethics
Committee of All India Institute of Medical Sciences, New
Delhi, India (Ref. No. IECPG-185/01.09.2017). This study
involved 49 subjects, divided into three groups, POAG (n =
14), PACG (n = 21), and age-matched cataract (n = 19) as
controls.

Sample collection: After written informed consent was
obtained, patients of either sex between the age of 18 to 70
years diagnosed with either POAG or PACG were recruited
from Dr. Rajendra Prasad Centre for Ophthalmic Sciences,
All India Institute of Medical Sciences (AIIMS), New Delhi,
from December 2018 to March 2020. The cohort had 34.6%
of females and 65.4% of males. Patients with any other
ocular pathology and systemic illness were excluded from
the study. Aqueous humor (about 100 pl) was collected by
paracentesis using a 30-gauze needle during the trabeculec-
tomy and cataract surgery for patients with glaucoma and
cataract (control), respectively. Collected samples were stored
at —80 °C and were analyzed within 6 months post-collection.
Blood samples (approx. 2ml) were also collected before the
procedure and stored in EDTA vials, and plasma was stored
for analysis of NTs.

Chemicals: L-glutamic acid (G1251), GABA (A2129), acetyl-
choline (A6625), histamine (H7125), 1-methyl histamine
dihydrochloride (M4910), adrenaline (E4250), noradrenaline
(A7257), dopamine (PHR1090), and serotonin hydrochlo-
ride (H9523) were purchased from Sigma-Aldrich Pvt. Ltd.
(St. Louis, MO). L-DOPA (D0600) and N-acetyl serotonin
(A1277) were procured from Tokyo Chemical Industry Co.,
Ltd. (Tokyo, Japan). Mass spectrometry—grade acetonitrile
and formic acid (FA) were procured from Merck (Darmstadt,
Germany). Ammonium formate was obtained from Central
Drug House (New Delhi, India). Ultrapure water of 18.2
mQ resistance was used for the analysis which was purified
through the Milli-Q system (Millipore Corp., Burlington,
MA).

Liquid chromatographic conditions: Chromatographic
separation was attained using the Agilent high performance
liquid chromatography (HPLC) 1260 Infinity series system
(Agilent, Santa Clara, CA) with a ZIC-cHILIC column
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(100 mm x 4.6 mm; Merck, Kenilworth, NJ). Liquid chro-
matographic (LC) conditions were adopted from Tufi et al.
with minor modifications [10]. For analyzing L-glutamate,
GABA, acetylcholine, histamine, and 1-methyl histamine,
the mobile phase consisting of ultrapure water with 0.1% FA
(A), acetonitrile with 0.1% FA (B), and 10 mM ammonium
formate (pH 3.2, adjusted using FA; C) was used. The initial
condition was started with the mobile phase comprising
the solvents in the ratio of 10% (A):70% (B):20% (C) which
was maintained for 8 min. Then, B and C were shifted to
40% and 60%, respectively, at 9 min and sustained up to 15
min; at 16 min, the mobile phase was reversed to the initial
conditions with a total run time of 20 min. For analyzing
adrenaline, noradrenaline, dopamine, levodopa, serotonin,
and N-acetyl serotonin, use of ammonium formate as a buffer
was avoided to improve sensitivity by ten times in terms of
limit of detection, especially for catecholamine metabolites.
Therefore, for this analysis, the mobile phase contained
ultrapure water with 0.1% FA (A), acetonitrile with 0.1% FA
(B), and pure acetonitrile (D). The initial condition started
with 15%(A): 75%(B): 10%(D) which was maintained for
3 min and shifted to 40%(A):5%(B):55%(D) at 6 min. It
was gradually shifted to 28%(A):40%(B):32%(D) by 11.20
min, 20%(A):70%(B):10%(C) at 13 min and reversed to the
initial condition at 16 min with a total run time of 20 min. A
constant flow rate of 500 pl/min was maintained throughout
the run with ambient column compartment temperature and
20 ul injection volume. The standard calibration range, R?
value, retention time, and limit of quantification (LOQ) of all
the metabolites in both methods are listed in Table 1.

Mass spectrometry conditions: For optimizing all the source-
and compound-related parameters, the constant infusion of
individual analytes at 100 ng/ml was made into the positive
electrospray ionizer [M+H]" of mass spectrometry (Q-trap
4000; AB Sciex, Foster City, CA) at a 5 pul/min flowrate using
a Harvard infusion pump (Holliston, MA). Optimization and
data analysis were performed using Analyst software ver
1.5.2 (AB Sciex). The details of all the parent-to-fragment
ion (m/z, Q1—Q3) transitions of all the NTs used in the study
are listed in Table 1, and the respective chromatograms are
shown in Figure 1.

Calibration standards and sample preparation: Standard
stock solutions of all the analytes (I mg/ml) were separately
prepared using ultrapure water and for catecholamines using
0.2% FA. For aqueous humor and plasma analysis, serial dilu-
tions (of the calibration ranges mentioned in Table 1), were
performed in ultrapure water and human plasma (obtained
from the blood bank, AIIMS, New Delhi, India), respectively.
For analyzing L-glutamate, GABA, acetylcholine, histamine,
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TABLE 1. LIST OF NEUROTRANSMITTER METABOLITES STUDIED, THEIR RESPECTIVE PRECURSOR (Q1) TO FRAGMENT ION (Q3) TRANSI-
TIONS, RETENTION TIME, LIMIT OF DETECTION (LOD), R2 VALUES OF STANDARD CALIBRATION ALONG WITH CALIBRATION RANGE.

