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Abstract
Glaucoma is a neurodegenerative disease that causes progressive, irreversible vision loss. Currently, intraocular pressure 
(IOP) is the only modifiable risk factor for glaucoma. However, glaucomatous degeneration may continue despite adequate 
IOP control. Therefore, there exists a need for treatment that protects the visual system, independent of IOP. This study 
sought, first, to longitudinally examine the neurobehavioral effects of different magnitudes and durations of IOP elevation 
using multi-parametric magnetic resonance imaging (MRI), optokinetics and histology; and, second, to evaluate the effects 
of oral citicoline treatment as a neurotherapeutic in experimental glaucoma. Eighty-two adult Long Evans rats were divided 
into six groups: acute (mild or severe) IOP elevation, chronic (citicoline-treated or untreated) IOP elevation, and sham (acute 
or chronic) controls. We found that increasing magnitudes and durations of IOP elevation differentially altered structural 
and functional brain connectivity and visuomotor behavior, as indicated by decreases in fractional anisotropy in diffusion 
tensor MRI, magnetization transfer ratios in magnetization transfer MRI, T1-weighted MRI enhancement of anterograde 
manganese transport, resting-state functional connectivity, visual acuity, and neurofilament and myelin staining along the 
visual pathway. Furthermore, 3 weeks of oral citicoline treatment in the setting of chronic IOP elevation significantly 
reduced visual brain integrity loss and visual acuity decline without altering IOP. Such effects sustained after treatment was 
discontinued for another 3 weeks. These results not only illuminate the close interplay between eye, brain, and behavior in 
glaucomatous neurodegeneration, but also support a role for citicoline in protecting neural tissues and visual function in 
glaucoma beyond IOP control.
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Introduction

Glaucoma is a neurodegenerative disease of the visual sys-
tem that involves progressive retinal ganglion cell (RGC) 
death, optic nerve damage, and irreversible vision loss [1]. 
It is the second leading cause of blindness worldwide, with 
60 million people suffering from glaucomatous optic neu-
ropathy, of whom 8.4 million are blind [2]. One major 
risk factor for glaucoma is an increase in intraocular pres-
sure (IOP). However, the direct causes of glaucoma are 
unknown, and it remains unclear how different degrees 
of IOP change affect glaucoma pathogenesis. Currently, 
the only effective way to slow down glaucoma progres-
sion is by decreasing IOP, despite the fact that degenera-
tion of the visual system may still occur after lowering 
IOP to population-derived normal levels [3, 4]. Therefore, 
there exists a need for a better understanding of the dis-
ease mechanisms resulting from IOP elevation, as well as 
a treatment mechanism beyond lowering IOP in order to 
further decrease the severity of glaucoma and preserve or 
restore visual function.

To determine the mechanisms of disease progression 
in glaucoma, several animal models have been developed 
targeting different aspects of IOP-induced pathogenesis 
[5, 6]. However, many of these studies were performed 
ex vivo without visual outcome assessments, and the 
longitudinal effects of different degrees of IOP elevation 
on the visual system remain unclear. Recent studies also 
suggest that glaucoma may not only involve the eye, but 
also the brain in a trans-synaptic manner [7–12]. However, 
results remain controversial, partly due to small samples 
and limited methods available to probe properties of the 
eye, brain, and visual behavior in vivo and simultaneously 
[13]. There also remain barriers to determining if the brain 
can be the target for glaucoma therapeutics in addition 
to the eye. Development of a well-controlled, in vivo 
model system for longitudinal neurobehavioral analyses 
can help clarify mechanisms affecting vision loss in glau-
coma patients and can provide a platform to evaluate the 
efficacy of novel glaucoma therapeutics. Therefore, in this 
study, we combined the use of experimental rat models 
of glaucoma, optokinetics, and advanced structural and 
functional magnetic resonance imaging (MRI) techniques 
to analyze the effects of acute and chronic IOP elevation 
on the visuomotor behavior response, white matter integ-
rity, axonal transport, and functional connectivity between 
visual brain nuclei over time.

To explore treatment mechanisms that can reduce 
glaucomatous damage independent of IOP reduction, one 
may postulate strategies that can act to preserve neural 
tissues, promote neurorepair, improve vascular tone, and 
reduce functional loss across neurodegenerative diseases 

and injuries. Among these candidates, citicoline (cytidine 
5′-diphosphocholine) has been suggested to slow down the 
detrimental effects of Alzheimer’s disease [14], traumatic 
brain injury [15], multiple sclerosis [16], cerebrovascu-
lar conditions, and cerebral ischemia [17] when admin-
istered exogenously. Citicoline is a non-toxic compound 
[18] that plays important roles in inhibiting phospholipid 
degradation and in synthesizing or repairing cell mem-
brane [19]. It increases certain neurotransmitters such as 
dopamine, noradrenaline, and serotonin and serves as a 
choline donor in the biosynthesis of acetylcholine [20, 21]. 
Studies have also shown that citicoline may be neuropro-
tective in hyperglycemic conditions [22, 23], which is of 
further importance given research suggesting an associa-
tion between insulin resistance and IOP elevation [24–26]. 
To date, the effects of citicoline on glaucomatous neuro-
degeneration remain unclear [27]. The effects of citicoline 
on the visual system have been explored initially through 
case control, prospective, and retrospective cohort studies 
[28–39]. Through activation of the dopaminergic system 
in the visual pathways, citicoline improves visual acu-
ity, contrast sensitivity, and visually evoked potentials in 
patients with ischemic optic neuropathies [32, 40]. Stud-
ies involving cell culture and animal model systems have 
shown that citicoline plays vital role in improving neurite 
growth [41], imparting resistance to glutamate excitotox-
icity [23], and preventing RGC death in optic nerve crush 
models [42] without significant alteration in IOP thereby 
making a case for its neuroprotective effects [38]. Sev-
eral studies reported improvements in electrophysiology 
following intramuscular or oral citicoline administration 
[31, 32] with no significant difference in efficacy between 
the two routes. However, the effects generally returned to 
baseline after washout. These trials did not report visual 
field changes either. A related study observed ameliorat-
ing effects of oral citicoline on the progression of visual 
field damage compared with historical controls [29] but 
was limited to a relatively small sample size and lacked 
the follow-up data.

After oral ingestion, citicoline is hydrolyzed in the intes-
tinal wall and liver to choline and cytidine, both of which 
are then rapidly absorbed, enter systemic circulation, cross 
the blood-brain barrier, enter the central nervous system, 
and reform as citicoline with over 90% bioavailability [20, 
43]. In this study, we propose that oral citicoline treatment 
can ameliorate the effects of IOP elevation on glaucomatous 
damage and functional deterioration of the visual system. By 
using non-invasive, multi-parametric MRI and behavioral 
studies, it is possible to associate the degree of IOP eleva-
tion to longitudinal structural and functional changes in the 
visual system after experimental glaucoma induction and 
oral citicoline treatment. In this study, we used diffusion 
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tensor imaging (DTI) to characterize the microstructural 
fiber organization along the visual pathway by measuring 
water diffusion patterns in white matter compartments [44]. 
We also utilized magnetization transfer imaging (MTI) to 
examine changes in macromolecular structures, includ-
ing myelin, by measuring the magnetization transfer ratio 
between water bound to macromolecules and the surround-
ing free water in the optic nerve [45]. Mn-enhanced MRI 
(MEMRI) was used to provide information regarding antero-
grade transport and the integrity of the axonal pathway after 
IOP elevation and oral citicoline treatment. Finally, resting-
state functional connectivity MRI (RSfcMRI) was used to 
explore the functional connectivity changes between brain 
regions throughout the visual system [46], whereas a subset 
of animals also underwent proton magnetic resonance spec-
troscopy (1H-MRS) to examine choline metabolism in the 
visual cortex [47]. These multi-parametric brain MRI find-
ings were examined alongside optokinetic and histological 
assessments using myelin basic protein (MBP) for myeli-
nation and phosphorylated neurofilament (pNF) for axonal 
integrity in order to determine how different magnitudes and 
durations of IOP elevation affect neurobehavioral outcomes 
with and without oral citicoline treatment.

