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Abstract 

 Eye health depends partially on intraocular pressure (IOP) as abnormal levels can lead to 

ocular tissue damage. Glaucoma is a neurodegenerative disease that affects nearly 80 million 

people worldwide [1]. It is associated with elevated IOP, which can lead to irreversible blindness. 

Relatively little is known about IOP dynamics and the physiological factors that affect it as IOP is 

typically monitored using tonometry. Tonometry is a common tool used by clinicians and 

researchers to measure IOP noninvasively. It provides a good estimate of IOP mean but not 

variance because data collection takes time. Readings can also be influenced by subject stress and 

tonometer operation. To resolve this issue, our lab has developed a novel telemetry system to 

monitor IOP continuously in conscious freely moving rats. The device works by conducting 

pressure from a microcannula implanted in the anterior chamber to a transducer worn as a 

backpack. To improve our understanding of IOP as a risk factor for glaucoma, we used this system 

to test the effects of various internal and external factors including stress, anesthetics, temperature, 

tonometry, light cycle, and locomotor activity. Our results indicate that IOP varies continuously 

over fast and slow time scales. IOP fluctuations can naturally range over 5 - 10 mmHg, which is 

quite large considering the resting level is 10 - 15 mmHg and chronic elevation by this amount can 

cause glaucomatous nerve damage. Physiological mechanisms must therefore exist to slowly and 

rapidly modulate IOP. Autoregulatory processes that control ocular hemodynamics are one known 

mechanism, and efferent nerve signals from the brain are another. We conclude that IOP in rats, 

much like in higher mammals, is a complex time-dependent variable due to internal and external 

perturbing forces and homeostatic feedback mechanisms.
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Chapter 1: Background 

1.1 Importance of Intraocular Pressure 

Intraocular pressure (IOP) is the fluid pressure inside the eye that provides biomechanical 

support to ocular tissues. This pressure is controlled by the secretion and excretion of aqueous 

humor. The left diagram in Figure 1.1 highlights the different compartments of the eye. The 

anterior chamber is the front most compartment of the eye (red), which is filled with aqueous 

humor. Aqueous humor supplies nutrients and oxygen to the avascular tissues of this space 

including the cornea and lens [2]. The right diagram in Figure 1.1 shows a zoomed in section of 

the anterior chamber with arrows marking the flow of aqueous humor from the posterior chamber 

(green), where it is produced by the ciliary body, through the opening of the pupil, and into the 

anterior chamber. The principal locations that aqueous humor exits the eye are the trabecular 

meshwork via the conventional outflow pathway, and the supraciliary space via the uveoscleral 

pathway (not marked in Figure 1.1). 

Drastic changes in aqueous humor dynamics may result in an array of pressure-related 

ocular disorders. Hypotony is characterized as lower than normal IOP and increases the risk of 

retinal detachment, corneal edema, and cataract formation [3]. Alternatively, ocular hypertension, 

or elevated IOP, leads to glaucomatous damage including optic nerve cupping and retinal ganglion 

cell (RGC) degeneration [4]. It is therefore clinically important to identify and understand sources 

of IOP variation and physiological mechanisms of IOP regulation. 



 2 

 
 

Figure 1.1: Anatomical diagrams of the eye. The illustration on the left is a cross-section of the 

human eye that highlights the major components necessary for vision. Artwork done by Holly 

Fischer and licensed under CC BY 3.0. 

https://commons.wikimedia.org/wiki/File:Three_Internal_chambers_of_the_Eye.svg#file 

The illustration on the right is a zoomed in diagram of the pathway aqueous humor takes 

following secretion from the ciliary body and exits the eye through the conventional outflow 

pathway. Artwork done by José Ignacio Orlando and made available under CC0 1.0. 

https://commons.wikimedia.org/wiki/File:Aqueous_humor_pathway.svg 

 

 

 

1.2 Glaucoma and Common Treatments 

According to the 2020 Global Burden of Disease Study, glaucoma is one of the leading 

causes of irreversible blindness worldwide and it is therefore important to study factors that 

contribute to its onset and progression [5]. Glaucoma is a set of neurodegenerative ocular disorders 

characterized by RGC dysfunction [6]. RGCs are neurons that comprise the inner most layer of 

the retina and are responsible for transmitting visual information to the brain. These cells are 

sensitive to mechanical insult and damage can lead to visual field loss. Figure 1.2 compares the 

visual field of a healthy person to a person with glaucoma. The illustration correlates a noticeable 

loss in vision to pressure-induced optic nerve damage. In glaucoma, elevated pressure is typically 

caused by blockage of the fluid pathway leaving the eye. The trabecular meshwork, a major 

component of the conventional outflow pathway, is located within the iridocorneal angle. It is 

analogous to a sponge that has canals for fluid to pass through. In the case of glaucoma, the tissue 

https://commons.wikimedia.org/wiki/File:Three_Internal_chambers_of_the_Eye.svg#file
https://commons.wikimedia.org/wiki/File:Aqueous_humor_pathway.svg
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of the trabecular meshwork stiffens and the canals become compromised [7]. The most prominent 

forms of glaucoma are the primary open-angle glaucoma (POAG) and primary angle-closure 

glaucoma (PACG), both of which involve elevated IOP [1]. The severity of a glaucoma diagnosis 

is termed secondary if there is an identifiable cause for the elevated IOP. Thus, elevated IOP is the 

most significant risk factor for the development and progression of glaucoma. 

 
 

Figure 1.2: Effect of glaucoma on vision. A depiction of vision differences between healthy and 

glaucomatous subjects. Glaucoma patients tend to have significant visual field loss brought on by 

elevated intraocular pressure that presses on the optic nerve head leading to RGC death. 

Illustration created by MyUpchar and licensed under CC BY-SA 4.0. 

https://commons.wikimedia.org/wiki/File:Depiction_of_vision_for_a_Glaucoma_patient.png 

 

 

 

Treatment of glaucoma usually begins with prescription eye drops that target IOP levels. 

These treatments work to lower IOP by altering either production and/or outflow of aqueous 

humor. More severe cases of glaucoma may require invasive treatments such as laser surgery or 

shunt implantation. Other remedies for glaucoma that are important but not commonly studied are 

regular meditation, exercise, and a healthy diet. However, it is unclear whether these remedies 

directly or indirectly affect IOP. Thus, consideration of various physiological factors including 

stress level, body temperature, respiration, and blood pressure may be necessary to understand the 

effects of various treatments on IOP. 

https://commons.wikimedia.org/wiki/File:Depiction_of_vision_for_a_Glaucoma_patient.png
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1.3 Measurement of Intraocular Pressure 

 Research to improve the understanding of glaucoma onset and progression is inhibited by 

challenges in accurately monitoring IOP. Tonometry is a common technique used by clinicians 

and researchers to estimate IOP. There are various forms of tonometry including but not limited 

to rebound tonometry, applanation tonometry, and non-contact air puff tonometry. All methods 

provide an indirect measure of IOP based on the force needed to temporarily flatten the cornea. 

Although this technique is preferred for its noninvasiveness, it is prone to operator error and fails 

to adjust for patient-specific corneal thickness and curvature. The tonometer is unable to capture 

moment-to-moment IOP fluctuations as collection is laborious and provides only snap-shot 

estimates. As a result, previous tonometric studies are unable to fully characterize IOP variability. 

IOP telemetry offers a solution to this problem. We have developed a novel telemetry system for 

continuous IOP recording in free-moving conscious rats. Although this system requires an invasive 

procedure, it has shown to accurately measure IOP for extended durations without altering ocular 

physiology [8]. Others have used similar commercially available implantable systems to monitor 

IOP continuously in rabbits and monkeys [9-11]. There are also contact lens sensors that have been 

used in humans to estimate changes in pressure based on changes in corneal curvature [12, 13]. 

Although this technology is still under development, it represents a major step forward in glaucoma 

research. 

1.4 Specific Aims 

 The studies discussed in the following chapters will address limitations in research 

pertaining to the evaluation of IOP as a risk factor for glaucoma. Evidence will be provided to 

clarify ambiguities in previous literature and offer a new perspective on current glaucoma related 

research. Biomedical engineering skills including circuit design, device programming, and data 
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processing will be used to develop and implement a wearable telemetry system that continuously 

monitors IOP in addition to other physiological signals. This technology will be used to test effects 

of various internal and external factors on IOP dynamics in an animal model. Rats will serve as 

the animal model for IOP telemetry in this study as they have similar anatomy and genetics to 

humans, and they are more economical for use in research than larger mammals.
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Chapter 2: Effects of Acute Stress, General Anesthetics, Tonometry, and Temperature on 

Intraocular Pressure in Rats 

2.1 Note to Reader 

 Elsevier publishing company granted copyright permission for use of the following 

previously published work as part of this Ph.D. dissertation. The study, “Effects of acute stress, 

general anesthetics, tonometry, and temperature on intraocular pressure in rats,” is published in 

Experimental Eye Research (volume 210, pages 1-8) by authors: Christina M. Nicou, Aditi Pillai, 

and Christopher L. Passaglia under Elsevier Copyright (2021). Aditi Pillai, a former student, 

collected preliminary data for anesthesia, tonometry, and temperature experiments. Minor 

modifications were made to the text. 

2.2 Introduction 

Intraocular pressure (IOP) is necessary for maintaining the optical properties of the eye and 

for providing biomechanical support to internal tissues. Deviations from baseline can induce an 

assortment of vision problems depending on the magnitude, direction, and duration of IOP change. 

Ocular hypotension can cause retinal detachments [3], while ocular hypertension can lead to 

glaucomatous degeneration of the retina and optic nerve [14]. It is therefore important to identify 

and understand sources of IOP variation and physiological mechanisms of IOP regulation. 

 Determining baseline IOP and the impact of IOP deviations is not trivial. For one, many 

external and internal factors are reported to alter IOP on time scales of seconds to days. External 

sources of variation include posture [15-17] , altitude [18, 19], ambient temperature [19, 20], and 
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psychoactive agents like caffeine [21], cannabis [22], and anesthetics [23-26]. Internal sources 

include saccades and blinks [9, 27], body temperature [28], respiration [27, 29], blood pressure 

[30], cerebrospinal fluid pressure [31-33], circadian rhythms [12, 34], and mental stress [35-37]. 

Baseline IOP varies continuously as a result. For another, the precise effect of some factors is not 

certain because results are contradictory or confounded by the other factors. The method of 

measurement may be partially to blame since most studies used tonometry, which only gives a 

snapshot of IOP. Moreover, the snapshot may be influenced by psychosomatic responses to the act 

[38]. Baseline IOP is thus implicitly unknown and inferred from collected data. Tonometry also 

provides limited information about IOP fluctuations and the time course over which diverse 

sources of IOP variation exert their modulatory effects. 

 We have developed a wireless telemetry system for continually recording IOP in free-

moving conscious rats. Similar systems are commercially available for larger animals and have 

been adapted to monitor IOP in rabbits and non-human primates [9-11]. The aim of this study was 

to use the rat telemetry system to examine internal sources of IOP variation with minimal 

experimental bias and greater temporal detail than tonometry permits. Of particular interest are 

putative effects of acute stress, general anesthetics, tonometry, and temperature. 

2.3 Materials and Methods 

 All experiments were conducted in accordance with the National Institutes of Health guide 

for the care and use of laboratory animals and compliance with a protocol approved by the 

Institutional Animal Care and Use Committee (IACUC) at the University of South Florida. 

2.3.1 Animal Preparation 

 Male retired-breeder Brown-Norway rats (300-400 g) were housed in a temperature-

controlled room (22 oC) under a 12-h light (6 AM):12-h dark (6 PM) cycle with food and water 
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available ad libitum. On the day of surgery, animals were anesthetized with an intraperitoneal 

bolus of ketamine hydrochloride (75 mg/kg) and xylazine (7.5 mg/kg) that was supplemented as 

needed. Animals were rested on an isothermal (37-38 oC) heat pad (T/Pump Pro, Stryker, Portage, 

MI) to maintain body temperature (BT). A polyimide microcannula (MicroLumen, Oldsmar, FL) 

was inserted in one eye and connected to the telemetry system, details of which have been 

described [8, 39]. In short, the cannula (100 µm inner diameter, 20 mm length) was guided  

 

Figure 2.1: Wireless telemetry system for continuous IOP recording in rats. The IOP sensor is 

worn on the back and connects to a fine cannula that is implanted in the eye via a coupler affixed 

atop the skull with bone screws. Inset shows a rat eye implanted with a cannula.  

 

 

 

subdermally through an incision on the skull to a translimbal hole in the eye and the tip was inserted 

in the anterior chamber. The cannula was sutured to the sclera and connected to a plastic coupler 

affixed to the skull with bone screws and cement. The coupler was connected with a 16G PTFE 

tubing to the IOP sensor, which was fastened to the back of a custom-fit vest worn by the animal. 

The pressure line was filled with a balanced salt solution, 3 mM moxifloxacin hydrochloride 

(Vigamox®, Alcon, Fort Worth, TX), 1.3 mM enoxaparin sodium (Lovenox®, Henry Schein, 

Melville, NY) and 2.2 mM triamcinolone acetonide (Triessence®, Alcon, Fort Worth, TX) to 

prevent microbial and fibrin buildup that can clog the cannula over time. After surgery, animals 

received an intramuscular bolus of carprofen analgesic (5 mg/kg) every 12 hours for 3 days and 
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the status was monitored with a cage-mounted webcam. Figure 2.1 illustrates the IOP telemetry 

system, which wirelessly transmitted data round-the-clock at 0.25 Hz. Sensor calibration was 

checked by mercury manometry at placement and removal. 