Retention LOD (ng/ Calibration range
Neurotransmitter Q1-Q3 time (min) ml) R? (ng/ml)
S.no  metabolites
1 Acetyl choline 146.2—87.2/60.2 3.5 0.2 0.998 0.313-20
2 GABA 104.1-87.1/69.1 7.65 2.5 0.998 5-320
3 Glutamate 148.1—130.1/ 84.1 8.25 90 0.999 125-8000
4 1-methyl Histamine 126.1—109.2 16.64 0.12 0.998 0.313-20
5 Histamine 112.2—95.1/83.1 15.4 0.12 0.996 0.313-20
6 N-Acetyl serotonin 219.1-160.1 291 0.09 0.994 0.19-12.5
7 Serotonin 177.1-160.1/132.1 9.12 0.04 0.995 0.19-12.5
8 Dopamine 154.2—137.2/119.1/91.1 10.2 0.03 0.995 0.19-12.5
9 Adrenaline 184.1—166.1 10.5 0.01 0.995 0.030-3.84
10 DOPA 198.1—-181.1/152.1 12.6 0.25 0.992 0.39-12.5
11 Noradrenaline 152.1-135.1/107.1 12.7 0.06 0.999 0.19-6.25
3.50
100 8.25 Total ion chromatogram A —es Extracted ion chromatogram
c i
B r 15.34
C .
P 16.64
= 3 D
% g e
g 5
3 3.50 2
5 2
el A T
3 3
o 15.34 o =5
7.65 D 16.64 =2 _ =
N B . EA —
TS e € & 10 2 14 1w a8
291 2.91
100 . F 9.12
G 10.20
H 10.52
g 10.52 g I 12.61
- | 1 ] 12.78
C C
5 12.61 3 K
(= c
2 10.2 J 2
© - ©
g 2os SR 12.78 <
kS ' G| " K k-
& g 3.0
R =S ~J \‘ . s - - T
- 4 6 8 10 12 14 16 18

Retention time (mins)

Retention time (mins)

Figure 1. The figure depicts the total and extracted ion chromatograms of the analytes quantified in the adopted method: A) acetyl choline,
B) y-aminobutyric acid (GABA), C) L-glutamate, D) 1-methyl histamine, E) histamine, F) N-acetyl serotonin, G) serotonin, H) dopamine,
I) adrenaline, J) L-DOPA, and K)) noradrenaline.
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and 1-methylhistamine, 10 pl aqueous humor/5 ul plasma
was added to 90 pl of extraction solvent containing 75% of
acetonitrile with 0.1% FA. This was vortexed for 1 min and
centrifuged at 7,800 xg for 10 min at 4 °C, following which
95 ul of the clear supernatant was loaded in 96 micro-well
plates (Tarson, Kolkata, India), and 20 pl was injected in the
analytical column. For analyzing adrenaline, noradrenaline,
dopamine, L-DOPA, serotonin, and N-acetyl serotonin, 40 pl
of aqueous humor was lyophilized and reconstituted with
40 pl of the extraction solvent containing 75% acetonitrile
with 0.1% FA, then vortexed for 1 min, and centrifuged at
15,000 xg at 4 °C. From this, 35 pl of the supernatant was
loaded in a 384-well plate (MJ Research, Corning, NY'), and
20 pl was injected in the analytical column. The analytical
methods were individually validated per the recommenda-
tion of the U.S. Food and Drug Administration (FDA) for
bioanalysis [11].

Statistical analysis: The data were presented in the form
of number (%) for qualitative variables and mean (standard
deviation [SD])/median (interquartile range [IQR]) for
quantitative variables. The study groups were individually
compared with the control (cataract) group using the unpaired
Student 7 test, and the Mann—Whitney rank sum test was used
for non-parametric data. To find the association of qualitative
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variables with a group, the chi-square test or the Fisher exact
test was used as required. In addition, correlation analysis was
performed to measure the linear correlation between aqueous
humor and plasma collected from the same patients involved
in this study. GraphPad Prism (version 7.0, GraphPad Soft-
ware Inc., San Diego, CA) was used for the analysis. A p
value of less than 0.05 was considered statistically significant.

RESULTS

Demographic data of subjects: There was no statistically
significant difference observed between the mean age group
of the patients with POAG (p=0.56) and PACG (p=0.61)
versus the cataract control group. No association was observed
between gender and study groups (POAG, p=0.17; PACG,
p=0.22 versus control). Baseline IOP (POAG, p<0.0001;
PACG, p<0.0001 versus control), drug-treated IOP (POAG,
p<0.01; PACG, p<0.01 versus control), and cup-to-disc ratios
(POAG, p<0.0001; PACG, p<0.0001 versus control) of the
study eye were statistically significantly elevated in both
groups with glaucoma compared to the control group. Mean
arterial pressure was found to be statistically significantly
elevated in the POAG group (p<0.05) compared to the control
group. Other patient characteristics, such as weight, gender

TABLE 2. DEMOGRAPHIC DATA OF THE POAG, PACG AND CONTROL PATIENTS INVOLVED IN THIS STUDY.