The goals of this study were to examine neurobehavioral 
effects of different magnitudes and durations of IOP eleva-
tion via multi-parametric MRI, optokinetics, and histology 
and to evaluate neurotherapeutic effects of citicoline on 
experimental glaucoma. We hypothesized that differences 
in IOP elevation would induce different degrees of behav-
ioral, structural, and functional brain changes, with more 
severe pathology in the setting of greater magnitudes and 
durations of IOP elevation and that citicoline may reduce 
or delay such effects in our chronic IOP elevation model 
without significantly altering IOP.

Methods

Study Design

All experiments were approved by the University of Pitts-
burgh Institutional Animal Care and Use Committee, and 
investigators followed guidelines from the Association for 
Research in Vision and Ophthalmology’s statement for Use 
of Animals in Ophthalmic and Vision Research. A sche-
matic of the experimental plan is provided in Fig. 1. In brief, 
eighty-two adult female Long Evans rats (Charles River 
Laboratories, Wilmington, MA) at about 8 weeks old were 
housed in a 12-h light/dark cycle with standard chow and 
water available ad libitum and were randomly assigned to six 
groups. All animals from each of the acute (mild or severe) 
IOP elevation, chronic (citicoline-treated or untreated) 
IOP elevation, and sham (acute or chronic) control groups 

received neurobehavioral assessments using optokinetics 
(days 0, 7, 14, and 35), DTI (days 3, 7, 14, and 35), MTI 
(days 3, 7, 14, and 35), and RSfcMRI (day 35). A subset of 
animals from the chronic IOP elevation and chronic sham 
groups also underwent 1H-MRS (day 35). After RSfcMRI 
and 1H-MRS, animals were randomly assigned for MEMRI 
(day 35) or histology (day 35) (Fig. 1a). The treated chronic 
IOP elevation animals received oral doses of citicoline daily 
for 7 days prior to IOP elevation induction and every 48 h for 
14 days after IOP elevation induction. The acute groups had 
their IOP measured during experimental induction, whereas 
the chronic groups had their IOP measured at days 3, 7, 14, 
and 35 to verify that the IOP remained elevated for the dura-
tion of the experimental period.

Anesthesia

For all chronic IOP elevation induction, MR imaging pro-
cedures, and Mn contrast agent injection, animals were 
anesthetized via isoflurane inhalation (3% induction, 1.5% 
maintenance). To study acute IOP elevation induction, 
rats were anesthetized with an intraperitoneal injection of 
a 75:10 mg/kg ketamine/xylazine cocktail (Henry Schein, 
NY). All procedures were performed under sterile condi-
tions, and rat body temperature was maintained and moni-
tored using a circulating water blanket and a rectal thermom-
eter. After experiments, animals were placed on a heating 
pad for recovery and monitored until fully conscious and 
ambulating.

Acute IOP Elevation Induction

Twenty-five animals received mild (n = 13) or severe (n = 12) 
acute IOP elevation in the right eye via physiological saline 
anterior chamber perfusion. The left eye remained untreated 
and served as an internal control. Proparacaine hydrochlo-
ride ophthalmic solution (Bausch & Lomb, Inc., Rochester, 
NY, USA) and tropicamide ophthalmic solution (Akorn, 
Lake Forest, IL) were topically applied to the right eye to 
induce analgesia and pupil dilation, respectively. A 30-gauge 
needle was connected to a sterile saline reservoir (0.9% 
sodium chloride; Baxter International Inc., Deerfield, IL, 
USA) via sterile tubing. The needle tip was inserted into 
the right eye’s anterior chamber under a surgical micro-
scope, parallel to the iris, taking care not to touch the iris 
or lens. Once inserted, the needle was secured in place to 
avoid movement during the experiment. IOP was elevated 
to 40 mmHg and 130 mmHg for mild and severe acute IOP 
elevation, respectively, by elevating the saline reservoir to 
the appropriate height. The reservoir was secured in place 
for 60 min and IOP was measured with both a handheld 
rebound tonometer (Icare TonoLab, Finland) and a pressure 
transducer (BIOPAC Systems, Goleta, CA, USA) connected 
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in line with sterile tubing. Afterwards, the reservoir was low-
ered, and the needle was removed from the anterior cham-
ber. Antibiotic ointment (Gentamicin, Akorn, Lake Forest, 
IL) was applied topically immediately after removal of the 
needle. Sham procedures (n = 9) to mild and severe acute 
IOP elevation were performed by cannulating the right eye 
as described and keeping the saline reservoir at eye level 
for 60 min.

Chronic IOP Elevation Induction

Thirty-eight animals received an intracameral injection of an 
optically clear cross-linking hydrogel into the anterior chamber 
of the right eye to induce chronic IOP elevation [48]. The left eye 
remained uninjected and untreated, serving as an internal con-
trol. Proparacaine and tropicamide were first topically applied 
to the right eye to induce analgesia and pupil dilation. The right 
eye was injected intracamerally with 15 µL of a 1:1 mixture of 
4% vinyl sulfonated hyaluronic acid and 4% thiolated hyaluronic 
acid [48–50]. The injections were performed under a surgical 

microscope with a microinjection system through a glass micro-
pipette (World Precision Instruments, Sarasota, FL, USA). The 
solidified hydrogel obstructed aqueous outflow, thereby causing 
a sustained increase in IOP. Antibiotic ointment was applied 
topically immediately after injection. Sham procedures to the 
hydrogel-induced glaucoma model were performed on 10 ani-
mals by injecting only phosphate-buffered saline (PBS) solu-
tion into the right anterior chamber. IOP was measured with the 
handheld TonoLab tonometer at days 3, 7, 14, and 35 after intra-
cameral injection to verify if the IOP elevation was sustained.

Citicoline Administration

Among the 38 animals that received chronic IOP elevation 
induction, 19 of them also received daily citicoline treatment 
(500 mg/kg [16]; Jarrow Formulas, Los Angeles, CA) via oral 
gavage for 7 days prior to chronic IOP elevation induction, and 
every 48 h for 14 days after chronic IOP elevation induction. 
Citicoline was freshly diluted in saline before each treatment.

Fig. 1  Experimental paradigm. (a) Experimental timeline for meas-
uring eye, brain, and behavioral changes following acute (top) and 
chronic (bottom) intraocular pressure (IOP) elevation or sham opera-
tions across 5 weeks. Vertical arrows represent visuomotor behavior 
measurements through optokinetics (solid black), intraocular pres-
sure elevation or sham induction (solid blue), diffusion tensor imag-
ing (DTI), and magnetization transfer imaging (MTI) using 9.4  T 
MRI (solid red), IOP measurements through tonometry (solid gray), 
resting-state functional connectivity MRI (RSfcMRI) (black outline), 

metabolic proton magnetic resonance spectroscopy (green outline), 
anterograde transport through manganese-enhanced MRI (MEMRI) 
(blue outline), and histology (red outline). (b) Treatment paradigm for 
oral citicoline administration. A subgroup of animals in the chronic 
IOP elevation group received oral citicoline treatment at a dose of 
500 mg/kg body weight. Animals received daily citicoline administra-
tion for 7 days prior to IOP elevation induction, and every 48 h for 
14 days following chronic IOP elevation induction.
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Optokinetics

The OptoMotry virtual-reality optokinetic system (Cerebral-
Mechanics Inc., Lethbridge, Alberta, Canada) [51] was used 
to assess visuomotor behavior by quantifying the visual acu-
ity of each eye. Animals were acclimated to the system once 
per day for 3 days prior to data collection. Acclimation ses-
sions lasted 20 min, during which the animals were exposed 
to stimuli similar to those presented during data collection. 
During data collection, spatial frequency ranged from 0.042 
to 0.750 cycles/degree using a simple staircase method while 
rotation speed (0.12°/s) and 100% contrast were maintained 
throughout the experiment.