2.3.2 Experimental Design 

 Implanted rats were transported during daytime hours (9AM - 4PM) from housing to a test 

room in the animal care facility. For sake of quantification, resting IOP, transport IOP, and baseline 

IOP were respectively defined as the 5-min average IOP immediately before the researcher entered 

housing, the 5-min average of peak IOP after exiting housing, and the 5-min average immediately 

before each experiment in the test room. To assess stress effects, animals were placed for 10 min 

in an anesthesia chamber perfused with oxygen at 2 L/min. The chamber (9 cm x 9 cm x 23 cm) 

was considered stress-inducing because it greatly constrained animal movement. Chamber 

temperature (CT) was monitored with a digital thermometer and pre-heated in some experiments 

by a warm gel pack (34 oC). IOP and CT readings were averaged in sequential 2-min intervals 

before, during, and after constraint. To assess anesthetic effects, animals were sedated in the 

chamber with 3% isoflurane in oxygen at the same flow rate. Upon sedation animals were placed 

belly down on the heat pad and anesthesia was maintained via isoflurane inhalation through a nose 

cone or an intraperitoneal injection of ketamine (75 mg/kg). BT was recorded every 60 s with a 

rectal thermometer until the animal waked. Saline drops were periodically instilled to keep corneas 

moist. In isoflurane experiments, anesthetic concentration was varied in 10-min intervals between 

1, 3, and 5% and IOP and BT readings were averaged over the last 5-min of each interval. In 

ketamine experiments, IOP and BT readings were averaged in sequential 10-min intervals until 

the anesthesia wore off. To assess tonometry effects, isoflurane-anesthetized animals were placed 

belly down on the heat pad and IOP was measured via applanation (TonoPen XL, Medtronic, 
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Sarasota, FL) and rebound (TonoVet, Icare USA, Raleigh, NC) tonometry. Ten tonometry readings 

were taken by hand and averaged. To assess temperature effects, isoflurane-anesthetized animals 

were placed belly down on a heat pad or cool (20 oC) metal table. IOP and BT readings were 

averaged in sequential 2-min intervals as the animal was slid every 10 min between the two 

surfaces. Animals were returned to housing after experiments for testing on another day. 

2.3.3 Data Analysis 

 Raw IOP records were processed with MATLAB software (The MathWorks, Natick, MA) 

using a running median filter and lowpass filter with 80-s windows to remove spurious data. 

Filtered IOP records were subjected to statistical analysis using SigmaPlot software (Systat, San 

Jose, CA), with significance assessed at α of 0.05. Resting IOP was log-normal distributed across 

animals [40], so data of each experiment were referenced to baseline IOP and expressed as ΔIOP. 

IOP changes were evaluated with paired t-tests if normally distributed and reported as mean ± 

standard deviation. Otherwise, they were log transformed before t-test evaluation and reported as 

median with confidence intervals in brackets. Anesthetic concentration and time dependence were 

evaluated with a one-way repeated-measure ANOVA followed by a Holm-Sidak multiple-pairwise 

comparison. Animals were implanted for weeks so some were tested on different experiments and 

multiple times on the same experiment. No bias was noted of a particular rat dataset on the group 

for any experiment. 

2.4 Results 

Continuous IOP recordings were performed on 32 rats. Median resting IOP was 12.7 [11.1, 

14.2] mmHg. Figure 2.2A shows that IOP was rarely constant, varying even when animals were 

idle. Spontaneous fluctuations of > 2 mmHg were observed in 34 of 51 video clips of animal 

inactivity, which implies that IOP is dynamically modulated by internal physiological processes. 
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Figure 2.2B shows that these processes respond to environmental disturbances. Opening the 

animal housing door led to a transient IOP bump, which was prolonged if a person entered the 

room. Moreover, IOP bumps were synchronous across implanted rats. Figure 2.2C shows that 

transporting animals to the test room produced an even longer IOP perturbation in most instances 

(23 of 33 room transfers across 17 animals). IOP in the test room was therefore slightly higher 

than resting IOP in housing (peak ΔIOP = 3.7 ± 2.0 mmHg, p < 0.001, n = 23) for up to 50 mins. 

 
 

Figure 2.2: IOP variability in conscious free-moving rats. (A) Left, IOP recorded from a 

conscious rat during a period of animal inactivity. Inset images were acquired at times marked by 

arrowheads and show that the animal had not moved during a spontaneous bump in IOP (box). 

Right, histogram of spontaneous IOP bump amplitudes across 51 video clips of animal inactivity. 

(B) IOP recorded simultaneously from two conscious rats exhibited synchronous bumps (boxes) 

when the animal housing room door was momentarily opened (arrowheads) and when the 

investigator was in the room (bar). (C) Left, IOP recorded from conscious rats transferred on 

four instances from housing to the test room. Bars mark the period of housing room entry and 

cage transport (solid) and undisturbed waiting in the test room (dashes). Traces are shifted 

vertically for ease of comparison. Resting IOPs are 9.6, 13.6, 11.9, and 15.8 mmHg (top to 

bottom). Right, histogram of the duration of IOP elevation following 33 room transfers. 
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Figure 2.3: Effect of acute stress on IOP. (A) IOP of two conscious rats before, during, and after 

animal immobilization in a clear chamber, the ambient temperature of which (CT) was 

concurrently monitored. Selected records illustrate the range in IOP stress response amplitude and 

waveform. (B) Time-average change in IOP and CT across immobilization experiments relative 

to their baseline levels before chamber placement. Error bars give standard errors. 

 

 

 

2.4.1 Effect of Stress on IOP 

 The nature of the environmental disturbance suggests that IOP bumps may reflect a startle 

or stress response. However, disturbances often evoked a burst of motor activity as well. To 

exclude hyperactivity as an explanation, animals were put in a clear restrictive chamber. Figure 

2.3A shows that the bumps cannot be attributed to animal motion since IOP still increased by 

varying amounts and time course during chamber confinement. CT rose concurrently by ~1.5 oC 

due to animal body heat. Figure 2.3B plots the average time course of IOP and CT changes across 
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11 experiments on 4 animals. IOP went up 2.7 ± 1.3 mmHg (p = 0.01) in the chamber and took 

around 40 min to return to near-baseline level. Since IOP remained high long after chamber 

removal, it cannot be attributed to ambient heating of sensor fluids or electronics. Figure 2.4 

provides further confirmation of the stress response. IOP increased when conscious but not when 

anesthetized animals were placed in a pre-heated chamber of roughly constant CT (n = 2).  

 

Figure 2.4: Blocking IOP stress response with anesthesia. IOP and BT of a rat that was first 

placed conscious in the immobilization chamber and then put back in the chamber unconscious 

under isoflurane anesthesia. CT was concurrently monitored. 

 

 

 

2.4.2 Effect of Anesthesia on IOP 

 Effects of two commonly used anesthetics on IOP were examined. Figure 2.5A shows the 

IOP record of a rat before, during, and after isoflurane anesthesia. Heat support was provided 

throughout the experiment to counter any anesthetic effect on BT. An IOP stress response can be 

seen upon animal placement in the isoflurane chamber, which subsides as anesthesia is induced 

and IOP returns to near-baseline level. Subsequent alterations in isoflurane concentration had no 

discernable effect on IOP or BT. Spontaneous IOP bumps were also seen in anesthetized animals 
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on occasion. Figure 2.5B summarizes the results of 15 isoflurane experiments on 7 animals in 

which BT was held constant with heat support (BT = 37.5 ± 0.9 oC across concentrations, F = 2.39, 

p = 0.11). Mean IOP change was not significantly different from zero (F = 1.50, p = 0.23) under 

1% (-0.3 ± 1.8 mmHg), 3% (0.2 ± 1.8 mmHg), or 5% (-0.6 ± 1.6 mmHg) isoflurane.  

 

Figure 2.5: Effect of common anesthetics on IOP. (A) IOP and BT of a rat before, during, and 

after isoflurane anesthesia. Animal was sedated in the isoflurane chamber, placed on a heat pad, 

and anesthetic concentration was then varied via a nose cone. Spontaneous IOP fluctuations 

(box) still occurred in anesthetized animals. (B) Cumulative analysis of IOP and BT data across 

isoflurane concentration. (C) IOP and BT of a rat before, during, and after ketamine anesthesia. 

Animal was briefly sedated with isoflurane in the chamber, injected with ketamine just before 

waking, and placed on a heat pad when unconscious. (D) Cumulative analysis of IOP and BT 

time course across ketamine experiments. Brackets indicate time points that differ significantly. 

All IOP changes are relative to experimental baseline, and whiskers in box plots indicate minima 

and maxima. 
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Figure 2.5C shows the IOP record of a rat before, during, and after ketamine anesthesia. 

An IOP stress response can again be seen upon sedation and ketamine injection. IOP returned 

erratically to near-baseline level as anesthesia was induced and remained there for 30 min until the 

bolus wore off and the animal began waking. BT rose slightly after initiating heat support and held 

steady thereafter. Figure 2.5D summarizes the results of 16 ketamine experiments on 6 animals. 

BT was constant for the most part during ketamine anesthesia (BT = 38.3 ± 0.4 oC, p > 0.05 for all 

comparisons except 5 versus 15 min). Mean IOP change was not significantly different from zero 

for the 5 min (-0.5 ± 1.9 mmHg, p = 0.31), 25 min (-0.5 ± 2.6 mmHg, p = 0.44), and 35 min (0.7 

± 2.8 mmHg, p = 0.27) post-induction intervals but was slightly lower for the 15 min interval (-

1.9 ± 1.9 mmHg, p < 0.01). 

2.4.3 Effect of Tonometry on IOP 

 Possible effects of tonometry on IOP were also examined. Figure 2.6A shows the IOP 

record of an anesthetized rat while collecting applanation tonometry (AT) and rebound tonometry 

(RT) data. IOP continually crept higher during AT and was fairly steady during RT. Individual AT 

readings were highly variable and the average exceeded baseline. RT readings, on the other hand, 

scattered closely around baseline. Figure 2.6B summarizes the results of 9 experiments with each 

tonometer across 5 animals. IOP measured by AT and the system after AT differed significantly 

from baseline (median ΔIOP = 3.1 [1.0, 4.7] mmHg and 2.7 [1.4, 3.2] mmHg, respectively; p < 

0.01 for both), while there was no measurable difference for RT or the system after RT (p = 0.44 

and 0.97, respectively). IOP likely increased during AT because of repeated tapping of its much 

larger tip on the small rat cornea. Figure 2.6C shows the IOP record of a conscious rat placed in a 

large plexiglass enclosure with an open wall to perform RT when the animal was idle. Transient 

bumps can be seen when the experimenter entered housing and when the animal was placed in the 
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enclosure. The latter bump was prolonged though the animal was not further handled. Individual 

RT readings were more variable in conscious animals and averaging does not capture the dynamic 

nature of IOP. Across 5 awake tonometry experiments, IOP was significantly higher than the 

resting level for both the system and RT (median ΔIOP = 3.0 [2.7, 5.8] mmHg and 4.9 [1.8, 7.2] 

mmHg, respectively; p < 0.05 for both). Again, no difference was detected between system and 

RT (p = 0.48). 

 

Figure 2.6: Effect of different tonometers on IOP. (A) IOP of an anesthetized rat before, during, 

and after applanation tonometry (AT, top) and rebound tonometry (RT, bottom). Bars indicate 

period when tonometer readings were made, circles indicate individual tonometer readings, and 

squares give the mean and standard deviation of those readings. (B) Cumulative analysis of IOP 

data measured with the telemetry system (S) and tonometers (T) for AT (top) and RT (bottom) 

experiments. IOP changes are relative experimental baseline, and whiskers indicate minima and 

maxima. (C) IOP of a free-moving conscious animal before, during, and after RT. Arrowhead 

marks the experimenter entering the housing room. Bar indicates period when animal was placed 

in a tabletop three-walled enclosure in the room and tonometer readings were made when the 

animal was idle. Circles indicate individual tonometer readings, and squares give the mean and 

standard deviation of 10 sequential readings.  

 

 

 

2.4.4 Effect of Temperature on IOP 

 It was noted during anesthesia experiments that BT influenced IOP. Figure 2.7A shows the 

IOP record of an anesthetized rat without heat support. IOP decreased steadily after anesthetic 

induction at -0.5 mmHg/min and returned to near-baseline level as the animal waked. The IOP 

decline was confirmed by RT and mirrored by a BT decline of -0.2 oC/min. Figure 2.7B shows the 
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IOP and BT records of an anesthetized rat before, during, and after sliding the animal between a 

heat pad and cool table. Both initially crept higher on the heat pad, which was presumably warmer 

than resting BT, and steadily decreased on the cool table. Sliding the animal back on the heat pad 

incompletely reversed the decline, so IOP and BT declined further upon return to the cool table. 