Patient demography POAG (n=14) PACG (n=21) Control (n=19)
Age in years, (mean + SD) 53.21+11.32 56.42+7.88 58.6+5.42
Median (IQR) 52.5(32,74) 58 (39, 66) 56 (36, 66)
Weight in Kg, (mean + SD) 62.79+9.84 59.14+9.15 57.35+12.78
Median (IQR) 62 (49, 83) 60 (40, 75) 60 (40, 74)
Baseline IOP in mmHg, (mean + SD) 33.5£10.76%*** 39.85+9.27#### 14.03+3.70
Median (IQR) 30.5 (21, 56) 40 (29, 60) 14 (10, 18)
Treated IOP in mmHg, (mean + SD) 20.5+10.28** 28.14£15.19%# NA

Median (IQR) 18 (14, 55) 22 (13, 60) NA
Cup-to-disc ratio (X:1), (mean + SD) 0.93£0.05%*** 0.86+0.12 #### 0.32+0.09
Median (IQR) 0.9 (0.85, 1) 0.9 (0.5, 1) 0.3(0.3,0.5)
Mean arterial pressure (mmHg), (mean + SD) 105.05+10.64* 101.83+20.20 95.46+7.73
Median (IQR) 105.17 (84, 130.67) 101.33 (73.33, 128.35) 97.67 (72, 104)
Therapeutic classes of glaucoma medications used on therapy

Prostaglandin analogs (%) 100 66.67 NA

Beta Blockers (%) 85.71 57.14 NA
Cholinergic agonist (%) 21.43 76.19 NA

Alpha agonist (%) 92.86 66.67 NA

Carbonic anhydrase inhibitors (%) 71.43 71.43 NA

POAG- Primary Open angle glaucoma PACG- Primary angle closure glaucoma. POAG VS Control group, *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001 PACG VS Control group- “p<0.05, *#p<0.01, *##p<0.001, *###p<0.0001
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Figure 2. The figure shows the variation in the levels of L-glutamate in the A) aqueous humor, B) plasma of patients with primary open
angle (POAG) and primary angle closure (PACG) glaucoma compared to the control (cataract) group, and C) linear correlation analysis of
the aqueous humor and plasma L-glutamate levels collected among the same patients in this study.

distribution ratios, and the percentage class of drug used for
glaucoma treatment for each group, are shown in Table 2.

L-glutamate and GABA: L-glutamate (POAG, 2.75+0.62 ug/
ml, p<0.05; PACG, 3.12+0.86 pg/ml, p<0.001 versus control
2.2340.53 pg /ml) and GABA (POAG, 44.75+19.01 ng/ml,
p<0.05; PACG, 47.61+14.66 ng/ml, p<0.01 versus control
30.60+13.86 ng/ml) were found to be statistically signifi-
cantly elevated in the aqueous humor of the POAG and PACG
groups compared to the control group (Figure 2A and Figure
3A). However, the plasma concentration of L-glutamate
(POAG, 13.86+2.530 pg/ml, p=0.76; PACG, 13.17+3.940 ng/
ml, p=0.87 versus control 13.42+4.820 pg/ml) and GABA
(POAG, 24.62+10.31 ng/ml, p=0.29; PACG, 27.13+£6.770 ng/
ml, p=0.64 versus control 28.26+8.34 png/ml) in both

glaucoma groups did not show any statistically significant
difference compared to the control group (Figure 2B and
Figure 3B). Poor correlation was observed for L-glutamate
(p=0.0679) and GABA (p=0.177) among the aqueous humor
and plasma levels, respectively (Figure 2C and Figure 3C).

Acetylcholine: Acetylcholine levels in the aqueous humor
samples were below the lower limits of quantification (<0.3
ng/ml) of the developed method in 87.5%, 70.5%, and 40% of
patients with PACG, cataract, and POAG, respectively. Plasma
levels of acetylcholine were undetectable in all groups.

Histamine and I-methyl histamine: It was observed that
histamine was statistically significantly elevated only in
the aqueous humor of the POAG group with respect to the
cataract control group (2.94+1.79 ng/ml versus 0.59+0.29 ng/
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Figure 3. This figure shows the variation in the in the levels of y-aminobutyric acid (GABA) in the A) aqueous humor, B) plasma of patients
with primary open angle (POAG) and primary angle closure (PACG) glaucoma compared to the control (cataract) group, and C) linear
correlation analysis of the aqueous humor and plasma GABA levels collected among the same patients in this study.
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Figure 4. The figure shows the variation in the levels of histamine in the A) aqueous humor, B) plasma of patients with primary open angle
(POAG) and primary angle closure (PACG) glaucoma compared to the control (cataract) group, and C) linear correlation analysis of the
aqueous humor and plasma histamine levels collected among the same patients in this study.