MRI Protocols

All MR imaging was performed using a 9.4-T/31-cm 
Varian/Agilent horizontal MRI scanner (Santa Clara, CA, 
USA) with a 38-mm diameter transmit-receive volume coil 
and a receive surface coil.

DTI was acquired for all animals using a fast spin-echo 
sequence with 12 diffusion gradient directions at b = 1.0 ms/
μm2 and 2 non-diffusion-weighted images at b = 0 ms/μm2 
(b0). Other imaging parameters included repetition time/echo 
time (TR/TE) = 2300/27.8 ms, echo train length = 8, diffu-
sion gradient duration time (δ)/diffusion gradient separation 
time (Δ) = 5/17 ms, field of view = 2.6 × 2.6  cm2, acquisition 
matrix = 192 × 192 (zero-filled to 256 × 256), 20 1-mm thick 
slices, and 4 repetitions. Slices were oriented orthogonal to 
the prechiasmatic optic nerves.

MTI was acquired for all animals at the level of 
the prechiasmatic optic nerves at the same orientation 
and time points as DTI with 9.5-µT saturation pulses 
at 4000  Hz off-resonance. Other parameters included 
TR/TE = 1500/8.43  ms, echo train length = 8, field of 
view = 2.6 × 2.6  cm2, acquisition matrix = 192 × 192 (zero-
filled to 256 × 256), one 1-mm thick slice, and 2 repetitions.

Manganese (Mn) ions are paramagnetic and can act as 
a calcium analog that enters voltage-gated calcium chan-
nels followed by active anterograde transport along axonal 
pathways via microtubules [52]. In this study, MEMRI 
was performed on a randomly selected subset of the mild 
acute IOP elevation (n = 9), severe acute IOP elevation 
(n = 9), acute sham control (n = 6), untreated chronic IOP 
elevation (n = 12), citicoline-treated chronic IOP elevation 
(n = 13), and chronic sham control (n = 6) groups. Each ani-
mal received binocular intravitreal injections of 1.5 µL of 
100 mM manganese chloride  (MnCl2) after all other imag-
ing and behavioral studies were completed. T1-weighted 
images were acquired before and at 8 h after  MnCl2 injec-
tions with a fast spin-echo sequence. The same geometric 
parameters were used as for DTI, with TR/TE = 600/8 ms, 
echo train length = 8, and 8 1-mm thick slices. A saline 

syringe phantom was placed next to the animal head for 
signal normalization to account for potential system instabil-
ity between imaging sessions.

For RSfcMRI, T2-weighted images were first acquired 
to serve as an anatomical reference. A single-shot gradi-
ent-echo echo-planar imaging sequence was then used 
for each session, with TR/TE = 2000/18  ms, field of 
view = 32 × 32  mm2, acquisition matrix = 64 × 64, six 1-mm 
thick slices, and 420 repetitions. Each session lasted about 
14 min, and 4 sessions were acquired per animal, resulting 
in approximately 1 h of total scan time per animal.

1H-MRS was acquired in a subset of animals in the 
untreated chronic IOP elevation (n = 6), citicoline-treated 
chronic IOP elevation (n = 7), and chronic sham control 
(n = 7) groups. A 4 × 4 × 1  mm3 voxel was placed over the 
left and right visual cortices (VC) [53] each, centering on gray 
matter while avoiding underlying white matter structures 
and the skull. The water signal was suppressed with vari-
able power radiofrequency pulses with optimized relaxation 
delays (VAPOR), and the spin echo full-intensity acquired 
localized (SPECIAL) spectroscopy sequence [54] was 
used for signal acquisition. Other parameters included TR/
TE = 4000/4.04 ms, averages = 512, data points = 4096, and 
spectral bandwidth = 8013 Hz.

Histology

Animals not receiving Mn injections were sacrificed at the 
terminal point for histology. They were euthanized with 
an intraperitoneal injection of 50 mg/kg pentobarbital and 
whole-body perfusion was used to fix the tissue for histol-
ogy. When the animals no longer responded to a toe pinch, 
they were perfused with PBS at pH 7.4, followed by 4% 
paraformaldehyde in PBS. Optic nerves were harvested and 
fixed for an additional 48 h in 4% paraformaldehyde in PBS 
at 4 °C. Samples were placed in 30% sucrose for cryopro-
tection, and then embedded in optical cutting temperature 
medium. The optic nerves were sectioned into 10-µm thick 
sections, placed on histology slides, and kept at − 20 °C 
until use.

Sections were stained for phosphorylated neurofilament 
(pNF) (1:1000, Covance, NJ, USA) and myelin basic pro-
tein (MBP) (1:50, Santa Cruz Biotechnology, TX, USA). 
The sections were washed three times with PBS and were 
blocked and permeabilized overnight with 0.2% Triton 
X-100, 1% bovine serum albumin (BSA), and 5% donkey 
serum in PBS. pNF and MBP primary antibodies were 
diluted to working concentrations in 1% BSA and 5% don-
key serum in PBS and incubated for 3 days at 4 °C. The 
sections were washed three times in PBS and incubated with 
secondary antibodies (1:500 donkey anti-goat Alexa488 for 
MBP, 1:500 donkey anti-mouse Alexa546 for pNF) in 1% 
BSA in PBS for 2 h at room temperature. Sections were 
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rinsed in PBS, stained with 4′,6-diamidino-2-phenylindole 
(DAPI), and imaged with a confocal microscope (Olympus 
Fluoview1000, Tokyo, Japan) at 60× magnification with the 
same exposure times used across sections for each antibody.

Data Analysis

All data analysis was completed with blinding with respect to 
the experimental group. For DTI, SPM8 (Wellcome Depart-
ment of Imaging Neuroscience, University College, London, 
UK) was used for co-registration between diffusion-weighted 
and non-diffusion-weighted images. A total of 3 × 3 diffu- 
sion tensors were placed on non-diffusion-weighted and 
diffusion-weighted images on a pixel-by-pixel basis using 
DTIStudio v3.02 (Johns Hopkins University, Baltimore, 
MD). Maps of DTI-derived parameters including fractional 
anisotropy (sensitive to overall microstructural integrity), 
axial diffusivity (sensitive to axonal integrity), and radial dif- 
fusivity (sensitive to myelin integrity) were computed using 
eigenvectors and eigenvalues in DTIStudio to assess the 
resultant structural integrity of the visual pathway after IOP 
elevation and oral citicoline treatment. Regions of interest 
were drawn manually using ImageJ v1.47 (Wayne Rasband, 
NIH, USA) at the prechiasmatic optic nerves at Bregma 
+ 1.5 mm, and the optic tracts at Bregma − 3.5 mm based 
on the fractional anisotropy directionality map, fractional 
anisotropy value map, axial and radial diffusivity maps, and 
the rat brain atlas [55]. The corresponding DTI parametric 
values were then extracted. As more than 90% of the optic 
nerve fibers in adult rodents decussate at the optic chiasm 
to the contralateral optic tract [52], the visual pathway pro-
jecting from the injured right eye (right optic nerve and left 
optic tract) was assessed relative to that projecting from the 
uninjured left eye (left optic nerve and right optic tract), fol-
lowed by between-group comparisons over time.