The IOP changes were again confirmed by RT. Figure 2.7C summarizes the results of 11 

temperature experiments on 5 animals. IOP and BT were highly correlated (R2 = 0.73). 

 

Figure 2.7: Effect of temperature on IOP. (A) IOP and BT of a rat before, during, and after 

isoflurane anesthesia with the animal resting on a cool table without heat support. Square 

symbols give mean IOP via RT. (B) IOP and BT of a rat before, during, and after isoflurane 

anesthesia with the animal moved between a heat pad and cool table. Square symbols give mean 

IOP via RT. (C) Time-averaging IOP and BT data across temperature manipulation experiments. 

IOP changes are relative to experimental baseline. Error bars give standard error. 
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Figure 2.8: Control experiments for temperature effects on IOP. (A) IOP of a conscious rat 

moving between warm and cool surfaces. Animal was gently steered onto a heat pad and cool 

table using a large clear enclosure. (B) IOP of a euthanized rat laid on the warm and cool 

surfaces. (C) IOP and BT of an anesthetized rat in different recumbent positions. Animal rested 

either belly down or on its side with the cannulated eye up (CE↑) or down (CE↓). A warm gel 

pack was brought near the cannulated eye over the period indicated by the + symbol. 

 

 

 

 Additional experiments were conducted to corroborate the temperature results. Figure 2.8A 

shows the IOP record of a conscious rat steered between the heat pad and cool table. IOP bumps 

can be seen when the animal was removed and returned to its cage, as well as during each surface 

transition when it was not directly handled. More importantly, IOP fluctuated about a baseline that 

was comparable to the resting level. Figure 2.8B shows that IOP readings from a euthanized rat 

were similarly unaffected by warm and cool surfaces. Temperature effects in anesthetized animals 

thus reflect inhibition of thermoregulation. Figure 2.8C shows IOP and BT records of an 

anesthetized rat in different recumbent positions. BT was steady except for slight dips on rotation 
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from sternal to lateral recumbency. IOP was unchanged when the cannulated eye was rotated away 

from the heating pad and rose several mmHg when rotated toward the pad. IOP also increased 

when a warm gel pack was positioned near the cannulated eye while BT was unchanged. Effect of 

BT on IOP is thereby mediated in part or whole through changes in eye temperature. 

2.5 Discussion 

 In this study, IOP was found to spontaneously vary by several mmHg in conscious free-

moving rats. The fluctuations persisted in idle and anesthetized animals and thereby reflect internal 

physiological processes that directly or indirectly modulate IOP. Some of these processes are 

keenly sensitive to environmental disturbances. Their sensory trigger was not investigated but 

auditory, tactile, and perhaps visual cues are certainly involved. Activation of these processes was 

generally associated with transient IOP increases but transient decreases were sometimes 

observed. IOP bumps lasted a few minutes if the disturbance was startling in nature or tens of 

minutes if more stressful. The fast dynamics cannot by captured by averaging AT or RT readings 

because data are too sparce and variable. Tonometry measurements were found to overestimate 

resting IOP by a few mmHg in conscious rats, and better estimates were obtained by attenuating 

the stress response with anesthetics. Tonometry measurements on anesthetized animals also had 

less variance, implying that the variability seen in conscious animals reflects spontaneous IOP 

fluctuations in addition to operator skill. Isoflurane and ketamine anesthetics both maintained IOP 

at near-baseline level if BT was regulated. Changes in BT, or specifically eye temperature, due to 

anesthetics or ambient environment had a rapid and pronounced impact on IOP. Care should be 

exercised during tonometry to ensure operator body heat does not artificially elevate readings. 
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2.5.1 Relation to Prior Work 

 Our results support and extend prior work and clarify contradictory reports on effects of 

stress, anesthetics, and temperature on IOP. Psychophysiological stress has long been associated 

with IOP elevation and glaucoma precipitation [41]. Mental relaxation techniques that aim to 

reduce stress were recently shown to lower IOP, reduce stress biomarkers, promote anti-

inflammatory gene expression, and improve the quality-of-life of glaucoma patients [42]. Like this 

study, stress effects on IOP have been investigated experimentally by forcibly immobilizing 

animals. Rabbits immobilized for 1 h in a clear plastic tube had elevated cortisol, adrenaline, and 

noradrenaline levels and tonometry readings were 2-3 mmHg higher compared to non-

immobilized animals [36]. The rise time was not examined but the duration lasted over an hour 

after immobilization. An IOP elevation of comparable magnitude was also observed via wireless 

telemetry in immobilized monkeys [37] and here in immobilized rats. The duration of elevation is 

unknown for the monkey study because anesthetic was injected during immobilization, which 

terminates the stress effect. It was similarly long-lasting in rats although the rabbit immobilization 

period was much longer. Prolonged effects on IOP do not, however, require forced immobilization 

since a rabbit telemetry study saw a 1-hr IOP bump after cage change [35]. Anticipation of 

immobilization appears sufficient because IOP jumped simultaneously in implanted rats upon 

opening the housing room door and remained elevated following room transfers. An anticipatory 

bump was also observed in monkeys when someone was in the housing room even if the animal 

was not handled [37]. Stress from actual or anticipated handling and immobilization leads to 

variability and inaccuracy in tonometry estimates of resting IOP that can only be overcome by 

contactless telemetry systems. The IOP stress response is important to consider in the 

interpretation of tonometry data.  
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Unlike acute stress there is less consensus about the effect of general anesthetics on IOP, 

and the consensus that does exist may be faulty or misleading. Most studies report that isoflurane 

decreases IOP [23, 24, 43-46], but some have seen IOP increase [47] or not change [48, 49]. Even 

more contradictory is ketamine, with numerous studies reporting an IOP decrease [23, 24, 47, 50-

52], increase [53-57], or no change [58, 59]. An implicit and likely mistaken assumption of these 

tonometry studies is that IOP measured before anesthetic induction reflects resting IOP. Our and 

other telemetry [35] results show that animal handling induces a stress response that raises IOP 

long past the handling event. There was actually little-to-no effect of isoflurane or ketamine 

anesthesia on rat IOP, which agrees with a monkey telemetry study [26]. Hence, the IOP decrease 

reported by tonometry studies may instead reflect anesthetic inhibition of the stress response. In 

support of this interpretation, early tonometry studies notice no significant IOP change in children 

that were already sedated [48, 60]. Another potential complication is the effect of anesthetics on 

thermoregulation [61]. Some tonometry studies report IOP decreases of 5 mmHg or more in mice 

and rats under isoflurane and ketamine anesthesia [23, 24, 46]. Such large drops were recorded in 

this study only from implanted animals that were not provided heat support. None of the cited 

rodent studies monitored BT to confirm it was stable, one does not mention heat support, and one 

explicitly states a heat pad was not used. Reported IOP decreases may thereby be explained by a 

combination of stress-elevated baseline and BT loss and not necessarily a direct anesthesia effect. 

However, our results cannot reconcile reported IOP increases. IOP elevation is primarily seen for 

ketamine, which is known to increase heart rate, blood pressure, and vascular resistance [62]. 

Perhaps anesthetic effects on IOP depend on species, dosage amount, or delivery method 

(intravenous versus intramuscular). 
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There is comparatively less research on the effect of temperature on IOP. Two groups put 

individuals in a heated room and neither noticed changes in IOP [19, 20]. One detected a few 

mmHg increase after 3 h that was attributed to a rise in BT since it was not observed in acclimated 

subjects [20, 28]. No IOP change was noted here either when conscious rats were exposed to 

different surface temperatures, presumably because thermoregulatory processes held BT constant. 

IOP decreases were though reported in humans and rabbits immersed to the head in warm water 

[63, 64]. They might not have been seen in implanted rats because the thermal challenge to the 

body is much greater than a heat pad, causing elevated heart rate and reduced blood pressure in 

immersed humans and elevated episcleral venous pressure and reduced aqueous humor formation 

in immersed rabbits. Our results are not only consistent with tonometry studies that demonstrate 

IOP increases upon warming the eye via prolonged eyelid closure and IOP decreases upon cooling 

with a cold mask or air stream [65-67], but also reveal the fast dynamics of temperature driven 

IOP changes. 

2.5.2 Limitations 

 Two limitations of the work should be noted. One is the external locus of the pressure 

sensor, which introduces non-physiological variability in IOP records due to hydrodynamic effects 

of head and body rotation [8]. The extraneous noise is heightened during hyperactivity, such as 

when animals are stressed or waking from anesthesia. Another is that physiological mechanisms 

underlying observed effects were not investigated. While IOP startle and stress response can be 

broadly attributed to the autonomic nervous system [68] since they were blocked by anesthetics, 

the precise mode of action is uncertain. Autonomic signals could alter IOP in rats by changing 

ocular blood flow or components of aqueous humor dynamics [69]. Also, IOP still fluctuated in 

anesthetized rats, so some autonomic signals are not inhibited by isoflurane or ketamine. The 
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autonomic nervous system could mediate temperature effects as well given that circadian BT and 

IOP rhythms are strongly coupled [70]. A biophysical explanation cannot though be discarded 

since aqueous outflow depends on temperature-sensitive factors like fluid viscosity and metabolic 

activity [71, 72], which is suggested by the sensitivity of rat IOP to ocular heating. To address 

these limitations, a telemetry system that mounts to the skull and records additional parameters 

like BT, heart rate, and motor activity is being developed to reduce extraneous noise and better 

understand the mechanisms of IOP variation. 

2.6 Conclusion 

The principal findings of the study are that IOP is dynamically modulated in conscious rats 

by physical and physiological processes that are sensitive to temperature and animal stress but not 

anesthetics. The processes can act rapidly and produce IOP changes that last long after initiation. 

Continuous IOP telemetry is required to record these fast changes without disturbing the animal. 

Rebound tonometry gives accurate snapshots of IOP but animal handling elevated IOP in 

conscious rats. A better estimate of resting IOP may be obtained by anesthetizing animals while 

maintaining resting BT.
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Chapter 3: Characterization of Intraocular Pressure Variability in Rats 

3.1 Introduction 

 It is well established that a sustained elevation in mean intraocular pressure (IOP) is a risk 

factor for glaucoma in humans and glaucoma-like damage in animal models. However, little is 

known about IOP fluctuation moment-to-moment and the impact it has on the retina. Previous 

studies represent IOP as the mean and standard deviation of a distribution of variable tonometry 

readings, but it is unclear whether this variability is due to measurement error or if it reflects true 

IOP fluctuation. Tonometry has been used for decades as the gold standard for measuring IOP, 

however it only provides a snapshot estimate and data collection is laborious. Tonometry also 

requires investigator-subject interaction, which has been shown to elevate IOP above resting levels 

when compared to telemetered IOP data [73]. Other studies have also suggested that anticipation 

of investigator or physician presence contributes to IOP variability and may be explained by 

whitecoat hypertension, which, for some, can affect the accuracy of glaucoma diagnosis [37, 38]. 

 Previous 24-h studies revealed that IOP of various species follows a diurnal pattern when 

entrained to a normal 12-h light:12-h dark cycle [34, 74-77]. However, many of these studies 

performed tonometry or another method of intermittent IOP data collection. Although tonometry 

provides a good estimate of mean IOP change over time, it does not accurately capture IOP 

fluctuation moment-to-moment. Unlike tonometry, telemetry offers a hands-off approach that 

allows for collection of resting IOP with minimal confounds and experimental bias. IOP telemetry 

has been used in various animal models [9-11, 78-80] as well as human studies [27, 81] to prove 

that IOP is not constant, but fluctuates continuously. Our previous telemetry study revealed 
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that IOP fluctuated in isolated, idle animals as well as in anesthetized animals, which suggests that 

IOP is modulated by internal physiological processes [73]. Others have used telemetered IOP data 

to correlate fast pressure fluctuations on the order of seconds with blinks and saccades in pigs and 

monkeys [9, 80]. However, little is known on the extent of IOP variability and how it changes over 

time. To further investigate the relative contribution of slower and faster IOP fluctuations to daily 

IOP change, we used a novel telemetry system to monitor IOP round-the-clock for weeks on end 

to characterize IOP variability in the rat. 

3.2 Materials and Methods 

 All experiments were conducted in accordance with the National Institutes of Health guide 

for the care and use of laboratory animals and compliance with a protocol approved by the 

Institutional Animal Care and Use Committee (IACUC) at the University of South Florida. 

3.2.1 Animal Preparation 

 Male retired-breeder Brown-Norway rats (300-400 g) were housed in a temperature-

controlled room (22 °C) under a 12-h light (6AM):12-h dark (6PM) cycle with food and water 

available ad libitum. The anterior chamber of the right eye was implanted with a silicone 

microcannula (OD: 200 m, ID: 100 m, AS One International, Santa Clara, CA, USA) connected 

to an IOP telemetry device worn as a backpack. Pressure sensors were calibrated against a mercury 

manometer and validated with rebound tonometry. Device functionality and eye cannulation 

surgery were explained previously in Section 2.3.1 as well as in previous publications [8, 73]. Rat 

IOP data was collected at 0.25 Hz for weeks to months. 