ml; p<0.0001). However, no statistically significant alteration
was observed in the PACG group (0.83+0.41 ng/ml, p=0.139;
Figure 4A). 1-Methyl histamine (methylated metabolite of
histamine) levels in aqueous humor were statistically signifi-
cantly declined in the POAG group with respect to the control
group (POAG, 1.71+0.88 ng/ml versus control 2.75+1.30 ng/
ml; p<0.05; Figure 5A). No statistically significant differ-
ence was observed in the plasma levels of histamine (POAG,
2.19+0.72 ng/ml, p=0.55; PACG, 1.98+0.56 ng/ml, p=0.11
versus control 2.35+0.73 ng/ml) and 1-methyl histamine
(POAG, 0.61+0.25 ng/ml, p=0.90; PACG, 0.60+0.26 ng/ml,
p=0.98 versus control 0.60+0.17 ng/ml) in the glaucoma
group compared to the control group (Figure 4B and Figure
4C). Poor correlation was observed between the aqueous
humor and plasma levels of histamine (p=0.814) and 1-methyl
histamine (p=0.728), respectively (Figure 4C and Figure 5C).

Adrenergic, dopaminergic, and serotonergic neurotrans-
mitters: The adrenaline level was found to be statistically
significantly elevated in the aqueous humor of the PACG
group compared to the control group (p<0.05). Aqueous
humor levels of other NTs, such as noradrenaline, dopamine,
L-DOPA, 5-hydroxy tryptamine, and N-acetyl serotonin, did
not differ statistically significantly across the different groups
of patients (Table 3).

DISCUSSION

Although a plethora of literature is available that implies auto-
nomic control and its modulation for the therapeutic benefit
of IOP control in glaucoma [12-15], variation in the levels of
various NTs has not been quantified to substantiate the same.
Understanding the dominant NTs in patients with POAG and
PACG is expected to rationalize other therapeutic strategies to
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Figure 5. The figure shows the variation in the levels of 1-methyl histamine in the A) aqueous humor, B) plasma of patients with primary
open angle (POAG) and primary angle closure (PACG) glaucoma compared to the control (cataract) group, and C) linear correlation analysis
of the aqueous humor and plasma 1-methyl histamine levels collected among the same patients in this study.
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TABLE 3. VARIATION IN THE AQUEOUS HUMOR LEVELS OF ADRENERGIC AND SEROTO-
NERGIC NEUROTRANSMITTERS OF POAG AND PACG PATIENTS VERSUS CONTROL.

Neurotransmitter Aqueous humor concentration (ng/ml) Fold change versus control
metabolites (p-value)

POAG PACG Cataract POAG PACG
Adrenaline (mean+ SD) 0.07+0.05 0.12+0.08* 0.04+0.01 1.62 (0.11) 2.50 (0.015)
Median (IQR) 0.056 (0.03, 0.17) 0.10 (0.05, 0.27) 0.039 (0.03, 0.08)
Noradrenaline (mean+ SD)  0.34+0.14 0.36+0.11 0.41£0.19 0.81 (0.29) 0.87 (0.49)
Median (IQR) 0.37 (0.19, 0.60) 0.38 (0.19, 0.51) 0.38 (0.19, 0.65)
Dopamine (meanz SD) 0.75+0.47 0.74+0.38 0.76+0.35 0.98 (0.95) 0.98 (0.94)
Median (IQR) 0.68 (0.2, 1.43) 0.86 (0.19, 1.18) 0.75 (0.19, 1.34)
DOPA (mean+ SD) 4.53+2.76 4.87+1.02 5.894+2.69 0.76 (0.35) 0.82 (0.43)
Median (IQR) 4.66 (1.14, 8.78) 4.37 (4.08, 6.60) 6.71 (2.17,9.77)
Serotonin (mean SD) 4.69+1.64 5.06=1.17 4.55+1.79 1.02 (0.87) 111 (0.55)
Median (IQR) 4.53 (2.88, 7.32) 5.01 (3.46, 6.47) 3.84 (3.12, 8.58)
I;]')‘;"etyl serotonin (mean: g,y > 1.54+1.05 1.174£0.76 1,59 (0.17) 1.31(0.43)
Median (IQR) 1.40 (0.69, 2.54) 1.07 (0.63, 3.38) 1.03 (0.40, 2.8)

POAG- Primary Open angle glaucoma and PACG- Primary angle closure glaucoma. POAG VS Control group, *p<0.05 PACG VS Con-

trol group- #p<0.05

preserve deterioration of vision despite effective IOP control.
India accounts for around 12 million glaucoma cases, which
is one-fifth of the world’s glaucoma burden [16]. POAG and
PACG are highly prevalent and the two most common forms
of all primary adult glaucoma (PAG) [17].