For MTI, the magnetization transfer ratio for the prechias-
matic optic nerve was calculated as (M0-Msat)/M0, where Msat 
represents the magnetization signal with saturation pulse, 
and M0 represents the magnetization signal without satura-
tion pulse. Regions of interest were manually drawn on the 
prechiasmatic optic nerve and quantified using ImageJ.

For MEMRI, T1-weighted signal intensities in the left 
and right optic nerves, lateral geniculate nuclei (LGN), and 
superior colliculi (SC) were measured using manual regions 
of interest drawing in ImageJ. Signal intensities were nor-
malized to the nearby saline phantom to counter for system 
instability between imaging sessions. Differences in Mn 
enhancement between injured and uninjured visual pathways 
were quantified by calculating the percentage difference in 
normalized T1-weighted signal intensities in the right optic 
nerve, left LGN, and left SC relative to the left optic nerve, 
right LGN, and right SC, respectively.

For 1H-MRS, MR spectra were analyzed using jMRUI 
v5.2 (MRUI Consortium, http:// www. jmrui. eu/)% 20 (56, 
57). Residual water signal was filtered out using the Hackel-
Lanczos singular value decomposition (HLSVD) algorithm. 
Metabolite areas were calculated using quantitation-based 
quantum estimation (QUEST) with subtraction modeling 
to remove background signal, and the choline levels were 
normalized to creatine (Cr) to account for systematic fluc-
tuations between experimental sessions. The reliability of 
values obtained was verified with Cramer-Rao lower bounds 
(CRLB) below 25% [58].

For IOP, optokinetics, and MRI assessments other than 
RSfcMRI, results are presented as mean ± standard error of 
mean (SEM). Analysis of variance was used in conjunc-
tion with a Tukey’s post hoc test to determine significance 
between groups using GraphPad Prism v5.00 (GraphPad 
Software Inc., La Jolla, CA, USA). Results were considered 
significant when p < 0.05.

For RSfcMRI, images were realigned to the first volume to 
account for small head motions using a 3 degree-of-freedom 
rigid body transformation (translations in the imaging plane 
and rotations about the slice direction). The images were then 
smoothed with a 2D Gaussian function with a standard devia-
tion of 2 voxels, followed by a temporal ideal bandpass filter 
with cutoff frequencies of 0.01 and 0.1 Hz. Finally, the effects 
of motion were regressed out of the signal using the motion 
parameters estimated during realignment, as well as the first- 
and second-order temporal derivatives of the motion param-
eters. Before this regression step, the motion parameters were 
also temporally filtered as above to avoid the reintroduction of 
high-frequency noise into the preprocessed data. Regions of 
interest were drawn manually on the LGN, SC, and VC in each 
hemisphere, beginning with the first run of data for each ani-
mal and then propagated to all remaining runs by performing 
a 3-degree-of-freedom transformation between the first images 
of each pair of runs, thereafter applying this transformation to 
the drawn regions of interest. Functional connectivity in each 
run was then summarized by computing the mean time course 
in each region, computing the Pearson correlation between 
each pair of time courses, and converting these correlation 
coefficients to z-score using the Fisher r-to-z transformation. 
In this way, each run of data was summarized by a graph where 
the regions of interest define the nodes and the strength of the 
correlation between a given pair of regions of interest defines 
the edges. For each edge in the graph, effects for group-wise 
differences were investigated using a linear mixed-effects 
model with random slopes and intercepts included for each 
animal. We then performed an F-test on each group, with a 
false discovery rate corrected Q < 0.05 considered significant. 
Where the F-tests were significant, post hoc testing was per-
formed with analogous mixed-effects models but with data 
restricted to the two groups being compared.
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Results

IOP Elevation Was Induced at Different Magnitudes 
and Durations with No Effects from Citicoline

For the acute IOP elevation groups, the target IOP level 
was confirmed with both a handheld rebound tonome-
ter (Icare Tonolab, Finland) and a pressure transducer 
(BIOPAC Systems, Goleta, CA, USA) that was connected 
in line with sterile tubing during anterior chamber perfu-
sion (Fig. 2a). The same handheld tonometer was used to 

confirm successful induction of chronic IOP elevation. As 
shown in Fig. 2b, intracameral hydrogel injection into the 
right eye significantly elevated IOP throughout the exper-
imental period. In both citicoline-treated and untreated 
groups, the IOP of the right eye steadily increased from 
day 3 to day 14 and remained unchanged from day 14 
to day 35. No significant IOP difference was observed 
between citicoline-treated and untreated animals. IOP 
remained unchanged over the experimental period in the 
left uninjured eye of the experimental groups, as well as 
both eyes of the sham groups.

Fig. 2  Intraocular pressure (IOP) profiles (a, b) and visual acuity 
(VA) (c, d) in acute (a, c) and chronic (b, d) groups. (a) Anterior 
chamber perfusion to the right eye elevated IOP for 1 h, after which 
IOP returned to baseline physiological level. (b) Hydrogel injection 
to the right eye elevated IOP for the duration of the experimental 
period, with no significant IOP difference between citicoline-treated 
and untreated animals. (c, d) VA of the left eyes remained unchanged 
and was comparable with the right eyes before IOP elevation. (d) 
The VA of the right eyes of both acute IOP elevation groups was 

decreased compared with the left eyes at days 7, 14, and 35, and VA 
of the severe group was decreased compared with the mild group 
at days 7, 14, and 35. (d) The worsening in VA of the right eyes of 
citicoline-treated and untreated animals started at day 7 and was 
slower for the citicoline-treated group compared with the untreated 
group. Post hoc Tukey’s tests between left and right eyes, *p < 0.05, 
**p < 0.01; in right eyes between mild and severe groups (#p < 0.05); 
and in right eyes between treated and untreated groups (#p < 0.05). 
Data are represented as mean ± SEM.

1345Citicoline Modulates Glaucomatous Neurodegeneration Through Intraocular…



1 3

Acute and Chronic IOP Elevation Decrease Visual 
Acuity, While Citicoline Slows Down This Progression

Using optokinetic behavioral assessments, the visual acuity 
of the left uninjured eye in all groups remained unchanged 
over time and was comparable with the right experimental 
eye before IOP elevation (Fig. 2c, d). The visual acuity of 
the right experimental eye significantly decreased from pre-
injury (day 0) to day 7 after both mild and severe acute IOP 
elevation and continued to be significantly lower than the 
visual acuity of the left eye at days 14 and 35 (Fig. 2c). At 
days 7, 14, and 35, the right experimental eye under severe 
acute IOP elevation had a significantly lower visual acuity 
than that under mild acute IOP elevation (Fig. 2c).

The right eye in all chronic groups showed a significant 
visual acuity decrease of varying extents from day 0 to 
day 7 (Fig. 2d). By day 14, the right eye of the sham group 
had apparently recovered, with no visual acuity difference 
between left and right eyes at days 14 and 35. In contrast, the 
right eye of both the citicoline-treated and untreated groups 
showed a progressive decrease in visual acuity at days 14 
and 35. However, despite similar levels of IOP elevation, 
right eye visual acuity was significantly higher in the citi-
coline-treated group, compared with the untreated group, at 
both of these time points (Fig. 2d).