3.2.2 Data Analysis 

 MATLAB software (The MathWorks, Natick, MA) was used to both median and lowpass 

filter data with a filtering window of 28s to remove spurious data. To determine IOP variability 
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over different timescales, filtered data were subjected to both a mean and variance analysis as well 

as a quantification of transient and sustained IOP fluctuations. Statistical analyses were conducted 

in SigmaPlot software (Systat, San Jose, CA), with significance assessed at  of 0.05. Results are 

expressed as mean ± standard deviation following a test of normality. Mean differences between 

groups were evaluated with paired t-tests unless otherwise noted. 

3.2.3 Daily IOP Mean and Variance Analysis 

 To compare results of previous tonometry studies, mean changes in telemetered IOP data 

were analyzed. Daily IOP mean changes were found by normalizing 24-h data segments to the 

respective daily mean and averaging in consecutive 30-minute intervals. In addition to mean 

changes, telemetered data has shown that IOP varies continuously. To quantify the extent that IOP 

deviates from mean changes, data were also subjected to a daily IOP variance analysis. The extent 

of deviation was found by normalizing 24-h data segments to the running 30-minute average and 

calculating the variance in consecutive 30-minute periods. Average IOP mean and variance 

statistics of 7 days of data were compared across animals. 

3.2.4 Transient and Sustained IOP Fluctuation Analysis 

 Transient and sustained IOP fluctuations were detected using a custom MATLAB 

algorithm. The algorithm employed the “findpeaks()” command to detect the peak of an event 

using two name-value arguments: minimum peak prominence and minimum peak separation. 

Minimum peak prominence, or the amount a peak stands out relative to the highest local minima, 

was determined from sensor resolution. Since the sensor accurately detects pressure changes > 0.3 

mmHg, a minimum peak prominence of  1 mmHg was used to ensure that signal noise went 

undetected. An illustration showing the application of this parameter is shown in Figure 3.1A. The 

peaks marked with asterisks would go undetected because they are < 1 mmHg in amplitude with  
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Figure 3.1: Determination of peak detection parameters. (A) A schematic showing the 

application of a 1 mmHg minimum peak prominence to a randomly generated data set. Peaks 

marked with * would go undetected as they are < 1 mmHg in amplitude with respect to the 

highest local minima. (B) Representative autocorrelation of a 4-hour IOP data segment. 

Minimum peak separations of 2 mins and 20 mins were used to detect transient and sustained 

events respectively based on changes in slope from the autocorrelation (marked by *’s). 

 

 

 

respect to the highest neighboring minima. Minimum peak separation was determined from an 

autocorrelation of IOP data. Figure 3.1B shows a representative autocorrelation of a 4-hour IOP 

data segment. Since an autocorrelation is a cross-correlation of a data set with itself, the maximum 

correlation was found at zero lag time. The asterisks mark the 2 min and 20 min lag times where 

transient and sustained IOP fluctuations were respectively most correlated across animals (n = 12).  

 
 

Figure 3.2: Detection of transient and sustained IOP fluctuations. Left, representative data set 

showing fast and slow IOP fluctuations over the course of 3 hours. Grey dots mark the peaks of 

transient events. Local minima between peaks (red dots) were linearly interpolated to generate 

the new sustained IOP waveform. The peaks of sustained events were detected and local minima 

between those peaks (green dots) were linearly interpolated to reveal baseline IOP. Right, 

examples of transient (grey) and sustained (red) IOP fluctuations that were peeled away from 

underlying baseline fluctuations (green). 
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Figure 3.2 illustrates the method used to detect transient and sustained IOP fluctuations. 

First, transient peaks were detected (grey dots) using a minimum peak prominence of 1 mmHg 

and minimum peak separation of 2 mins. Local minima were linearly interpolated and subtracted 

from the original data set to peel away the transient IOP signal (grey). The remaining IOP signal 

was subjected to the algorithm again to detect sustained peaks (red dots) using a minimum peak 

prominence of 1 mmHg and minimum peak separation of 20 mins. The minima between sustained 

peaks were linearly interpolated to generate an underlying baseline IOP signal (green) with the 

sustained IOP signal peeled off (red). The frequency, amplitude, and interval of transient and 

sustained IOP fluctuations were quantified across animals and represented as probability density 

functions (PDF). Serial correlations were performed on the amplitude and interval of transient and 

sustained events to determine if there was any relationship between a given event and past events. 

Serial correlations 𝑠𝑘 between characteristics of one IOP event 𝜏𝑖 in relation to another that occurs 

𝑘-intervals later 𝜏𝑖+𝑘 (Equation 3.1) were calculated using the following relationship where length 

of the IOP record was given as 𝑁: 

 𝑠𝑘 =  
𝑁 ∑ 𝜏𝑖𝜏𝑖+𝑘
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 [3.1] 

Equation 3.1 is an interpretation of a relationship previous used to assess the temporal pattern of 

neuron output spiking [82]. A high serial correlation would indicate that IOP event amplitude 

and/or interval of a given event likely depends on those of previous events. Serial correlations 

were also performed on data sets in which IOP event amplitude and interval were shuffled in time 

to determine if any relationships were due to chance. To determine coherence in IOP fluctuations 

between simultaneously recording animals, cross-correlations were performed across transient, 

sustained, and baseline IOP waveforms. IOP events of one animal were shuffled and cross-

correlated again with the other animal to determine any relationship due to chance. 
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3.2.5 IOP-Related Mechanical Energy Calculation 

 The individual contribution of transient, sustained, and baseline IOP fluctuations to the 

mechanical energy expenditure on a given intraocular tissue was calculated. The following 

relationship of energy dissipation over time in a direct current (DC) circuit was used to calculate 

IOP-related mechanical energy expenditure 𝐸, where IOP is represented as voltage 𝑉: 

  𝐸 = ∫ 𝑉(𝑡)𝐼(𝑡)𝑑𝑡
𝑇

0
, 𝐼 =

𝑉

𝑅
, 𝐺 =  

1

𝑅
    →      𝐸 =  𝐺 ∫ 𝐼𝑂𝑃2(𝑡)𝑑𝑡

𝑇

0
 [3.2] 

The integral portion of Equation 3.2 represents the area under the squared transient, sustained, and 

baseline IOP records, which yields units of mmHg2sec. Since conductance 𝐺 is equivalent to the 

reciprocal of resistance 𝑅, we multiplied the area under the IOP2 versus time curve by the average 

conductance 𝐺 of the rat trabecular meshwork, 3.83x10-4 µL/sec/mmHg [69] to determine energy 

expenditure 𝐸 on the conventional outflow pathway specifically. This yields an energy term in 

units of mmHgµL. To get the term in units of µJ, the conversion factor of 1 mmHgµL is equal to 

133.32x10-3 µJ was applied. The daily average IOP-related mechanical energy expenditure was 

compared across animals and expressed as average µJ/day. 

3.3 Results 

 This study considers IOP statistics of 12 animals that collected data for at least 7 

consecutive days in 12-h light:12-h dark conditions. All rats exhibited diurnal IOP changes with 

lower values in the light phase and higher values in the dark phase (Figure 3.3A). The average 

light-phase (10AM - 2PM) and dark-phase (10PM - 2AM) IOP’s were 14.6 ± 6.0 mmHg and 19.3 

± 8.4 mmHg, respectively (n = 12). Daily changes in IOP mean were variable across animals as 

well as across 7 days in a single animal. Analysis of IOP mean across animals revealed a maximum 

diurnal IOP swing of 8.6 ± 2.2 mmHg (n = 12) (Figure 3.3B, left). IOP deviation from the mean 

on the other hand fluctuated randomly throughout the day independent of mean changes (Figure 
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3.3B, right). There was, however, slightly higher IOP variation right before lights came on and 

right after lights turned off. 

 
 

Figure 3.3: IOP mean and variance statistics. (A) IOP data from a given animal housed in 12-h 

light: 12-h dark conditions. There were noticeable differences in amplitude of the diurnal swing 

from day to day. (B) Graphs showing average change in IOP mean and the extent that IOP 

deviates from the mean over 24 hours. Dark-phase IOP was higher than light-phase IOP (left). 

Over 30-min intervals, IOP varied independently of mean changes (right). 

 

 

 

IOP data was also subjected to a MATLAB algorithm that parsed the signal into three 

distinct waveforms: transient, sustained, and baseline IOP. There were on average 231 ± 79 

transient events and 16 ± 2 sustained events daily (n = 12). About 77% of daily transient IOP 

fluctuations were ≤ 4 mmHg in amplitude, but some animals had transient fluctuations up to 15 

mmHg (Figure 3.4A). Transient IOP fluctuations were short in duration, lasting 2 to 6 minutes, 

however, this was rather variable across animals (Figure 3.4B). Sustained IOP fluctuations were 

less frequent than transient fluctuations and lasted much longer. About 80% of sustained events 

were ≤ 5 mmHg (Figure 3.5A) and typically lasted 20 to 90 minutes (Figure 3.5B). Serial 

correlations were performed on the amplitude and interval of transient and sustained events to 
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determine if there were any dependencies on previous event characteristics. It was found that there 

was a likelihood for the amplitude and interval of a given transient event to be serially correlated 

with the amplitude and interval of the three previous transient events. Sustained event amplitude 

and interval were not serially correlated. Serial correlation analysis of shuffled amplitude and 

interval data revealed no correlation due to chance.  

 

 

Figure 3.4: Transient IOP fluctuation statistics. (A) Statistics pertaining to the amplitude of 

transient IOP fluctuations. (B) Statistics pertaining to the interval of transient IOP fluctuations. 

PDFs for transient IOP amplitude and interval (left). Distribution of transient amplitude and 

interval for each animal showing inter-animal variability (middle). Serial correlations showing 

that amplitude and interval of a given transient event is serially correlated with the amplitude and 

interval of the 3 previous events (right). 

 

 

 

Plots of average transient, sustained, and baseline IOP fluctuations for all animals are 

shown in Figure 3.6A. Both sustained and baseline IOP waveforms displayed long-lasting diurnal 

characteristics, however, transient IOP did not. Like IOP variance statistics, rats experienced 

slightly larger transient events just before lights turned on and just after lights turned off. 

Averaging across animal data highlighted the similarities between waveforms but could mask any 



 32 

differences. The individual contributions of transient, sustained, and baseline fluctuations to the 

IOP-induced mechanical energy expenditure on the trabecular meshwork was calculated. On 

average, transient, sustained, and baseline IOP respectively amounted to 26.0 ± 10.9, 40.1 ± 15.9, 

and 964.5 ± 770.6 µJ/day (n = 12). The amount of energy due to transient events was significantly 

smaller than the amount of energy due to sustained events (p = 0.02). The sum of energy due to 

transient and sustained events is also significantly less than energy due to baseline fluctuations (p 

< 0.001). Baseline IOP was separated further into diurnal IOP fluctuations and DC IOP offset. 

Average light-phase IOP (dashed line in Figure 3.6A, bottom) was used as the DC offset, which 

was subtracted out of the baseline IOP record to isolate diurnal changes. 

 

Figure 3.5: Sustained IOP fluctuation statistics. (A) Statistics pertaining to the amplitude of 

sustained IOP fluctuations. (B) Statistics pertaining to the interval of sustained IOP fluctuations. 

PDFs for sustained IOP amplitude and interval (left). Distribution of sustained amplitude and 

interval for each animals showing inter-animal variability (middle). Serial correlations showing 

that amplitude and interval of a given sustained event were not serially correlated with previous 

events (right). 

 

 

 

It was found that diurnal IOP and DC IOP offset respectively contributed 112.1 ± 134.4 

and 648.3 ± 590.4 µJ/day to the relative energy expenditure. The sum of energy due to transient,  



 33 

 
 

Figure 3.6: Daily IOP-related mechanical energy expenditure. (A) Average daily transient, 

sustained, and baseline IOP fluctuations across animals. No diurnal trend existed for transient 

fluctuations (top). There was a diurnal rhythm for both sustained (middle) and baseline (bottom) 

IOP fluctuations. The dashed line on the baseline IOP waveform marks average daytime IOP. 

(B) Comparison of average light-phase and dark-phase IOP to daily IOP-related mechanical 

energy expenditure. There was a stronger linear relationship between average light-phase IOP 

and energy due to diurnal fluctuations (m = 7.3, R2 = 0.061) than transient and sustained 

fluctuations (m = 0.1 & 0.3, R2 = 0.001 & 0.004, respectively) (top). There was a stronger linear 

relationship between average dark-phase IOP and energy due to diurnal fluctuations (m = 16.8, 

R2 = 0.565) than transient and sustained fluctuations (m = 0.6 & 0.9, R2 = 0.091 & 0.070, 

respectively) (bottom). 

 

 

 

sustained, and diurnal IOP fluctuation alone is equivalent to a 6.4 mmHg elevation in DC IOP over 

24 hours. Figure 3.6B is a linear regression analysis of average light-phase and dark-phase IOP 

with daily pressure-related energy expenditure. There was a strong positive linear relationship of 

light-phase and dark-phase IOP with energy due to diurnal IOP change (m = 7.3 and 16.8, 

respectively). This suggests that animals experiencing larger diurnal IOP changes were more likely 

to have a higher IOP mean, which is associated with a higher risk of glaucomatous damage. There 

was a weak positive linear relationship of light-phase and dark-phase IOP with energy due to 
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transient (m = 0.1 and 0.6, respectively) and sustained (m = 0.3 and 0.9, respectively) IOP 

fluctuations. This suggests that animals with a higher mean IOP do not necessarily experience 

higher amplitude transient and sustained IOP fluctuations. 