For this study, the group of major NTs comprising
L-glutamate, GABA, histamine, noradrenaline, adrenaline,
DOPA, dopamine, acetylcholine, and serotonin was selected
to represent the excitatory amino acid, neuronal inhibitory,
histaminergic, adrenergic, dopaminergic, cholinergic, and
serotonergic pathways, respectively. N-acetyl serotonin
and 1-methyl histamine were also selected to understand
the metabolism of serotonin and histamine. Histamine is
an important neurotransmitter, but its influence on ocular
physiology and pathology has yet to be elucidated. Neurons
of the histaminergic system innervate from the tuber-
omammillary nucleus of the posterior hypothalamus, and
their projections are reported to be present in the retinas
of rodents and primates. Histaminergic receptors (H R to
H,R) are distributed over the various retinal cell layers and
ocular structures (H,R, dopaminergic amacrine cells and
horizontal cells; H,R, choroidal blood vessels and retinal
capillaries; H,R, ON bipolar cells; H,R, mast, leucocyte, and
peripheral hemopoietic cells). Histamine plays a major role
in maintaining retinal ganglion cellular activity, their light
response, and regulation of circadian oscillations along with
the circadian pacemaker, that is, the suprachiasmatic nucleus

(SCN) of the hypothalamus. Resch et al. demonstrated that
intravenous administration of histamine increased subfoveal
choroidal blood flow and the diameter of retinal blood vessels
via H, receptors, and its antagonist cimetidine did not alter
its effects [18]. Histaminergic tone influences the circadian
rhythm of IOP regulation and causes ciliary muscle contrac-
tion, and its dysfunction is expected to play a central role in
glaucoma [19].

For the first time, this study observed a fivefold elevation
of histamine levels in the aqueous humor of patients with
POAG, compared to the levels found in the PACG and control
groups. This elevation was independent of the concentration
of histamine in plasma. This localized increase in the levels
of histamine indicates the possibility of involvement of the
localized histaminergic system apart from autonomic mecha-
nisms. Histamine is an endogenous biogenic monoamine
reported to be involved in mediating allergy, central nervous
system neurotransmission, gastric acid secretions, and
inflammatory response [20,21]. Histamine is metabolized by
the intracellular enzyme N-methyltransferase to form 1-meth-
ylhistamine. In the present study, 1-methyl histamine levels
were also found to be statistically significantly lowered in the
aqueous humor of patients in the POAG group compared to
the control group. However, the levels of 1-methyl histamine
in plasma did not differ statistically significantly among the
groups, indicating that plasma levels likely do not represent
ocular levels of histamine and its metabolism.
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Nowak and Nawrocki evaluated histamine levels in
various ocular tissues (the iris, ciliary body, choroid, retina,
sclera, and optic nerve) from enucleated human eyes from
patients with endophthalmitis, perforated wounds of the
cornea or sclera or both, or uncontrolled glaucoma. The study
revealed that inflammation (endophthalmitis) increased tissue
histamine levels up to five- to tenfold, followed by glaucoma
compared to penetrating trauma [22]. Their observation indi-
cated the involvement of an inflammatory process in glau-
coma causing an increase in the tissue levels of histamine.
In intravitreal hypertonic saline-induced transient and intra-
cameral carbomer-induced stable models of ocular hyperten-
sion (OHT), Lanzi et al. reported that H,R antagonists are
capable of significantly reducing OHT and preventing retinal
ganglion cell loss by improving vascular performance of the
central ophthalmic artery, and reducing oxidative stress,
thus indicating the possibility of using H,R antagonists as
a potential antiglaucoma medication. The authors reported
the protein expression of H,, H,, and H, receptors in the
retina, optic nerve, and trabecular meshwork (TM). However,
mRNA expression of these receptors was reported only in the
retina and the TM. Moreover, the immunofluorescence study
showed the presence of histamine H,, H,, and H, receptors in
retinal ganglion cells (RGCs) in the authors’ model, and they
reported significant choroidal mast cell degranulation [23].
Taking the observations of Lanzi et al. forward, the obser-
vations of the present study further substantiate the role of
histamine in POAG and rationalize the development of H,R
antagonists as an adjunct to other agents.

Greferath et al. investigated retinal function and retinal
blood flow dynamics using the histidine decarboxylase
knockout mice model. The results of their study indicated
that histamine plays a minor role in retinal structure and
function [24]. As histamine is not expected to cross the
blood—brain barrier, systemic histamine levels are unlikely to
be responsible for the elevation of histamine levels in patients
with POAG found in this study [24]. Moreover, the lack of
difference in the plasma histamine levels across the groups
shows that ocular levels of histamine may play an isolated
and significant role in POAG. The major source of histamine
found in the aqueous humor [23] and tissues [22] could be the
choroidal mast cell degranulation in glaucoma which could be
a source of RPE inflammation [25]. The H, receptor has been
reported to promote cerebral ischemia reperfusion injury in
experimental models which was explained by H,R/chloride
intracellular channel 4 (CLIC4) binding activated autophagy
and showed that H,R antagonists had a preventive role [26].
However, the role of this receptor in retinal ganglionic cell
death has yet to be examined.
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Ciproxifan is a H, receptor inverse agonist and antagonist
reported to reduce the extracellular signal-regulated kinase
(ERK)/synapsin I cascade and decrease L-glutamate release
in the rat hippocampus [27]. In the present study, increased
levels of histamine in aqueous levels were accompanied by an
increase in aqueous humor L-glutamate levels in the POAG
group. In the present study, statistically significant elevation
of L-glutamate and GABA levels in the aqueous humor was
observed in the POAG and PACG groups which could also
be due to the loss of the function of Miiller cells of removing
extracellular GABA and L-glutamate [28,29]. This study
recorded the lack of direct statistically significant influence
of dopaminergic and serotonergic systems among the study
groups. This could be due to the efficient reuptake of their
NTs as well as their neuronal metabolism. However, increased
levels of L-glutamate and GABA in aqueous humor of the
PACG group were accompanied by an increase in adrenaline
levels compared to the control group, indicating the predomi-
nant iris traction—related autonomic dysregulation.