Diffusion Tensor MRI of White Matter Integrity After 
IOP Elevation and Oral Citicoline Treatment

When examining the microstructural integrity of the visual 
pathways projecting from the right experimental eye and 
the left uninjured eye using longitudinal DTI (Figs. 3 and 
4), among the acute groups (Fig. 3), severe acute IOP eleva-
tion resulted in a significantly larger fractional anisotropy 
decrease in the optic nerve at day 35 compared with sham 
procedures (Fig. 3b). The optic nerve also showed a sig-
nificantly larger radial diffusivity increase at day 35 after 
severe acute IOP elevation compared with the sham control 
(Fig. 3d). Over the time course, significant progression in 
fractional anisotropy decrease and radial diffusivity increase 
was observed in the optic nerve after severe acute IOP eleva-
tion when comparing days 3 and 7 with day 35. Statisti-
cally significant trends were not observed in the optic tract 
(Fig. 3e–g).

Following untreated chronic IOP elevation (Fig. 4), the 
optic nerve showed significantly larger fractional anisotropy 
and axial diffusivity decreases at days 7 and 35 when com-
pared with the sham control (Fig. 4b, c). Furthermore, the 
untreated optic nerve showed a significantly larger radial dif-
fusivity increase at days 7, 14, and 35 when compared with 
the sham group (Fig. 4d). The optic tract in the untreated 
chronic IOP elevation group had a significantly greater radial 
diffusivity increase at days 14 and 35 when compared with 

the sham group (Fig. 4g). When treated with citicoline, the 
optic tract showed a significantly smaller fractional anisot-
ropy decrease at days 14 and 35 compared with the untreated 
chronic IOP elevation group (Fig. 4e). No significant dif-
ference in DTI parametric values was observed between 
citicoline-treated chronic IOP elevation and sham control 
groups along the visual pathway (Fig. 4b–g).

Magnetization Transfer MRI of White Matter 
Integrity After IOP Elevation and Oral Citicoline 
Treatment

When examining the macromolecular contents of the optic 
nerves using longitudinal MTI (Fig. 5), among the acute 
groups (Fig. 5a and c), the optic nerve showed an early 
decline in magnetization transfer ratio at day 3 after severe 
acute IOP elevation. The decline was significantly larger 
than that in the mild acute IOP elevation group and was 
significantly larger than the sham control group until the end 
experimental time point. Among the chronic groups (Fig. 5b 
and d), chronic IOP elevation without citicoline treatment 
resulted in a significantly larger decrease in magnetization 
transfer ratio in the optic nerve when compared with that 
with citicoline treatment at both days 14 and 35, whereas 
the magnetization transfer ratio was significantly different 
between untreated chronic IOP elevation and sham control 
groups at day 35. No significant magnetization transfer ratio 
difference in the optic nerve was observed between citico-
line-treated chronic IOP elevation and sham control groups 
throughout the experimental period.

Manganese‑Enhanced MRI of Axonal Transport After 
IOP Elevation and Oral Citicoline Treatment

In order to quantify the anterograde Mn transport along the 
visual pathways projecting from the right experimental eye 
[i.e., right optic nerve, left lateral geniculate nucleus (LGN), 
and left superior colliculus (SC)] and from the left unin- 
jured eye (i.e., left optic nerve, right LGN, and right SC), 
T1-weighted signal intensities of these brain regions were 
measured before and at 8 h following intravitreal injection of 
 MnCl2 into both eyes at the end experimental time point on 
day 35 (Fig. 6). Before intravitreal Mn injection, no signifi-
cant difference in T1-weighted signals was observed along 
the visual pathways between hemispheres in either acute or 
chronic groups.

When assessing the percent intensity difference between 
injured and uninjured visual pathways after bilateral intra- 
vitreal Mn injection, among the acute groups (Fig. 6b–d), 
the left LGN showed a significantly larger reduction in Mn 
enhancement after severe acute IOP elevation compared 
with mild acute IOP elevation and sham control (Fig. 6c). 
The left SC also showed a significantly larger reduction in  
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Mn enhancement after severe acute IOP elevation compared 
with sham control (Fig. 6d).

Among the chronic groups (Fig. 6e–g), the right optic 
nerve, left LGN, and left SC showed a significantly larger 
reduction in Mn enhancement after untreated chronic IOP 
elevation compared with sham control (Fig. 6e–g), whereas 

the left LGN showed a significantly smaller reduction in Mn 
enhancement after citicoline-treated chronic IOP elevation 
compared with untreated chronic IOP elevation (Fig. 6f). 
No significant difference in Mn enhancement was observed 
between citicoline-treated chronic IOP elevation and sham 
control groups in the optic nerve or the LGN (Fig. 6e–g).

Fig. 3  Diffusion tensor imaging (DTI) of the optic nerve and optic 
tract following acute IOP elevation or sham operations over time. (a) 
Representative fractional anisotropy directionality (color) and value 
(grayscale) maps in the optic nerve and optic tract in mild acute IOP 
elevation, severe acute IOP elevation, and sham injury animals at day 
35. White arrows indicate optic nerves and the optic tracts, and white 
boxes indicate the area magnified in the second row. Color repre-
sentations for the principal diffusion directions: blue, caudal-rostral; 
red, left-right; green, dorsal-ventral. (b–g) Results are quantified and 

shown as percentage difference in fractional anisotropy (FA), axial 
diffusivity (AD), or radial diffusivity (RD) between injured and unin-
jured optic nerves and tracts, and the percentage differences are com-
pared between groups. Comparing severe and sham injury groups at 
day 35, there were significant differences in (b) FA and (d) RD in 
the optic nerves (post hoc Tukey’s tests, *p < 0.05). FA and RD in 
the optic nerves in the mild and severe groups were also significantly 
different between day 35 and days 3 and 7 (post hoc Tukey’s tests, 
#p < 0.05). Data are represented as mean ± SEM. Scale bar = 2 mm.
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Functional Connectivity MRI of the Visual System 
After IOP Elevation and Oral Citicoline Treatment

When comparing the resting-state functional connectiv-
ity between the LGN, SC, and visual cortex [53] of each 
hemisphere, significant functional connectivity differences 
were observed in the subcortical visual nuclei between all 

three acute groups, with greater differences across increasing 
magnitudes of IOP elevation (Fig. 7a). Among the chronic 
groups, animals with untreated chronic IOP elevation showed 
significantly decreased cortico-collicular, cortico-geniculate, 
and subcortical functional connectivity compared with the 
sham control both intra- and inter-hemispherically (Fig. 7b). 
In contrast, animals that received chronic IOP elevation 

Fig. 4  Diffusion tensor imaging (DTI) of the optic nerve and optic 
tract following chronic IOP elevation or sham operations over time. 
(a) Representative fractional anisotropy directionality (color) and 
value (grayscale) maps in the optic nerve and optic tract in untreated 
chronic IOP elevation, citicoline-treated chronic IOP elevation, 
and untreated sham injury groups at day 35. Color representations 
for the principal diffusion directions: blue, caudal-rostral; red, left-
right; green, dorsal-ventral. (b–g) Results are quantified and shown 

as percentage difference in fractional anisotropy (FA), axial diffusiv-
ity (AD), or radial diffusivity (RD) between injured and uninjured 
optic nerves and tracts, and the percentage differences are compared 
between groups. (b–g) At various time points, there were signifi-
cant differences in FA, AD, and RD between the untreated and sham 
injury groups, which were seen in both the optic nerves and optic 
tracts. Post hoc Tukey’s tests, *p < 0.05. Data are represented as 
mean ± SEM. Scale bar = 2 mm.
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and oral citicoline treatment appeared to have preserved or 
increased functional connectivity. Compared with untreated 
chronic IOP elevation, the citicoline-treated group also had 
increased functional connectivity between the left VC and 
left SC.