 
 

Figure 3.7: Analysis of cut tube data and effect of isoflurane on IOP variability. (A) Raw 

pressure data from a control experiment in which the cannula was removed from the eye, cut, 

and sutured under the conjunctiva (left). Analysis revealed that there was significantly less 

transient and sustained pressure-related energy from hydrodynamic effects of fluid in the tubing 

(n = 3) compared to IOP recordings (n = 12) (right). (B) Raw IOP data of an animal that was 

anesthetized under isoflurane (left). Analysis revealed that anesthetized rats (n = 2) experience 

significantly less transient and sustained IOP-related mechanical energy than awake rats (n = 12) 

(right). Red circle represent average daily energy expenditure from each animal. 

 

 

 

 Two additional experiments were conducted to corroborate results. In one set of 

experiments, the cannula was removed from the anterior chamber and sutured under the 

conjunctiva to detect pressure fluctuations due to head rotation. Figure 3.7A shows a raw plot of 

pressure fluctuations from a cut tube (CT) experiment. These fluctuations were random in 

occurrence and < 2 mmHg in amplitude. 7 days of CT data from three different rats were subjected 

to the transient and sustained fluctuation analysis to determine the relative contribution of 

hydrodynamic effects of fluid in the tubing to the perceived IOP-induced mechanical energy 
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expenditure. It was found that transient and sustained CT fluctuations were significantly less than 

those of IOP (p = 0.01 and 0.007, respectively). Transient and sustained CT fluctuations amounted 

to 6.3  1.3 and 10.2  0.8 µJ/day, respectively (n = 3). This suggests that CT fluctuations 

contribute at most 25% to the combined daily transient and sustained IOP-related energy 

expenditure and no more than 1% to total IOP-related energy expenditure. The second set of 

experiments involved monitoring IOP of an anesthetized animal over several hours. Figure 3.7B 

shows that IOP of isoflurane anesthetized rats fluctuates spontaneously. There were noticeably 

fewer IOP fluctuations in the anesthetized state compared to the awake state. This was expected 

since anesthesia inhibits the autonomic response. Transient and sustained fluctuation analysis was 

performed on IOP data of two isoflurane anesthetized rats to determine the extent of IOP 

variability. It was found that transient and sustained IOP-related energy expenditure in 

anesthetized rats was significantly less than that of awake rats (p = 0.036 and 0.01, respectively). 

 Figure 3.8A shows IOP data of two simultaneously recording rats in the same room on the 

same shelf. IOP fluctuation analysis was performed on a 3-day record from each animal to 

determine the coherence of IOP fluctuation patterns between animals. Figure 3.8B shows the 

resulting cross-correlations of transient, sustained, and baseline IOP waveforms between animals 

(solid lines). The cross-correlation analysis was repeated on IOP data that had been shuffled for 

one animal to detect similarities due to chance (dotted lines). The highest positive correlations due 

to chance (dashed lines) were used as reference for significance of original correlation analysis. It 

was found that sustained and baseline IOP fluctuations were significantly correlated between the 

two animals, but not transient fluctuations. This suggests that transient events may be the result of 

physiological phenomenon that are unique to a given animal such as blinking or activity level, 

which are short-lasting. Sustained events may be the result of environmental stimuli such as 
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presence of an investigator or loud noises in the animal facility, which have long-lasting, correlated 

effects. Baseline IOP includes the diurnal IOP fluctuations, therefore, correlation of this signal 

between animals was expected since animals were housed in the same lighting condition. 

 
 

Figure 3.8: Cross-correlation of IOP fluctuations between simultaneously recording rats. (A) 

Raw IOP record of two rats simultaneously collecting on the same shelf in the housing room. 

Both had similar patterns of IOP fluctuation. (B) Cross-correlation statistics showing coherence 

of transient, sustained, and baseline IOP fluctuations between animals (solid line). IOP events of 

one animal were randomized and cross-correlated with the other to determine coherence due to 

chance (dotted line). The dashed line shows the highest correlation due to chance. It is possible 

that correlation of transient events may be due to chance (top). However, there was significant 

correlation between sustained (middle) and baseline events (bottom). 

 

 

 

3.4 Discussion 

 In this study, our novel telemetry system was used to continuously monitor IOP in 

conscious rats for weeks on end. It was found that rats housed in normal 12-h light:12-h dark 

conditions experienced a diurnal IOP rhythm, with higher values in the dark phase. This finding 

supports and confirms results of prior tonometry studies that show diurnal IOP changes in rats [34, 

77]. However, there is a lot of information pertaining to IOP fluctuation day-to-day and moment-

to-moment that is lacking in previous tonometry studies. Telemetered data suggests that IOP is 

sensitive to environmental stimuli such as visual, auditory, and tactile cues. We suspect that these 
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stimuli contribute to daily IOP fluctuation in addition to time of day. Although mean IOP changes 

were diurnal, IOP deviation from the mean was random over 24 hours and thus varied independent 

of mean changes. To further characterize IOP variability, data was separated into transient, 

sustained, and baseline IOP fluctuations. Transient fluctuations occurred more often than sustained 

fluctuations daily. However, they had a smaller contribution to the daily IOP-related mechanical 

energy expenditure on ocular tissues than sustained fluctuations since they were short lasting. 

Sustained IOP fluctuations were synchronous across simultaneously collecting rats, which 

provided further evidence that IOP is impacted by environmental stimuli. 

3.4.1 Relation to Prior Work 

The results of this study add a new understanding of how IOP fluctuates moment-to-

moment in the rodent model, which builds to the existing characterization of monkey IOP 

fluctuation. A previous study conducted in monkeys used a dual-band finite impulse response 

(FIR) filter to extract low and high frequency transient IOP fluctuations from the underlying 

baseline signal [83, 84]. Investigators used this filter to identify sources of IOP fluctuation as well 

as quantify the magnitude and frequency of transient fluctuations on the scale of milliseconds. The 

area under the IOP versus time curve was calculated to give the relative IOP-related mechanical 

energy the eye must withstand over time due to IOP transients. They found that transients 

contributed to 12% of the total IOP energy during waking hours, which was attributed to blinks 

and saccades. This is an important finding since IOP plays a large role in ocular biomechanics and 

is representative of the relative mechanical strain on ocular tissues. The method we used to identify 

and characterize fluctuations found in the IOP waveform differs from the one used in the monkeys 

since our telemetry system has a lower sampling rate than the commercial system they used. Thus, 

transient fluctuation statistics in the rat are not a reproduction of what has been previously reported 
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but tells a different part of the same story of how IOP fluctuates continuously and is affected by 

various internal and external processes. We also reported on sustained IOP fluctuations, which has 

yet to be discussed in previous literature. In addition to transient fluctuations, it is important to 

consider the impact of long-lasting IOP fluctuations on ocular tissues since glaucoma is heavily 

associated with sustained IOP elevation. 

 Rabbit and mice IOP telemetry studies show a distinct 24-h mean IOP change [10, 11, 78], 

with higher values during the dark phase, which is consistent with our results. These telemetry 

studies provide a detailed description of how mean IOP fluctuates over time compared to 

tonometry studies, however, they lack variability statistics of IOP on smaller time scales. It is 

important to consider faster IOP fluctuations in addition to slower mean changes because there are 

studies suggesting that repeated transient IOP elevation has just as much damage to the retina as 

sustained IOP elevation [85, 86]. It is thought that progressive damage following transient IOP 

elevation occurs due to temporary occlusion of blood flow to the retina. Although the induced 

transient IOP fluctuations of that study are significantly higher than typical fluctuations we see 

moment-to-moment in the rat, it is still important to consider that natural fluctuations occur over 

a lifetime and contribute to the constant mechanical stress on ocular tissues. 

3.4.2 Limitations 

There are two limitations of this study that are worth noting. The first limitation is that an 

extraocular pressure transducer is used to detect changes in IOP through a fluid-filled pressure line 

that starts in the eye and runs to the back. Although it was statistically insignificant, the cut tube 

experimental results revealed that there was some contribution of head and body rotation to the 

pressure fluctuations recorded from the eye. This issue could be solved in future device designs 

where the pressure sensor is mounted on the head instead of the back. It would also be beneficial 
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to eliminate the external fluid line completely and implant a pressure transducer directly in the 

anterior segment. This approach has been proven successful in the monkey IOP telemetry model 

[87]. Another limitation of this study is that animals were housed in a housing room where 

investigators and technicians frequented during work hours. The effect of visual and auditory cues 

on IOP variability were not specifically studied but most likely contributed to the transient and 

sustained IOP fluctuation results. To study IOP variability in the absence of environmental stimuli, 

animals would need to be housed in isolation. Since the results of this study are intended for 

translational evidence of IOP variability in humans, it would be beneficial to know the added 

mechanical stress on ocular tissues due to environmental stimuli that mirror presumably stressful 

scenarios in rats. It would also be beneficial to include other parameters in the telemetry system 

such as continuous body temperature and locomotor activity to determine if there are any 

modulatory effects of these physiological parameters. 

3.5 Conclusion 

 The principal findings of the study are that IOP fluctuates continuously on different time 

scales. IOP fluctuations are seen in both awake and anesthetized rats. IOP telemetry is required to 

detect and characterize IOP variability moment-to-moment without additional experimental bias. 

In addition to a diurnal mean change, IOP varies randomly throughout the day. These variations 

in IOP have been categorized as either transient or sustained fluctuations, which have differing 

properties. Transient IOP fluctuations are short lasting and tend to be unique to a given animal 

whereas sustained IOP fluctuations are long-lasting and can be correlated across simultaneously 

recording animals. This suggests that IOP variability is modulated not only by physiological 

processes, but also environmental stimuli.
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Chapter 4: Effects of Ambient Lighting on Intraocular Pressure Variability in Rats 

4.1 Introduction 

 Circadian rhythms are physiological processes that are intrinsic to a given animal and 

follow a near 24-hour cycle. The endogenous timing of all circadian rhythms is controlled by the 

master clock, a group of neurons comprising the suprachiasmatic nucleus (SCN). The SCN is part 

of the hypothalamus and is responsible for regulation of hormones that are necessary for 

maintaining homeostasis. There are also biological clocks located in tissues other than the SCN 

that assist in regulation of local circadian rhythms. Local clocks have been identified in various 

ocular tissues including the cornea [88, 89], iris-ciliary body complex [90, 91], and retina [92, 93]. 

Various internal and external factors contribute to the coordination of local clocks within a given 

tissue. Overall, the job of the master clock is to synchronize local clocks and disruption of this can 

lead to cognitive and behavioral issues [94]. 

 Intraocular pressure (IOP) rhythmicity has been studied for decades in humans and various 

animal models. An endogenous IOP rhythm has been detected in a variety of small mammals 

including mice [95], rats [34, 77], rabbits [96, 97], and cats [76], as well as larger mammals 

including goats [98], pigs [99], and horses [100]. In these studies, animals were housed in constant 

darkness (DD) following initial entrainment to a normal 12-h light:12-h dark (LD) cycle. Results 

showed that the IOP rhythm previously detected in LD persisted in DD, concluding that IOP is 

controlled and regulated by a circadian clock. To completely understand the impact ambient 

lighting has on IOP rhythm, it is important to test the effects of various light cycles. There are at 

least 3 groups that have studied the effects of constant light (LL) on IOP rhythm, but results 
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conflict. Two groups reported a complete loss of IOP rhythm after a week of LL [11, 101], whereas 

the third group reported a dampened free-running IOP rhythm that persisted for a significantly 

longer time [77]. The re-entrainment of IOP rhythm to a shifted or reversed LD cycle has also been 

reported [11, 34, 101]. However, no studies have considered the effect of ambient lighting on IOP 

variability moment-to-moment and day-to-day since most employ tonometry to measure IOP. 

 Tonometry is the gold-standard for estimating IOP both clinically and experimentally. 

Unfortunately, this method provides only snap-shot measurements that are limited in information 

pertaining to IOP fluctuation. Tonometry is frequently performed in both awake and anesthetized 

subjects. However, the act of tonometry in awake subjects requires close contact and handling, 

which has been shown to evoke a stress response that leads to IOP elevation [37, 73]. To avoid 

this response, some perform tonometry under anesthesia, but many fail to maintain physiological 

body temperature. Without thermoregulation, there is a decrease in IOP [73]. To avoid 

confounding variables, we developed a novel telemetry system to record IOP round-the-clock in 

free-moving, conscious rats. In this study, we attempt to clarify existing results pertaining to effects 

of ambient light on IOP rhythmicity using this telemetry system. With extensive IOP information 

we also seek to determine if there are any effects of ambient lighting on IOP variability moment-

to-moment. 

4.2 Materials and Methods 

 All experiments were conducted in accordance with the National Institutes of Health guide 

for the care and use of laboratory animals and compliance with a protocol approved by the 

Institutional Animal Care and Use Committee (IACUC) at the University of South Florida. 
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4.2.1 Animal Preparation 

 In this study, a silicone microcannula (OD: 200um, ID: 100um, AS One International, 

Santa Clara, CA, USA) was implanted in the right anterior chamber of male retired-breeder 

Brown-Norway rats. This cannula was guided to a custom Delrin head-mount coupler connected 

to a pressure transducer worn as a backpack. The cannulation surgery and device specifications 

are explained in Section 2.3.1 and in previous publications [8, 73]. Data was sampled at 0.25 Hz 

and transmitted to a laptop where it was stored in real time. Animals were housed in a temperature-

controlled room (22 °C) with food and water available ad libitum. 