In the mammalian central nervous system, GABA and
L-glutamate are inhibitory and excitatory. GABA is one of
the key determinants of neuronal conduction. Involvement of
the excitatory amino acid pathway mediated by L-glutamate
has been well emphasized in the mechanism of retinal gangli-
onic cell death in glaucoma [30]. L-Glutamate has also been
implicated in IOP-related ischemia [31]. Interestingly, in the
present study the increase in L-glutamate levels were statisti-
cally significant in the PACG group compared to the control
group without any alteration in histamine levels. This indi-
cates the fundamental difference in the occurrence of POAG
and PACG with reference to the autonomic control. GABA-
A/B receptor expression in the arcuate nucleus (ANC) was
found to be statistically significantly elevated in rat models
of high IOP and antagonization of the GABA receptors in
ANC statistically significantly downregulated their expres-
sion. This indicated that the GABAergic system could be
influenced by alterations in IOP [32].

Cooper et al. quantified the levels of catecholamines in
aqueous humor in a small group of patients with glaucoma
(n = 6) undergoing trabeculectomy and compared the levels
with those of patients with cataract. In their study, adrena-
line and noradrenaline were found to be elevated in patients
with glaucoma. However, owing to the therapeutic use of
adrenaline and its prodrug dipivefrine, the increased levels of
adrenaline could not be isolated from the endogenous levels
[33]. In the present study, we found a statistically signifi-
cant increase (2.5-fold) in adrenaline in the PACG group
compared to the control group. In contrast to Cooper et al.’s
report [34], we did not observe any statistically significant
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change in noradrenaline levels among the groups. Adrenaline
is reported to have free access to the eye, but metabolism of
adrenaline in eye is due to monoamine oxidase transporters
and depends on catechol-O-methyl transferase (COMT) to
inactivate adrenaline into metabolites in non-neuronal tissue
sites. The involvement of a COMT polymorphism in the
reduced metabolism of adrenaline, leading to PACG, has yet
to be confirmed. However, involvement of a COMT polymor-
phism in various neurodegenerative disorders has been well
documented [35,36].

To conclude, by analyzing the NT levels from the
aqueous humor and plasma of patients with POAG, PACG,
and cataract (control), this study revealed a fivefold elevation
of histamine levels in patients with POAG, and a 2.5-fold
increase of adrenaline levels in patients with PACG. Apart
from this observation, GABA and L-glutamate were found
to be elevated in the POAG and PACG groups compared to
the control group. All these changes were observed to be
independent of their respective plasma levels. This study did
not show any statistically significant variation in the levels
of SHT, N-acetyl SHT, DOPA, dopamine, and noradrena-
line. This signifies that apart from autonomic mechanisms,
there could be involvement of the histaminergic system in
the progression of glaucoma. However, further studies are
required to evaluate the effects of histamine on Miiller cell
dysfunction. Elevated L-glutamate and GABA showed that
their release might be a reflection of retinal ganglionic cell
death.

ACKNOWLEDGMENTS

We acknowledge the ICMR Senior Research Fellowship
(2017/3045/GENOMICS/BMS) to Mr. L. Gowtham and High
Precision Bioanalytical Laboratory (DST-FIST sponsored
facility) for supporting the analysis.

REFERENCES

1.  Agarwal R, Gupta SK, Agarwal P, Saxena R, Agrawal SS.
Current concepts in the pathophysiology of glaucoma. Indian
J Ophthalmol 2009; 57:257-[PMID: 19574692].

2. Weinreb RN, Aung T, Medeiros FA. The pathophysiology and
treatment of glaucoma: a review. JAMA 2014; 311:1901-11.
[PMID: 24825645].

3. Quigley HA. Glaucoma. Lancet 2011; 377:1367-77. [PMID:
21453963].

4. Tham Y-C, Li X, Wong TY, Quigley HA, Aung T, Cheng C-Y.
Global prevalence of glaucoma and projections of glaucoma
burden through 2040: a systematic review and meta-analysis.
Ophthalmology 2014; 121:2081-90. [PMID: 24974815].

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

572

© 2021 Molecular Vision

McDougal DH, Gamlin PD. Autonomic control of the eye.
Compr Physiol 2011; 5:439-73. [PMID: 25589275].

Wu SM, Maple BR. Amino acid neurotransmitters in the
retina: a functional overview. Vision Res 1998; 38:1371-84.
[PMID: 9667005].

Pycock CJ. Retinal neurotransmission. Surv Ophthalmol
1985; 29:355-65. [PMID: 2859657].

Christensen I, Lu B, Yang N, Huang K, Wang P, Tian N. The
susceptibility of retinal ganglion cells to glutamatergic
excitotoxicity is type-specific. Front Neurosci 2019; 13:219-
[PMID: 30930737].

Ishikawa M. Abnormalities in glutamate metabolism and exci-
totoxicity in the retinal diseases. Scientifica (Cairo) 2013;
2013:528940-[PMID: 24386591].