1H‑MRS of Visual Cortex Metabolism Following 
Chronic IOP Elevation and Oral Citicoline Treatment

Five weeks after hydrogel or sham buffer injection into the 
right eye, 1H-MRS of the untreated chronic IOP elevation 
group demonstrated significantly lower choline levels in the 
left VC corresponding to the right injected eye than in the 
right VC corresponding to the left uninjured eye (Fig. 8). 
In the citicoline-treated chronic IOP elevation group, cho-
line levels were not significantly different between the left 

and right VC. However, the left VC in the citicoline-treated 
group had significantly higher choline levels than that in the 
untreated chronic IOP elevation and sham injected groups. 
No significant difference in choline levels was found in the 
right VC among the three chronic groups.

Histological Assessment Following IOP Elevation 
and Oral Citicoline Treatment

Immunohistochemical staining for phosphorylated neurofila-
ment (pNF) and myelin basic protein (MBP) showed com-
parable expression in the left uninjured optic nerve across 
all groups (Fig. 9a, b). The pNF staining was decreased by 
43.6 ± 3.6% and 65.7 ± 0.7% in the right optic nerve of the 
mild and severe acute IOP elevation groups, respectively, 
compared with the left optic nerve (Fig. 9c). In the chronic 

Fig. 5  Magnetization transfer imaging (MTI) of the optic nerve 
(white arrows) following acute (a, c) and chronic (b, d) IOP eleva-
tion or sham operations. (a, b) Representative magnetization trans-
fer ratio (MTR) maps of the optic nerve at day 35. (c, d) Results are 
quantified and shown as percentage MTR difference between injured 
and uninjured optic nerves, and the percentage differences are com-
pared between groups. (c) There were significant differences between 
mild and severe groups at 3 days after acute IOP elevation (post hoc 

Tukey’s tests, *p < 0.05), and between severe and sham groups at 3 
and 35  days after acute IOP elevation (#p < 0.05). (d) There were 
also significant differences between untreated and citicoline-treated 
groups at 14 and 35  days after chronic IOP elevation. Post hoc 
Tukey’s tests, *p < 0.05, and between untreated and sham groups at 
35 days after chronic IOP elevation, #p < 0.05. Data are represented 
as mean ± SEM. Scale bar = 2 mm.
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Fig. 6  Manganese-enhanced MRI (MEMRI) of anterograde man-
ganese transport at 35  days after acute and chronic IOP elevation 
or sham operations. (a) Representative post-Mn injection images in 
the optic nerve (top row), lateral geniculate nucleus (LGN) (middle 
row), and superior colliculus (SC) (bottom row) at 8 h after intravit-
real  MnCl2 injection into both eyes. White arrows indicate manganese 

enhancement. (b) Percent difference in T1-weighted signal intensities 
was calculated between injured and uninjured optic nerves, LGN, and 
SC and was compared between groups and between pre- and post-Mn 
injection. Post hoc Tukey’s tests, *p < 0.05, **p < 0.01, ***p < 0.001. 
Data are represented as mean ± SEM. Scale bar = 2 mm.
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IOP elevation groups, the pNF staining in the right optic 
nerve was decreased by 64.4 ± 1.4% in the untreated group 
and by 43.6 ± 3.5% in the citicoline-treated group (Fig. 9d). 
The MBP staining was decreased in the right optic nerve 
of the mild and severe acute IOP elevation groups by 
24.6 ± 4.2% and 65.1 ± 1.0%, respectively, compared with 
the left optic nerve (Fig. 9e). In the chronic IOP eleva-
tion groups, the MBP staining in the right optic nerve was 
decreased by 59.4 ± 2.9% and 38.3 ± 4.2% in the untreated 
and citicoline-treated groups, respectively, compared with 
the left optic nerve (Fig. 9f).

Discussion

Our current understanding of how to treat glaucoma and 
prevent further permanent damage to the visual system is 
almost exclusively directed at reducing IOP. For example, 
IOP-lowering procedures like trabeculectomies and laser tra-
beculoplasties have the potential to preserve visual function 
in some glaucoma patients [59, 60]. However, IOP reduction 
has variable short-term and long-term efficacy in patients 
with glaucoma, which may decrease quality of life. Given 
our growing knowledge of the ways glaucomatous degen-
eration affects different areas of the visual system, there is a 
strong desire to monitor such changes and to find agents with 
neurotherapeutic roles to alleviate and prevent such damage.

The present study demonstrates that different levels of 
acute and chronic IOP elevation cause varying degrees of 
structural, functional, and behavioral changes in the visual 
system. Furthermore, such neurobehavioral effects can be 
modulated via oral citicoline treatment without significantly 
affecting the magnitude of IOP elevation. These experiments 
have important implications for both our understanding of 
glaucomatous degeneration and the ways in which we may 
be able to prevent such neurodegenerative processes. Given 
the variety of experimental techniques used in this study, 
it is possible to elucidate the effects of increased IOP and 
citicoline treatment on different aspects of neurologic health, 
including axon integrity and visual system functionality.

By comparing results across DTI, MTI, and histological 
studies, we gain a better understanding of consequences of 
glaucomatous change relevant to the brain’s visual system. 
In DTI, increased radial diffusivity is sensitive to demyeli-
nation, while decreased axial diffusivity may reflect axonal 
degeneration [61]. In the acute IOP elevation groups, which 
experienced IOP elevation for only one hour, progressive 
changes were observed in optic nerve fractional anisotropy 
and radial diffusivity for up to 5 weeks after injury. The 
increase in radial diffusivity and decrease in MBP morphol-
ogy staining were more pronounced in severe than mild 
acute IOP elevation, suggesting that higher IOP elevation 
causes a larger disruption in myelin density. In the chronic 

groups, a gradual increase in radial diffusivity and late 
changes in fractional anisotropy and axial diffusivity were 
also found in the visual pathway after unilateral anterior 
chamber hydrogel injection, indicating that neurodegenera-
tion occurs progressively over the course of chronic IOP ele-
vation. These changes did not occur when animals received 
citicoline treatment. Interestingly, while oligodendrocyte 
loss and demyelination have been thought to occur late in 
the progression of glaucomatous degeneration, recent stud-
ies in glaucoma patients and animal models demonstrated 
early glial involvements relative to axonal degeneration [62, 
63], which supports the current findings. MTI allows for 
the detection of changes in macromolecular structures along 
the visual pathway [45] and complements the DTI findings. 
In particular, as greater myelin content often results in a 
higher magnetization transfer ratio, the smaller reduction 
in magnetization transfer ratio observed in the citicoline-
treated group suggests that citicoline treatment after IOP 
elevation can inhibit changes in white matter myelination on 
a molecular level. Together with the histological findings of 
improved MBP density after oral citicoline treatment, these 
experiments support roles of both duration and magnitude 
of IOP elevation in visual pathway injury, the possibility that 
citicoline preserves vision by altering myelination amongst 
others, and the sensitivity of DTI and MTI in detecting such 
neurodegenerative and neuroprotective processes.

The effects of acute and chronic IOP elevation on axonal 
integrity were also examined via DTI, MEMRI, and histo- 
logical studies. MEMRI can be used to examine physiologi-
cal anterograde Mn transport in the retina and the brain’s 
visual pathway [52, 64, 65] and has previously been shown 
to be capable of indicating injury severity in an optic nerve 
crush model [66]. In the acute groups, although decreased 
pNF-positive staining was observed in the right optic nerve 
at increasing levels of acute IOP elevation, there were no 
observable differences in axial diffusivity or Mn transport in 
the optic nerve. This supports the notion that axial diffusiv- 
ity is related to Mn transport [67], and that axial diffusivity 
and MEMRI findings may reflect more than neurofilament 
integrity [52, 68, 69]. Following chronic IOP elevation 
alone, the optic nerve, LGN, and SC all showed significantly 
greater Mn transport deficits, as well as decreased axial dif-
fusivity, when compared with the sham injury group. Con- 
versely, the citicoline-treated group showed significantly 
smaller Mn transport deficits in the LGN compared with 
 the untreated group, while the untreated group had signifi- 
cantly decreased pNF density compared with the sham and 
citicoline treated groups, suggesting that citicoline had pro- 
tective effects on these axons. These results provide further 
evidence that chronic IOP elevation disrupts axon integrity, 
potentially causing decreased anterograde transport in the 
visual system. In congruence with the DTI, MTI, and his- 
tological findings, citicoline treatment appears to preserve 

1351Citicoline Modulates Glaucomatous Neurodegeneration Through Intraocular…



1 3

1352 Y. van der Merwe et al.



1 3

anterograde Mn transport and protect white matter integrity 
in the setting of chronic IOP elevation.