4.2.2 Manipulation of Ambient Lighting 

 Light cycle experiments were conducted in an environmental control unit (ECU) 

(Tecniplast BIO-C36) to isolate the effects of ambient conditions and minimize other external 

stimuli that contribute to IOP variability. Animals were entrained to a normal LD cycle for a week 

before ambient light manipulation. IOP variability and rhythmicity were studied under the 

following conditions: reversed LD, DD, and LL (150 lux). LL was the last condition tested in each 

animal because extended periods of illumination are known to induce long-lasting physiological 

abnormalities [102, 103]. Additional experiments were conducted in anti-phasic 18-h light:6-h 

dark (18L:6D) and 6-h light:18-h dark (6L:18D) cycles to determine if the interval of ambient light 

alters IOP rhythmicity. Animals remained in the altered ambient condition for up to 2 weeks and 

were re-entrained to a normal LD cycle for at least a week before testing another condition. 

4.2.3 Data Analysis 

 Raw IOP records were processed using MATLAB software (The MathWorks, Natick, MA) 

with a combination of a running median and lowpass filter with a filtering window of 28s to 

remove spurious data. Statistical analyses were conducted in SigmaPlot software (Systat, San Jose, 
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CA), with significance assessed at  of 0.05. Data collected in DD and LL were fit to a sinusoidal 

curve to assess changes in IOP rhythm amplitude, period, and phase with respect to LD 

entrainment. Data were also analyzed using a custom MATLAB algorithm to detect transient and 

sustained IOP fluctuations (Section 3.2.4). Analysis of transient and sustained IOP fluctuations 

previously characterized in LD conditions (Figure 3.4 & 3.5) were compared to those found in DD 

and LL. Results are expressed as mean ± standard deviation and mean differences between groups 

were evaluated with paired t-tests unless otherwise noted. 

 

Figure 4.1: Effect of reversed light cycle on IOP rhythm. Plotted are two rats that were housed 

on the same shelf and recorded IOP simultaneously. There was a noticeable disruption in the IOP 

rhythm when lights were reversed. It took several days for the IOP rhythm to re-entrain to the 

shifted cycle. 

 

 

 

4.3 Results 

 Rats entrained to a LD cycle experienced a diurnal IOP rhythm with higher values in the 

dark phase. LD data was fit to a sinusoid with a forced period of 24 hours which revealed an 

average diurnal amplitude change of 8.6 ± 3.5 mmHg and phase of 0.1 ± 0.6 hours (n = 15). For 

all figures within this document, the bar across the top of the plot represents the ambient condition 
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within the ECU and the shaded regions within the graph represent the ambient condition outside 

of the ECU. Figure 4.1 provides data of two simultaneously recording rats that were both initially 

entrained to a LD cycle. LD reversal occurred between days 2 and 3 when lights were left on into 

the anticipated dark phase. Both animals experienced a noticeable disruption in the period, 

amplitude, and phase of the IOP rhythm. It wasn’t until day 7 that diurnal IOP rhythm came back 

in phase with the new light cycle. On average, it took 3 to 5 days for IOP to resynchronize to the 

shifted cycle (n = 9). 

 
 

Figure 4.2: Effect of constant darkness on IOP rhythm. (A) IOP data of two simultaneously 

recording rats that were initially entrained to a LD cycle. After day 2, the IOP rhythm persisted 

when animals were subjected to DD. (B) Cumulative statistics for transient (T) and sustained (S) 

IOP fluctuations of rats housed in DD. Left, PDFs of T and S fluctuation amplitude in DD. 

Right, PDFs of T and S interval in DD. 

 

 

 

Rat IOP rhythm was also assessed in DD. Figure 4.2A shows IOP data of two 

simultaneously collecting rats, both of which exhibited a diurnal IOP rhythm that persisted in DD. 

This suggests that in the absence of a regulated light cycle, IOP rhythm is reinforced by a circadian 

clock. Sinusoid fitting of DD IOP data produced an average free-running period of 24.1 ± 0.2 
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hours, amplitude of 12.2 ± 3.8 mmHg, and phase of 1.2 ± 4.2 hours (n = 10). The free-running DD 

period was not significantly different from the 24-h period enforced by the LD cycle (p = 0.443). 

The peak-to-trough amplitude change of IOP rhythm from LD to DD increased by 3.6 ± 1.5 mmHg 

in 7 animals and decreased by 3.1 ± 1.3 mmHg in 3 animals. IOP fluctuation statistics of DD data  

 

Figure 4.3: Effect of constant light on IOP rhythm. Plotted are two simultaneously recording rats 

that were initially entrained to a LD cycle. There was an immediate change in IOP rhythm after 

day 1 when rats were subjected to LL. There was a noticeable decrease in amplitude change from 

subjective light phase to subjective dark phase as well as a change in periodicity. After about a 

week in LL, there was an upwards drift in mean IOP. 

 

 

 

were also compared to those of LD data (Section 3.3). There were on average 289 ± 46 DD 

transient events daily which was not significantly different from the number of daily LD transient 

events (p = 0.055). Sustained events were, however, significantly more prevalent in DD than LD 

with 28 ± 2 sustained events occurring daily (p < 0.001). The amplitude and interval of DD 

transient and sustained IOP fluctuations were expressed as probability density functions (PDFs) 

(Figure 4.2B). About 75% of daily DD transient IOP fluctuations were ≤ 4 mmHg and occurred 2 

- 4 min apart (Figure 4.2B, top). Transient events in DD were significantly larger in amplitude and 

occurred significantly closer together than in LD (p = 0.001 and p < 0.001, respectively). About 
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75% of daily DD sustained IOP fluctuations were ≤ 4 mmHg and occurred 20 - 50 min apart 

(Figure 4.2B, bottom). Sustained events in DD were significantly smaller in amplitude but 

occurred on similar intervals in LD (p < 0.001 & p = 0.187, respectively). 

 
Figure 4.4: Inter-animal variability of constant light effects on IOP rhythm. (A) Plotted is data of 

a later time from the same two rats shown previously in Figure 4.3. Notice that IOP rhythm of 

one rat persisted for the full two weeks in LL (top), while the rhythm of the other rat was 

abolished (bottom). Also, the peak-to-trough amplitude of the IOP rhythm was drastically larger 

following re-entrainment to a LD cycle. (B) Cumulative statistics for transient (T) and sustained 

(S) IOP fluctuations of rats housed in LL. Left, PDFs for amplitude of T (top) and S (bottom) 

events. Right, PDFs for interval of T (top) and S (bottom) events. 

 

 

 

 The effect of LL conditions on IOP were also assessed. Figure 4.3 shows data of two 

simultaneously recording rats that were initially entrained to a LD cycle. After day 1, the lights 

were left on in the ECU for an extended period. The IOP rhythm initially persisted, but there was 

an immediate decrease in peak-to-trough amplitude when the light remained on during the 

anticipated dark phase. On average, animals experienced a 3.9 ± 2.6 mmHg decrease in peak-to-

trough amplitude with the onset of LL (n = 8). It was also noted that the attenuated LL IOP rhythm 

was shifting out of phase with the light cycle of the outside environment. Sinusoid fitting the first 

week of LL data produced an average free-running LL period of 25.0 ± 0.5 hours, amplitude of 
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4.6 ± 1.4 mmHg, and phase of 2.6 ± 3.5 hours (n = 8). The free-running LL period was significantly 

longer than 24 hours, which led to the time shift seen from day to day. On average, mean IOP rose 

4.3 ± 1.9 mmHg linearly after the first week of LL (n = 8). 

Unlike in DD, the circadian IOP rhythm was lost in 5 out of 8 animals within 2 weeks of 

LL. It is unknown whether the 3 other animals would have lost their IOP rhythm if they were left 

in LL for longer. Figure 4.4A shows data of a later time from the same two rats shown in Figure 

4.3. The animal in the top plot retained its IOP rhythm for the full experiment, whereas the animal 

in the bottom plot lost its IOP rhythm completely. Upon re-entrainment to a normal LD cycle, the 

IOP rhythm came back instantaneously with a peak-to-trough amplitude greater than or 

comparable to that of LD data prior to LL onset. On average, the LD amplitude increased by 6.2 

± 3.2 mmHg in 6 animals coming out of LL but was the same as the previous LD amplitude in 2 

animals. 

 
 

Figure 4.5: Effect of anti-phasic lighting conditions on IOP rhythm. Plotted are two separate 

experiments conducted in different rats. There were no obvious changes in IOP rhythm of the rat 

subjected to a 6L:18D cycle (top). However, IOP rhythm of the rat subjected to a 18L:6D cycle 

was modulated to match the periodicity of the light cycle (bottom). 
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 IOP fluctuation statistics of LL data were also compared to those of LD data (Section 3.3). 

There were on average 293 ± 27 LL transient events daily which was not significantly different 

from the number of LD transient events daily (p = 0.114). Sustained events were, however, 

significantly more prevalent in LL than LD with 27 ± 3 sustained events occurring daily (p < 

0.001). There was no significant difference in the number of transient and sustained events 

occurring in DD versus LL (p = 0.828 and 0.199, respectively). The amplitude and interval of LL 

transient and sustained IOP fluctuations were expressed as PDFs (Figure 4.4B).  About 75% of 

daily LL transient IOP fluctuations were ≤ 4 mmHg and occurred 2 - 4 min apart (Figure 4.4B, 

top). Transient events in LL were significantly smaller in amplitude and interval than in LD (p = 

0.05 and p < 0.001, respectively). About 75% of daily LL sustained IOP fluctuations were ≤ 3 

mmHg and occurred 20 - 50 min apart (Figure 4.4B, bottom). Sustained events in LL were 

 
 

Figure 4.6: IOP phase response to a single light pulse. Light pulses administered during the 

subjective light phase of the free-running DD IOP rhythm produced no obvious phase change in 

the IOP rhythm (top). There were, however, noticeable phase shifts in the IOP rhythm following 

light pulses administered during the subjective dark phase (bottom). When lights were turned on 

during the subjective dark phase, IOP fell to light-phase levels. 
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significantly smaller in amplitude and significantly larger in interval than those found in LD (p < 

0.001 and p < 0.001, respectively). Comparison of DD and LL IOP fluctuation statistics revealed 

that the amplitudes of transient and sustained events were significantly greater in DD than in LL 

(p<0.001 and p<0.001, respectively). Conversely, the intervals of transient and sustained 

fluctuations were significantly longer in LL than in DD (p < 0.001 and p = 0.009, respectively). 

 Results of LL exposure were indicative that the duration of light has a significant effect on 

IOP fluctuation. Two additional experiments were conducted to determine the effects of anti-

phasic light cycles on IOP rhythm. Figure 4.5 shows IOP data of two different animals from two 

separate experiments. These experiments tested the effects of both a shortened (6L:18D, top) and 

extended (18L:6D, bottom) light phase. There were no changes in IOP rhythmicity when the light 

phase was shortened (n = 2). However, IOP rhythm was greatly affected when the light phase was 

extended (n = 4). After 5 - 6 days of 18L:6D, there was a noticeable shortening of the dark-phase 

elevated IOP interval. In a separate set of experiments, animals were entrained to DD conditions 

for several days before 1-hour light pulses were administered at different times during an animals’ 

circadian rhythm (Figure 4.6). Light pulses given during an animals’ subjective light phase had no 

effect on IOP rhythm (n = 2). Light pulses given during an animals’ subjective dark phase produced 

an instantaneous decrease in IOP to light-phase values (n = 2). In experiments where light pulses 

were administered at 19:00 and 3:00, there were noticeable phase advancements in the IOP rhythm 

of the following day. Conversely, phase delays were seen in experiments where light pulses were 

given at 22:00. Results suggest that the IOP rhythm can shift forward or backward by varying 

amounts depending on the onset time of the 1-hour light pulse with respect to an animal’s 

subjective dark phase. 
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4.4 Discussion 

 Results of this study suggest that IOP was greatly affected by changes in ambient lighting. 

As shown previously, rats housed in a normal LD cycle experienced a diurnal IOP rhythm with 

higher values in the dark phase when rats are presumably more active. IOP rhythm was temporarily 

abolished during light cycle reversal and completely abolished in about 60% of rats housed in LL. 

The free-running period, amplitude, and phase of the IOP rhythm differed in rats housed in DD 

versus LL as well as those housed in LD. We also saw that transient and sustained IOP fluctuation 

statistics differed in rats housed in DD and LL when compared to those found in LD. Although, it 

is possible that differences may partially stem from inter-animal variability, lighting conditions are 

important to consider when conducting studies in which IOP measurement is pertinent. It was 

found that rat IOP rhythm was more sensitive to extended periods of light rather than extended 

periods of dark. This observation may be attributed to the rat being a nocturnal animal. Further 

experimentation should be performed to see whether this result holds true for diurnal animals. 