Tufi S, Lamoree M, de Boer J, Leonards P. Simultaneous anal-
ysis of multiple neurotransmitters by hydrophilic interaction
liquid chromatography coupled to tandem mass spectrom-
etry. J Chromatogr A 2015; 1395:79-87. [PMID: 25869798].

US. Food and drug administration. Guidance for Industry,
bioanalytical method validation. FDA. 2018.

Faig MA, Wollstein G, Schuman JS, Chan KC. Cholinergic
nervous system and glaucoma: From basic science to clinical
applications. Prog Retin Eye Res 2019; 72:100767-[PMID:
31242454].

Lawlor M, Danesh-Meyer H, Levin LA, Davagnanam I, De
Vita E, Plant GT. Glaucoma and the brain: trans-synaptic
degeneration, structural change, and implications for neuro-
protection. Surv Ophthalmol 2018; 63:296-306. [PMID:
28986311].

Davis BM, Crawley L, Pahlitzsch M, Javaid F, Cordeiro MF.
Glaucoma: the retina and beyond. Acta Neuropathol 2016;
132:807-26. [PMID: 27544758].

Gherghel D, Hosking SL, Orgiil S. Autonomic nervous system,
circadian rthythms, and primary open-angle glaucoma. Surv
Ophthalmol 2004; 49:491-508. [PMID: 15325194].

George R, Ramesh SV, Vijaya L. Glaucoma in India: estimated
burden of disease. J Glaucoma 2010; 19:391-7. [PMID:
20711029].

Gupta D, Chen PP. Glaucoma. Am Fam Physician 2016;
93:668-74. [PMID: 27175839].

Resch H, Zawinka C, Lung S, Weigert G, Schmetterer L,
Garhofer G. Effect of histamine and cimetidine on retinal and
choroidal blood flow in humans. Am J Physiol Regul Integr
Comp Physiol 2005; 289:R1387-91. [PMID: 16002558].

Markwardt KL, Magnino PE. Histamine induced contraction
of human ciliary muscle cells. Exp Eye Res 1997; 64:713-7.
[PMID: 9245901].

Thangam EB, Jemima EA, Singh H, Baig MS, Khan M,
Mathias CB, Church MK, Saluja R. The role of histamine
and histamine receptors in mast cell-mediated allergy and
inflammation: the hunt for new therapeutic targets. Front
Immunol 2018; 9:1873-[PMID: 30150993].


http://www.molvis.org/molvis/v27/564
http://www.ncbi.nlm.nih.gov/pubmed/19574692
http://www.ncbi.nlm.nih.gov/pubmed/24825645
http://www.ncbi.nlm.nih.gov/pubmed/21453963
http://www.ncbi.nlm.nih.gov/pubmed/21453963
http://www.ncbi.nlm.nih.gov/pubmed/24974815
http://www.ncbi.nlm.nih.gov/pubmed/25589275
http://www.ncbi.nlm.nih.gov/pubmed/9667005
http://www.ncbi.nlm.nih.gov/pubmed/2859657
http://www.ncbi.nlm.nih.gov/pubmed/30930737
http://www.ncbi.nlm.nih.gov/pubmed/24386591
http://www.ncbi.nlm.nih.gov/pubmed/25869798
http://www.ncbi.nlm.nih.gov/pubmed/31242454
http://www.ncbi.nlm.nih.gov/pubmed/31242454
http://www.ncbi.nlm.nih.gov/pubmed/28986311
http://www.ncbi.nlm.nih.gov/pubmed/28986311
http://www.ncbi.nlm.nih.gov/pubmed/27544758
http://www.ncbi.nlm.nih.gov/pubmed/15325194
http://www.ncbi.nlm.nih.gov/pubmed/20711029
http://www.ncbi.nlm.nih.gov/pubmed/20711029
http://www.ncbi.nlm.nih.gov/pubmed/27175839
http://www.ncbi.nlm.nih.gov/pubmed/16002558
http://www.ncbi.nlm.nih.gov/pubmed/9245901
http://www.ncbi.nlm.nih.gov/pubmed/30150993

Molecular Vision 2021; 27:564-573 <http:/www.molvis.org/molvis/v27/564>

21.

22.

23.

24.

25.

26.

27.

28.

Haas HL, Sergeeva OA, Selbach O. Histamine in the nervous
system. Physiol Rev 2008; 88:1183-241. [PMID: 18626069].

Nowak JZ, Nawrocki J. Histamine in the human eye.
Ophthalmic Res 1987; 19:72-5. [PMID: 3497369].

Lanzi C, Lucarini L, Durante M, Sgambellone S, Pini A,
Catarinicchia S, Lazewska D, Kie¢-Kononowicz K, Stark H,
Masini E. Role of histamine H3 receptor antagonists on intra-
ocular pressure reduction in rabbit models of transient ocular
hypertension and glaucoma. IntJ Mol Sci 2019; 20:981-.

Greferath U, Vessey KA, Jobling Al, Mills SA, Bui BV, He Z,
Nag N, Ohtsu H, Fletcher EL. The role of histamine in the
retina: studies on the Hdc knockout mouse. PLoS One 2014;
9:¢116025-[PMID: 25545149].