Apart from the above structural interpretations of the 
MRI findings, it is important to note that the current MRI 
results could also be considered to be due, in part, 
to vascular status. One of the underlying components of 
normal-tension glaucoma pathophysiology is vascular 
endothelial dysfunction, particularly affecting the micro-
vasculature [70] and blood flow in the retina and optic 
nerve, as well as the visual cortex. This vascular endothe- 
lial component may be explained by Flammer syndrome 
studies [71, 72] which demonstrated vascular autoregula-
tion [73, 74] modulation by the cholinergic system [75, 
76]. The retina is metabolically active and highly depen-dent 
on the precise regulation of blood supply for nutrients and 
oxygenation. Vascular deficits and consequent ischemia/
hypoperfusion may thus be etiologically related to glau- 
coma [76, 77]. This notion has been confirmed by studies 
exploring vascular regulation in the retina and the optic 
nerve [73, 78, 79]. Furthermore, reduced vascular caliber 
in the retina [80] and atrophy of the peripapillary cap-
illaries that supply the inner retina are associated with 
glaucoma [72]. This is interestingly related to Flammer 
syndrome, as a strong association between glaucoma and 
endothelin dysregulation has been reported in both nor-
mal-tension and open angle glaucoma [71, 81]. While it 
has been established that mental stress affects cholinergic 
neurotransmission in the brain [82], dysfunction of the 
acetylcholine system has been found to precipitate anxiety 
[27], with concomitant elevation in cortisol levels [83]. 
Cortisol upregulation has been shown to be associated 
with vascular dysregulation and endothelial dysfunction-
mediated glaucoma [70, 84, 85]. Altogether, these find-
ings suggest an interrelated network of processes including 
microvasculature regulation, the cholinergic system, and 
Flammer syndrome in the maintenance of the visual sys-
tem. Studies focusing on this component of glaucoma have 
shown encouraging results [86, 87]. In order to understand 

how the observed MRI changes in the optic nerve affected 
vision on functional and physiological levels, optokinetic 
behavioral performance, resting-state functional connec-
tivity, and choline metabolism were examined. In contrast 
to the stable findings in the acute sham group and in the 
left uninjured eyes, animals in the acute IOP elevation 
groups had decreased visual acuity in the right experimen-
tal eyes that worsened with increasing IOP. In the chronic 
sham group involving intravitreal PBS injection, the initial 
decrease in visual acuity at day 7 recovered by day 14, 
while no prolonged effects on visual acuity or structural 
MRI were observed. This supports the notion that intraoc-
ular PBS injection is not toxic to the retina [88]. On the 
other hand, the citicoline-treated and untreated chronic 
IOP elevation groups had a progressive decline in visual 
acuity that persisted to days 14 and 35. Of note, visual acu-
ity remained significantly higher in animals that received 
citicoline treatment compared with those with untreated 
chronic IOP elevation, even after ceasing citicoline treat-
ment at day 14. This is consistent with the imaging and 
histological results that demonstrated long-lasting effects 
of citicoline on structural integrity of the visual pathways, 
and these findings suggest that citicoline has the potential 
to protect visual function sustainably without directly 
affecting IOP.

Studies have shown that glaucoma affects functional 
connectivity in the human brain [89]. Previous studies in 
mouse models have also shown that IOP elevation may 
permanently decrease synaptic connections and neural 
activity despite neurons appearing histologically healthy 
[11]. In the current RSfcMRI experiments, it was found 
that oral citicoline preserved functional connectivity 
between the SC, LGN, and VC after chronic IOP eleva-
tion. Studies utilizing acetylcholinesterase inhibitors, 
which prevent acetylcholine hydrolysis and increase the 
concentration and duration of acetylcholine in the central 
nervous system, have demonstrated an increase in func-
tional connectivity, visual perception, and processing in 
healthy subjects [90, 91], as well as enhanced brightness 
discrimination capacity after optic nerve crush [92]. Like-
wise, our 1H-MRS findings show that chronic IOP eleva-
tion causes a significant decrease in choline metabolism 
in the visual cortex projecting from that eye. Furthermore, 
oral citicoline administration under chronic IOP elevation 
resulted in significantly higher visual cortex choline levels 
than untreated IOP elevation, suggesting that citicoline 
can replenish choline metabolism in the setting of glau-
comatous damage and potentially treat such metabolic 
derangements. The higher choline levels in the left VC of 
the citicoline-treated group than the sham group may also 
suggest hyperactive physiologic changes in the brain tis-
sue in response to injury and treatment, though the exact 
mechanisms driving this improvement above baseline level  

Fig. 7  Resting-state functional connectivity MRI (RSfcMRI) at 
35 days after acute (a) or chronic (b) IOP elevation or sham opera-
tions. (a) RSfcMRI at 35  days after acute IOP elevation induction 
at physiological level (sham), 40  mmHg (mild), and 130  mmHg 
(severe). Top row indicates the visual brain functional connectiv-
ity (FC) as represented by the correlation strengths between lateral 
geniculate nucleus (LGN), superior colliculus (SC), and visual cortex 
[53] of the left (L) and right (R) hemispheres in each acute group. 
Bottom row represents the FC differences between acute groups. 
(b) RSfcMRI at 35  days after chronic IOP elevation induction with 
(treated) or without (untreated) oral citicoline treatment, or sham 
operations (sham) without oral citicoline treatment. Top row repre-
sents the FC between LGN, SC, and VC of the L and R hemispheres 
in each chronic group. Bottom row represents the FC differences 
between chronic groups. For both (a) and (b), only statistically sig-
nificant FC differences are colored in the bottom row.

◂
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require further testing in larger studies. Taken together, 
these results suggest that increased citicoline in the brain 
may improve functional connectivity and cortical physiol-
ogy in the visual system in the setting of injury or disease.

It is important to note that choline metabolism involves 
a balance between binding to cytidine monophosphate and 
acetylation [53, 93]. Acetylation is the preferred meta-
bolic pathway since it allows for functional utilization of 
the molecule [94]. In the event of restricted choline avail-
ability, either due to restricted supply or rapid depletion, 
phosphatidylcholine is hydrolyzed in response to the cho-
line deficiency [95]. Citicoline, therefore, exerts effects 
by being a source of choline for synthesis of acetylcholine 
and rescue repertoire for phosphatidylcholine and other 
membrane component degradation [39]. This can help 
prevent neuronal membrane breakdown and apoptosis, 
thereby potentially providing neuroprotection. Taken in 
the context of glaucomatous and other optic neuropathies, 
citicoline can be thought to address three domains: pro-
tection of undamaged, rescue of partially damaged, and 
regeneration of substantially damaged RGCs and axons. 
While there is no distinct boundary between these pro-
cesses, recent findings together with our current observa-
tions suggest that citicoline may act through a combination 
of these mechanisms [27].