4.4.1 Relation to Prior Work 

Upon reversal of the LD cycle, the IOP rhythm was desynchronized, but returned after 3 

to 5 days. A similar result was seen in a rabbit IOP telemetry study where the LD cycle was 

advanced by 6 hours and it took upwards of 10 to 14 days for the IOP rhythm to resynchronize 

with the shifted light cycle [11]. This effect on IOP rhythm is analogous to jet lag, where an 

individuals’ internal clock is out of sync with external time. Jet lag usually occurs following 

extensive travel to different time zones when the internal clock differs from the external clock. 

This phenomenon may be explained by disruption of melatonin production, which is pertinent for 

the sleep/wake cycle. A related study showed that when the LD cycle was shifted by 12 hours, it 

took 5 to 7 days for melatonin levels in rats to re-entrain to the new cycle [104]. 
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 Transient and sustained IOP fluctuations in animals housed in constant lighting conditions 

were compared to statistics of animals housed in LD (Section 3.3). Significantly more sustained 

IOP events were found in animals isolated in DD and LL conditions than those that were kept in 

the housing room under LD conditions. This was a rather interesting outcome, since we previously 

found that sustained events were significantly correlated in simultaneously recording rats and were 

most likely due to environmental stimuli (Section 3.3, Figure 3.8). Results here suggest that 

although animals were isolated from other environmental stimuli, psychological stress evoked by 

constant lighting may contribute to IOP variability. Animals housed in DD also experienced much 

larger circadian fluctuations than those in LL. Although inter-animal variability may contribute to 

differences between test groups, long-lasting IOP events seem to be activated by involuntary 

physiological processes. It is therefore possible that these processes are affected by constant 

lighting conditions as well as physical isolation. Further investigation of IOP variability in isolated 

animals housed under LD conditions is necessary. A study in rats found that adrenomedullin 

(ADM), a hormone responsible for regulation and protection of the hypothalamo-pituitary-adrenal 

(HPA) axis, was upregulated in both DD and LL conditions [105]. The HPA axis is a major 

component of the autonomic nervous system, which is responsible for regulation of involuntary 

physiological processes such as respiration, blood pressure, and heart rate [106]. It is unknown if 

regulation of ADM is related to IOP fluctuation, however, it is possible that spontaneous IOP 

fluctuations [73] are directly or indirectly affected by the autonomic nervous system, which is light 

cycle dependent. It is also known that ocular blood flow is controlled directly by the autonomic 

system [68] and increased blood pressure is corelated with increased IOP [107]. This phenomenon 

may also explain the steady rise in mean IOP of rats housed in LL conditions, which is presumably 

more stressful than DD for nocturnal animals. 
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 The effect of constant lighting conditions on the neural and behavioral systems have been 

studied for decades. The circadian behavior of animals housed in DD and LL can be explained by 

Aschoff’s Rules of photoperiod sensitivity, which were developed to characterize free-running 

periods of physiological processes in both diurnal and nocturnal animals [108]. In this study, we 

found that the free-running period of rat IOP rhythm was longer in LL than DD. This is supported 

by Aschoff’s first rule which states that the endogenous circadian period is extended in LL for 

nocturnal animals and extended in DD for diurnal animals [108]. Aschoff’s second rule states that 

light intensity plays a crucial role on the severity of the effect constant conditions have on 

endogenous rhythms. We found that transient IOP fluctuations that occur both spontaneously as 

well as in response to environmental stimuli were significantly smaller in LL, but larger in DD 

when compared to those detected in LD conditions [73]. Similarly, Aschoff found that daily 

activity decreases with increasing light intensity in nocturnal animals [108]. Rats in LL also 

experienced a dampened circadian IOP rhythm and most animals in DD experienced an amplified 

rhythm. A similar study found that rats housed in continuous dim light (40-90 lux) experienced 

dampened IOP and body temperature rhythms that persisted for up to 7 weeks [77]. In our study, 

the circadian IOP rhythm was abolished in about 60% of animals housed in significantly higher 

light intensity (150 lux) for up to 2 weeks. A different study that collected rat IOP twice a day via 

tonometry at set external times and averaged across animal data reported a complete loss of the 

endogenous IOP rhythm in both DD and LL [101]. However, each animal has a unique endogenous 

rhythm that shifts with time and averaging across animals that are most likely out-of-phase with 

one another could mask the underlying circadian rhythm. Also, an IOP record consisting of 2 data 

points per day does not provide sufficient information about circadian IOP rhythm. IOP telemetry 

provides extensive information on IOP variability moment-to-moment and day-to-day and results 
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indicate that IOP rhythm of rats housed in DD persists with a period close to 24 hours. Aschoff’s 

third rule states that nocturnal animals experience a free-running DD period that is less than 24 

hours [108], which conflicts with our results. However, circadian rhythm studies of locomotor 

activity in mice and hamsters, suggest that it could take weeks or months for the free-running 

rhythm to be attained [109]. It remains unknown whether circadian IOP fluctuations are controlled 

by the master clock located within the SCN or by local clocks in the eye. To determine this, it is 

necessary to conduct experiments in which tetrodotoxin (TTX), a neurotoxin that inhibits sodium 

ion-gated channels, is applied on the optic nerve to block communication of local clocks with the 

master clock in the SCN. Rhythm persisting after TTX application would indicate that a local clock 

exists in the eye that controls IOP circadian fluctuations. 

 Additionally, we tested the effect of modulating the photoperiod length (light phase) a rat 

receives daily. We found that a short photoperiod (6L:18D) had no significant effect on the IOP 

rhythm, however a longer photoperiod (18L:6D) did. Similar experiments were conducted on 

circadian rhythm of locomotor activity in mice and sparrows [109-111]. It was found that both 

species experienced a shorter circadian after entrainment to a light cycle with a longer photoperiod. 

This supports and confirms results in the rat where dark phase IOP is significantly shortened when 

animals are entrained to a longer photoperiod compared to a shorter photoperiod. We also studied 

the phase response of the IOP rhythm to a single 1-hour light pulse administered at different times 

during an animals intrinsic free-running DD clock. We found that a 1-hour light pulse given during 

the animals’ subjective dark phase induced a phase shift in the circadian IOP rhythm. The amount 

by which the rhythm shifted depended on how far into the subjective dark phase the rat was when 

the pulse was administered. A similar result was seen in the hamster and finch when the circadian 

rhythm of locomotor activity was reset following a brief light flash [112]. In the rat, we also found 



 54 

that a single light pulse given during the animals’ respective dark phase temporarily lowered IOP 

to light-phase values. This result is significant since there is increasing evidence that glaucoma 

may be linked to a dark-phase elevation in IOP [113]. 

4.4.2 Limitations 

There are two limitations worth mentioning for this study. The first limitation is that 

constant white noise was not provided for animals housed in constant ambient conditions. Constant 

white noise would have prevented any unanticipated entrainment of animals to external auditory 

cues, which could impact circadian IOP rhythms. However, it was noted during experimentation 

that the ECUs that animals were housed in made a low humming noise that may act as white noise. 

We are not certain whether louder noises within the vivarium were masked by this constant hum. 

Another limitation of this study pertains to the sinusoid fitting of IOP data. The sinusoid-fitting 

algorithm spits out an average amplitude, phase, and period of each waveform, therefore, any 

spontaneous or random changes in the IOP rhythm could be masked by this analysis. However, 

performing the sinusoid fitting on too small of a data segment could result in a weak fit and 

including more data can increase the accuracy of the model. 

4.5 Conclusion 

The principal findings of the study are that IOP rhythm and variability are affected by 

ambient lighting conditions. The periodicity of IOP rhythm was dramatically impacted by 

extended durations of high intensity light. The period of rats in LL was significantly longer than 

those in DD. IOP rhythm also shifted in response to light exposure while in DD conditions. IOP 

variability also differed under constant ambient conditions compared to normal LD. The results of 

this study suggest that IOP fluctuation patterns are partially dependent on the intensity and duration 

of ambient light. Therefore, it is important for clinicians to consider work schedule and 
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geographical location of patients with abnormal IOP and circadian patterns. It is also beneficial 

for researchers to consider light conditions when monitoring IOP in longitudinal experiments such 

as testing therapeutic medications or studying behavioral responses. 
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Chapter 5: A Wearable Device for Continuous Monitoring of Intraocular Pressure, Body 

Temperature, and Locomotor Activity in Conscious Rats 

5.1 Introduction 

 Intraocular pressure (IOP) is the only treatable risk factor for glaucoma and has been 

studied extensively using tonometry. Tonometry is a technique that is used both clinically and 

experimentally to non-invasively measure IOP. There have been various forms of tonometry over 

the years including applanation, rebound, and non-contact air puff tonometry. Although studies 

have shown that tonometry provides an adequate estimation of long-term mean changes [114] 

[115], it is not fully capable of capturing IOP fluctuations on shorter timescales. With advancement 

in medical technology, telemetry is now commonly used to continuously record biological signals 

from patients or subjects with minimal intervention. There are few investigators that have used 

telemetry as a tool for experimentally recording IOP in mice [78], rats [8], rabbits [11], and 

monkeys [9]. Clinically, telemetry has been used to indirectly monitor IOP in humans for extended 

durations using changes in corneal curvature [13, 81]. In all scenarios, IOP telemetry has allowed 

for detection of IOP fluctuation moment-to-moment and has thus become a key tool for 

characterizing IOP variability. It has been used to identify and quantify both transient and sustained 

IOP fluctuations that exist daily (Section 3.3) and study the impact various internal and external 

factors have on IOP variability and rhythmicity (Sections 2.4 & 4.3) [73, 83].  

 In previous studies, we used a novel telemetry system for continuous recording of IOP in 

conscious, freely moving rats. However, it has been shown that rat IOP is affected by various 

factors including but not limited to stress, anesthesia, and temperature [73]. To further characterize 
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the extent that IOP is modulated by internal and external processes, we have modified our existing 

wearable telemetry system to continuously monitor other physiological parameters in addition to 

IOP. It now includes the ability to simultaneously monitoring body temperature (BT) and 

locomotor activity (LMA). This improved rat telemetry system will provide more information on 

the mechanisms leading to IOP variation as well as the impacts they have on the retina and overall 

health of the eye. 

5.2 Material and Methods 

 All experiments were conducted in accordance with the National Institutes of Health guide 

for the care and use of laboratory animals and compliance with a protocol approved by the 

Institutional Animal Care and Use Committee (IACUC) at the University of South Florida. 

 
 

Figure 5.1: Telemetry system design and experimental setup. The device diagram on the left 

shows a breakdown of components included in the new telemetry system and how they send and 

receive data. On the right is a cartoon showing how the system is used on the rat and where the 

components are implanted. 

 

 

 

5.2.1 System Design and Data Acquisition 

 The new and improved IOP telemetry system (Figure 5.1) required fabrication of a custom 

printed circuit board (PCB). The board was designed using EAGLE software (Autodesk, San 

Rafael, CA) and printed using OSH Park PCB (Portland, OR) services. The microcontroller was 

updated to the Simblee, which is equipped with a 32-bit ARM Cortex-M0 processor and 
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communicates Simblee-to-Simblee via Bluetooth (RFD77101, RF Digital Corporation, ams AG). 

Arduino Integrated Development Environment (IDE) Software along with the Simblee BSP (board 

support package) and Simblee Library were used to interface with the microcontroller. The device 

is powered by a rechargeable 3.7 V, 500 mAh lithium-ion polymer battery (ASR00035, 

TinyCircuits™, Akron, OH). The Simblee requires an operational 3.3 V power supply, which is 

set by an ultra-low noise, low drop out (LDO) voltage regulator (NCP167, ON Semiconductor®, 

Phoenix, AZ).  

 Two analog output piezoresistive pressure transducers with silicone-gel coated membranes 

(TBP Series, Honeywell, Morristown, NJ) were included for dual pressure monitoring. These 

sensors are temperature compensated and produce a measure of pressure resulting from a change 

in membrane resistance due to mechanical stretch [116]. A dual operational amplifier (op-amp) 

(AD8606, Analog Devices Inc., Norwood, MA) was used to convert the two analog pressure 

outputs to information usable by the Simblee. An implantable, epoxy coated negative temperature 

coefficient (NTC) thermistor (KC Series, Littelfuse®, Chicago, IL) was included to monitor BT. 

NTC thermistors are temperature dependent variable semiconductors that increase in resistance 

when temperature decreases. This happens because as the semiconductor material heats up, more 

thermal energy is available for electrons to absorb [117]. Sufficient energy allows electrons to 

easily cross the energy bandgap between the valence band and the conduction band, which 

increases flow or conduction of electrons in the material. The implantable thermistor was 

connected to the PCB with flexible, silicone-coated braided wires. Silicone coated wires were used 

instead of PVC coated wires, because they have a much higher resistance to thermal change, 

superior flexibility, and are more biocompatible [118]. 
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 The new telemetry system also includes a 3-axis MEMS (micro-electromechanical system) 

accelerometer (ICM-42605, TDK InvenSense, San Jose, CA) to monitor LMA. Acceleration along 

a particular axis is detected by displacement of a known mass connected to a spring located within 

the component. The accelerometer has on-chip Analog-to-Digital Converters (ADCs) that convert 

the voltage output to digital information used by the Simblee. The Simblee interfaces with the 

accelerometer using I2C communication, which is typical for communication between a master 

and slave devices. All electronic components, excluding the implantable thermistor, were housed 

in a sealed 3D-printed plastic box with dimensions of 1.5 x 1.0 x 0.5 inches in length, width, and 

height respectively. 