Arai R, Usui-Ouchi A, Ito Y, Mashimo K, Murakami A,
Ebihara N. Effects of secreted mast cell mediators on retinal
pigment epithelial cells: focus on mast cell tryptase. Media-
tors Inflamm 2017; 2017:3124753-[PMID: 28751819].

Yan H, Zhang X, Hu W, Ma J, Hou W, Zhang X, Wang X, Gao
J, Shen Y, Lv J, Ohtsu H, Han F, Wang G, Chen Z. Hista-
mine H3 receptors aggravate cerebral ischaemic injury by
histamine-independent mechanisms. Nat Commun 2014;
5:1-12. [PMID: 24566390].

Lu C-W, Lin T-Y, Chang C-Y, Huang S-K, Wang S-J.
Ciproxifan, a histamine H3 receptor antagonist and inverse
agonist, presynaptically inhibits glutamate release in rat

hippocampus. Toxicol Appl Pharmacol 2017; 319:12-21.
[PMID: 28132918].

Bringmann A, Grosche A, Pannicke T, Reichenbach A. GABA
and glutamate uptake and metabolism in retinal glial (Miiller)

29.

30.

31.

32.

33.

34.

35.

36.

© 2021 Molecular Vision

cells. Front Endocrinol (Lausanne) 2013; 4:48-[PMID:
23616782].

Gao F, Ji M, Wu J-H, Wang Z-F. Roles of retinal Miiller cells
in health and glaucoma. Sheng Li Xue Bao. 2013; 65:654-63.
[PMID: 24343724].

Osborne NN, Ugarte M, Chao M, Chidlow G, Bae J, Wood J,
Nash MS. Neuroprotection in relation to retinal ischemia and
relevance to glaucoma. Surv Ophthalmol 1999; 43:S102-28.
[PMID: 10416754].

Osborne N, Chidlow G, Layton C, Wood J, Casson R, Melena
J. Optic nerve and neuroprotection strategies. Eye (Lond)
2004; 18:1075-84. [PMID: 15534592].

Gong J-L, Lou X-T, Yuan Y-X, Chen L-W, Ji P-T, Li L, Zhao Y,
Zang H. The increased expression of GABA receptors within
the arcuate nucleus is associated with high intraocular pres-
sure. Mol Vis 2018; 24:574-[PMID: 30174387].

Cooper RL, Constable 1J, Davidson L. Aqueous humor cate-
cholamines. Curr Eye Res 1984; 3:809-14. [PMID: 6734261].

Cooper RL, Constable I, Davidson L. Catecholamines in
aqueous humour of glaucoma patients. Aust J Ophthalmol
1984; 12:345-9. PMID: 6152150[PMID: 6152150].

Dong Z, Sun X, Pan C, Lu T, Han Y, Wang L, Yan H, Dong L,
Zhang D, Yue W. Association of DISC1, BDNF, and COMT
polymorphisms with exploratory eye movement of schizo-
phrenia in a Chinese Han population. Psychiatr Genet 2016;
26:258-65. [PMID: 27285059].

Dorszewska J, Prendecki M, Oczkowska A, Rozycka A, Lianeri
M, Kozubski W. Polymorphism of the COMT, MAO, DAT,
NET and 5-HTT genes, and biogenic amines in Parkinson’s
disease. Curr Genomics 2013; 14:518-33. [PMID: 24532984].

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China.
The print version of this article was created on 3 September 2021. This reflects all typographical corrections and errata to the
article through that date. Details of any changes may be found in the online version of the article.

573


http://www.molvis.org/molvis/v27/564
http://www.ncbi.nlm.nih.gov/pubmed/18626069
http://www.ncbi.nlm.nih.gov/pubmed/3497369
http://www.ncbi.nlm.nih.gov/pubmed/25545149
http://www.ncbi.nlm.nih.gov/pubmed/28751819
http://www.ncbi.nlm.nih.gov/pubmed/24566390
http://www.ncbi.nlm.nih.gov/pubmed/28132918
http://www.ncbi.nlm.nih.gov/pubmed/23616782
http://www.ncbi.nlm.nih.gov/pubmed/23616782
http://www.ncbi.nlm.nih.gov/pubmed/24343724
http://www.ncbi.nlm.nih.gov/pubmed/10416754
http://www.ncbi.nlm.nih.gov/pubmed/15534592
http://www.ncbi.nlm.nih.gov/pubmed/30174387
http://www.ncbi.nlm.nih.gov/pubmed/6734261
http://www.ncbi.nlm.nih.gov/pubmed/6152150
http://www.ncbi.nlm.nih.gov/pubmed/27285059
http://www.ncbi.nlm.nih.gov/pubmed/24532984

	Reference r1
	Reference r2
	Reference r3
	Reference r4
	Reference r5
	Reference r6
	Reference r7
	Reference r8
	Reference r9
	Reference r10
	Reference r11
	Reference r12
	Reference r13
	Reference r14
	Reference r15
	Reference r16
	Reference r17
	Reference r18
	Reference r19
	Reference r20
	Reference r21
	Reference r22
	Reference r23
	Reference r24
	Reference r25
	Reference r26
	Reference r27
	Reference r28
	Reference r29
	Reference r30
	Reference r31
	Reference r32
	Reference r33
	Reference r34
	Reference r35
	Reference r36
	Table t1
	Table t2
	Table t3