Limitations and Future Directions

The current experiments were able to examine how citico- 
line can improve neuronal repair following the onset of IOP 
elevation, with measurable improvement in visual acuity, 
white matter integrity, anterograde Mn transport, functional 
brain connectivity, and visual cortical metabolism. To date, 
the efficacy of citicoline treatment in glaucoma patients 
remains variable across studies and the exact mechanisms 
of such findings remain unclear [27]. The experiments in this 
study can be used to help us better understand the therapeu- 
tic and prophylactic benefits of citicoline and other prospec-
tive therapeutics prior to administration in humans. There 
are, nevertheless, certain limitations for the experiments in 
the present study. Since the untreated chronic IOP eleva- 
tion group did not receive the saline vehicle via oral gav-
age, there is no control for direct effects of gastric feeding in 
the citicoline-treated group, nor was there caloric measure-
ment. In future experiments, we can include these additional 
controls to examine for any impact of the gastric feeding 
procedure or nutrition. The present study was performed 
exclusively in female rats. While some research has sug-
gested that estrogen may have protective effects on RGCs, 
studies have largely shown insignificant effects of hormonal 
fluctuations during the menstrual cycle on IOP [96, 97]. All 

Fig. 8  Proton magnetic resonance spectroscopy (1H-MRS) of cho- 
line levels in the visual cortex (VC) of the chronic groups 5 weeks after 
hydrogel or sham injection into the right eye. (a) Sample localization 
of 4 × 4 × 1   mm3 MRS voxels over the left and right visual cortices 
[53] on T2-weighted MRI. (b) Quantification of choline-contain-
ing metabolites in the left and right VC for hydrogel-injected/
untreated, hydrogel-injected/citicoline-treated, and sham-injected/un- 
treated animals. Choline levels were normalized to creatine (Cr) to 
account for systematic fluctuations between experimental sessions. In 
the hydrogel-injected/untreated chronic IOP elevation group, the left 

VC had significantly lower choline contents compared with the right 
VC. In contrast, the left VC projecting from the injected right eye of 
the citicoline-treated chronic IOP elevation group had significantly 
higher choline levels compared with the untreated chronic IOP eleva-
tion group and the sham group. There was no significant difference 
in choline contents between the 3 chronic groups in the right VC that 
corresponded to the left uninjured eye. Post hoc Tukey’s tests between 
groups, *p < 0.05, **p < 0.01, and paired t tests between left and right 
VC, #p < 0.01. Data are represented as mean ± SEM.
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animals in this study were young adult age-matched female 
animals, making any impact of differences in cumulative 
estrogen exposure or timing in the estrous cycle during 
measurements unlikely. To determine the effects of sex on 
glaucoma neurotherapeutics, male animals will be included 
in future experiments.

There are important technical considerations for the 
experimental modalities used in this study. Previous research 
has shown that Mn may be toxic to neural pathways [52], 
meaning that histology should only be performed using sam-
ples from animals that were not used for MEMRI experi-
ments. On the other hand, since retinal apoptosis and reti-
nal ganglion cell death may affect Mn uptake in the retina, 
MEMRI findings may reflect not only changes in antero-
grade Mn transport but also damage to the retina. On a posi-
tive note, the improved Mn enhancement along the visual 
pathway after citicoline treatment suggested preserved con-
nections not only in the brain but also the eye, including the 
retina. In future studies, longitudinal scans over hours can be 
taken after intravitreal Mn injection to determine the rate of 
Mn transport along the visual pathway and further elucidate 
the validity of these findings. Generally speaking, DTI is a 
sensitive imaging modality but has a relatively lower speci-
ficity under in vivo experimental conditions. The addition of 
MEMRI and MTI in this study improved the specificity of 
the DTI observations and provided complementary in vivo 
biomarkers to further explain the axonal and myelin integrity 
in our experimental models. Since pathology ranging from 
inflammation to gliosis can cause diffusion MRI changes 
apart from demyelination and axonal degeneration, higher-
order diffusion imaging that can differentiate isotropic 
and anisotropic diffusion changes may allow for greater 
specificity in future experiments [68, 69]. The present study 
also does not rule out the possibility of changes in blood 
flow regulation, which can be affected by citicoline, driving 
some of the results observed on MRI. Future experiments 
may use additional imaging techniques to more directly 
examine the morphology of the optic nerve head, before and  

after treatment, to control for any effects of morphometry 
and stereology.

In this study, the dosing and route of administration 
were chosen based on prior studies in other neurodegen-
erative diseases [16], while pre- and post-conditioning 
were used in an attempt to maximize pharmacologic 
effects prior to future refinement of the treatment sched-
ule. Given the flexibility of the experimental paradigm in 
this study, parameters such as dosage, timing, and route 
of delivery could easily be modified and further optimized 
for more effective citicoline treatment. By expanding our 
experimental paradigm to be longer than 35 days, it would 
also be possible to study longer-term effects of citicoline 
treatment, as well as better evaluate our hydrogel model of 
chronic IOP elevation. Similarly, we plan on testing citi-
coline treatment in acute IOP elevation, as well. Whereas 
optic nerve histology was performed to validate the in vivo 
imaging findings in this study, further experiments with 
histological assessment of the entire visual pathway will 
provide a more comprehensive understanding of the con-
sequences of elevated IOP. Histology was completed at 
the end experimental time point, largely as an initial proof 
of concept for the presence of optic nerve changes and 
confirmation of the sensitivity of the in vivo imaging find-
ings. Future studies will include histology at each time 
point to more comprehensively understand the pathophysi-
ological changes in these tissues. Future studies may also 
employ normal tension glaucoma animal models, such as 
transgenic optineurin E50K and TBK1 mice to examine 
how citicoline affects glaucoma pathogenesis and recovery 
fully independent of IOP [98]. Furthermore, it is possible 
that IOP-lowering strategies combined with neurothera-
peutics can further protect visual neurons in the retina 
and brain, which may help to preserve vision in patients 
with glaucoma more effectively. Future experimentation 
utilizing both traditional IOP reduction and delivery of 
therapeutics like citicoline could lay the foundation for 
multifaceted treatment regimens for these patients.

Conclusions

In this study, a variety of experimental modalities were 
employed in order to better understand the pathophysi- 
ology of the visual system in the setting of glaucomatous 
degeneration, as well as to examine the possibility of inter-
vention and neuroprotection independent of IOP alteration. 
Both magnitude and duration of IOP elevation were dem-
onstrated to affect the structure and function of the visual 
system. Additionally, citicoline was shown to be capable of 
reducing these effects sustainably without altering IOP ele-
vation. This study provides a framework and experimental 

Fig. 9  Phosphorylated neurofilament (pNF) and myelin basic protein 
(MBP) staining at 35 days after acute and chronic IOP elevation or 
sham operations. (a, b) Representative images of (a) pNF and (b) 
MBP staining in the optic nerve at 35 days after IOP elevation. (c–
f) Quantitative comparisons relative to the left optic nerve in sham 
groups. Mild and severe acute IOP elevation decreased (c) pNF and 
(e) MBP positive staining compared with sham controls, with severe 
acute IOP elevation causing a significantly larger decrease in posi-
tive staining compared with mild acute IOP elevation. Under chronic 
IOP elevation, both citicoline-treated and untreated groups had sig-
nificantly decreased (d) pNF and (f) MBP positive staining compared 
with the sham group, while citicoline-treated chronic IOP elevation 
had significantly smaller decrease in positive staining than untreated 
chronic IOP elevation. Post hoc Tukey’s tests between groups, 
*p < 0.05, and compared with the left eye of sham control, #p < 0.05. 
Data are represented as mean ± SEM. Scale bar = 20 µm.
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paradigm for longitudinal monitoring of the neurodegenera-
tive events of the visual system in glaucoma and provides 
the groundwork for characterizing the restorative roles of 
neurotherapeutic treatment options in glaucoma.
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