 
 

Figure 5.2: Calibration of telemetry system. (A) Linear regression of pressure transducer output 

voltage with varying gauge pressure to determine operational parameters. (B) Calibration curve 

for change in thermistor resistance due to varying temperature of a water bath. The curve was fit 

with an exponential decay to determine operational parameters. (C) Confirmation of 

accelerometer manufacturing calibration by rotating the device about each of the 3 axes. 

 

 

 

5.2.2 Benchtop Testing of System 

 The pressure transducers were calibrated against a mercury manometer in a stepwise 

fashion from 0 to 40 mmHg above atmospheric pressure. The calibration curve for a given pressure 

transducer is shown in Figure 5.2A. Transducers had a positive linear response to the stepwise 

elevation in gauge pressure. Operational gain and offset parameters were found from a linear 
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regression of pressure calibration data. Thermistors were calibrated against a mercury thermometer 

placed in a water bath that was varied from 23 to 45 oC. Figure 5.2B shows an example calibration 

curve for a given thermistor. The calibration temperature range included rat physiological core 

temperature which varies from 37 to 39 oC in mammals [119]. These thermistors have a negative 

non-linear response to a stepwise increase in temperature, so data was fit with a decaying 

exponential to determine the operational parameters. The 3-axis MEMS accelerometer sensor was 

surface mounted on the PCB and was pre-calibrated by the manufacturer so when placed on a flat 

surface, the x- and y-axes read 0 g and the z-axis read +1 g or 9.81 m/s2. Accelerometer calibration 

was confirmed by incrementally rotating the system about each axis (Figure 5.2C). At a sampling 

rate of 0.25 Hz, the battery life of the telemetry system was approximately 10 days on a single 

rechargeable 3.7 V, 500 mAh lithium-ion battery. 

5.2.3 Animal Preparation 

 Male retired-breeder Brown-Norway rats (300-400 g) were housed in a temperature-

controlled room (22 °C) under a 12-h light:12-h dark (LD) cycle with food and water available ad 

libitum. The anterior chamber of the right eye was implanted with a silicone microcannula (OD: 

200um, ID: 100um, AS One International, Santa Clara, CA, USA) connected to one of the two 

pressure transducers located in the backpack via a 16G silicon tube covered with a spring to prevent 

kinking (Figure 5.1). Surgical procedures for anterior segment cannulation were detailed in 

previous publications as well as in Section 2.3.1 [8, 73]. In short, the cannula was inserted in the 

anterior segment through a trans-limbal hole made by a 33G needle. The cannula was secured to 

the sclera with sutures and guided subcutaneously from the eye to a head-mounted coupler secured 

to the skull with 4 bone screws. The pressure line was filled with a balanced salt solution, 3 mM 

moxifloxacin hydrochloride (Vigamox®, Alcon, Fort Worth, TX), 1.3 mM enoxaparin sodium 
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(Lovenox®, Henry Schein, Melville, NY) and 2.2 mM triamcinolone acetonide (Triessence®, 

Alcon, Fort Worth, TX) to prevent microbial and fibrin buildup that can clog the cannula over 

time. A new surgical protocol was developed to implant the thermistor for continuous BT 

monitoring. The thermistor was inserted into a subcutaneous pocket on the mid-posterior neck 

created by blunt dissection. The thermistor was sutured to the surrounding tissue to reduce flexion 

of wires inside the body (Figure 5.1). Changes in acceleration along each of the 3 axes were 

detected by the board-mounted MEMS device located within the rat backpack (Figure 5.1). LMA 

was defined as the combined magnitude calculation of the acceleration along all the axes. Data 

was sampled at 0.25 Hz or every 4 secs in conscious, freely moving rats for weeks to months. Each 

sampled data point was an average of 20 consecutive measurements over a 4 sec duration. 

5.2.4 Data Analysis 

 Raw IOP, BT, and LMA data were processed in MATLAB software (The MathWorks, 

Natick, MA) using a median and lowpass filter with a filtering window of 28s to remove spurious 

data points and smooth each record. Cross-correlation analysis was performed in an hourly fashion 

to assess the coherence between IOP, BT, and LMA fluctuations. Temporal relationships were 

also evaluated using transient and sustained IOP event times to trigger a running average of BT 

and LMA records with a window of ± 1 hour about the event peak. The MATLAB algorithm used 

to detect transient and sustained IOP events was explained previously in Section 3.2.4. Statistical 

analyses were conducted in SigmaPlot software (Systat, San Jose, CA), with significance assessed 

at  of 0.05 and results are expressed as mean ± standard deviation. Mean differences between 

groups were evaluated with paired t-tests unless otherwise noted. 
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5.3 Results 

 The results of this study consider data from 14 rats. The upgraded telemetry system was 

used to simultaneously collect IOP and BT in all rats. A diurnal IOP rhythm was detected in all 14 

rats, while only 8 exhibited diurnal BT rhythm. LMA was also simultaneously collected in 3 of 

the 14 rats, none of which exhibited diurnal LMA rhythm. Figure 5.3A shows IOP and BT data 

that were simultaneously recorded from a rat housed in LD conditions. This animal exhibited both 

diurnal IOP and BT fluctuations with higher values in the dark phase. Figure 5.3B shows IOP, BT, 

and LMA data that were simultaneously collected from a different rat housed in LD conditions. 

This rat exhibited a diurnal IOP rhythm, but diurnal BT and LMA rhythms were not detected. This 

result suggests that some animals experience changes in mean BT and LMA that are independent 

from diurnal mean IOP changes, which have shown to be driven by ambient lighting. However, 

there are fast and slow IOP fluctuations that seem to be correlated with changes in BT and LMA 

that last minutes to hours. 

 Cross-correlation analysis was performed on 7 days of data for each animal to determine 

the coherence between IOP, BT, and LMA fluctuations. A running window of ± 1 hour was used 

to insure inclusion of both short- and long-lasting fluctuations. The left panel of Figure 5.4A shows 

a 2-day snippet of data collected from a given animal housed in LD conditions and the boxed 2-

hour region of this plot is shown zoomed in on the right panel. The zoomed in section shows a 

noticeable correlation between IOP, BT, and LMA with slight lag between event onsets, marked 

by the vertical line. Cross-correlation statistics across animals revealed that BT lagged IOP by 38 

sec (n = 14) and LMA by 2 min (n = 3), while IOP lagged LMA by 4 sec (n = 3). Figure 5.4B 

provides exemplary correlation waveforms for 2 different rats. Both rats have similar IOP vs BT 

and BT vs LMA cross-correlation waveforms. This suggests that BT changes were more likely to 
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occur when both IOP and LMA changed. The IOP vs LMA waveforms on the other hand, were 

quite different. The animal on the left, j118, had a stronger, more pronounced correlation between 

IOP and LMA than the animal on the right, j117. The difference in the cross-correlation waveforms 

for IOP vs LMA across animals suggests that IOP and BT changes can also occur during periods 

of inactivity and activity level is variable between rats. 

 
 

Figure 5.3: Continuous recording of IOP, BT, and LMA. Plotted are data from two rats that were 

not simultaneously recording. (A) Shown is data of a rat that experienced diurnal fluctuations in 

both IOP and BT. Mean IOP and BT were higher during the dark phase than in the light phase. 

(B) Shown is data of a rat that experienced diurnal IOP fluctuations but no diurnal changes in BT 

or LMA. Changes in mean BT and LMA were independent of changes in mean IOP and ambient 

light. However, there were fast and slow IOP fluctuations that seemed to be correlated with BT 

fluctuations and bursts in LMA. 
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Figure 5.4: Cross-correlations of IOP, BT, and LMA data. (A) Left, plot showing a 2-day record 

of raw IOP, BT, and LMA data with a box marking the zoomed in 2-hour record plotted on the 

right. There was noticeable coherence between IOP, BT, and LMA data. (B) Representative 

correlograms from two different rats, both showing strong correlation of IOP vs BT and BT vs 

LMA. However, the correlation of IOP vs LMA differs between animals. 

 

 

 

 To determine the temporal relationship between IOP, BT, and LMA fluctuations, the peak 

times of transient and sustained IOP events were used to trigger averaging of BT and LMA records. 

The bottom plot of Figure 5.5A shows an example of how transient (grey) and sustained (red) IOP 

events were detected and peeled away from underlying mean changes (green). Also plotted are 

simultaneous records of BT (middle) and LMA (top). The boxed areas mark changes in BT and 

LMA that occur with transient and sustained IOP fluctuation. An example of transient and 

sustained IOP event triggered averaging for a given animal is shown in Figure 5.5B (left and right, 
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respectively). This example suggests that BT rises after transient and sustained IOP fluctuations 

peak. It also suggests that bursts in LMA led to near instantaneous transient IOP fluctuations. 

There was, however, a slight delay in LMA following peak sustained IOP fluctuations. When  

 
 

Figure 5.5: Transient and sustained IOP event triggered average of BT and LMA. (A) Raw IOP, 

BT, and LMA data of a given animal. Transient (grey) and sustained (red) IOP fluctuations were 

detected and peeled away from baseline IOP (green). The peaks of transient and sustained events 

were used to trigger averaging of BT and LMA. The boxed regions highlight times when 

changes in BT and LMA occurred congruently with transient and sustained IOP fluctuations. (B) 

An example of transient (left) and sustained (right) IOP event triggered averages of both BT and 

LMA for a given animal. Results show a noticeable delay in BT change and a near instantaneous 

change in LMA. 

 

 

 

analyzed across animals, BT elevation lagged peak transient and sustained IOP fluctuation by 5 

min and 3 min, respectively (n = 14). In the 3 animals that recorded LMA, there was zero lag time 

between peak transient IOP fluctuation and onset of LMA. The onset of LMA lagged peak 
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sustained IOP fluctuation by 4 min in 2 rats and were uncorrelated in the third rat. The delay seen 

in the 2 animals, however, could be a coincidence of the animal moving during a sustained IOP 

event that either occurred spontaneously or was initiated by a previous burst of activity. 

 
 

Figure 5.6: Telemetry system functionality. (A) IOP fluctuation occurring instantaneously with 

LMA as well as a delayed rise in BT. (B) Boxed regions showing spontaneous IOP fluctuations 

without LMA or change in BT. (C) The first boxed region marks LMA without changes in BT or 

IOP showing that thermistor output is not due to flexion of wires. The second boxed region 

marks a large, long-lasting pressure fluctuation in the absence of LMA and BT change. 

 

 

 

 Proper functionality of the telemetry system can be confirmed by the three snippets of 

simultaneously collected IOP, BT, and LMA data presented in Figure 5.6. The left most plot shows 

that IOP fluctuations can occur congruently with bursts in LMA, both of which are followed by a 

BT elevation. This result suggests that IOP and BT variability are highly influenced by LMA. In 

the middle plot, the boxed regions are incidents where the animal was idle and experienced no BT 

change, yet there were IOP fluctuations that lasted several minutes. This result suggests that IOP 

fluctuates spontaneously in response to internal physiological process. It also confirms that the 

pressure fluctuations seen in the IOP record are not purely due to hydrodynamic changes of fluid 

in the external tubing connecting to the sensor. Control experiments shown previously in Figure 

3.7A also showed that head and body rotations had an insignificant contribution to the 
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hydrodynamic effects of fluid in the external tubing. The right plot shows that changes in IOP, BT, 

and LMA can also occur independent of one another. The first boxed region shows that there was 

a burst in LMA with minimal change in IOP and BT. This result confirms that the thermistor output 

is truly a measure of temperature and not a change in resistance due to wire flexion that could 

occur during LMA. The second boxed region shows a huge IOP spike without change in BT or 

LMA. This reinforces what is shown in the middle plot and confirms that IOP fluctuations can 

occur spontaneously without changes in BT or activity level. 

5.4 Discussion 

 In this study, a new and improved animal monitoring telemetry system was developed and 

tested in a rat model. Like previous experiments, IOP was recorded from an external pressure 

transducer located within the backpack. New components of the device included an implantable 

thermistor to monitor BT, an on-board accelerometer to track LMA, and an additional pressure 

transducer to record from a second physiological pressure source. This upgraded system 

successfully collected IOP, BT, and LMA round-the-clock in conscious, freely moving animals. 

Statistical analyses revealed significant correlation between the three physiological parameters on 

different timescales. In future experiments, the dual pressure sensors may be used together to 

determine the coherence between bilateral IOP measurements, the effect of intracranial pressure 

on IOP, as well as the direct impact of blood pressure on IOP, all of which will improve our 

understanding of IOP variability and its contribution to glaucoma.  

5.4.1 Relation to Prior Work 

Following implantation of the new telemetry system, diurnal IOP rhythm was detected in 

all rats, which confirms results of previous tonometry studies in rats [34], mice [120], and rabbits 

[121]. Statistics pertaining to IOP rhythm and variability of rats housed in LD conditions were 
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discussed in detail previously in Section 3.3. Continuous measurement of BT revealed that 60% 

of rats experienced a diurnal BT rhythm. In a past study, researchers found that rat BT followed a 

diurnal rhythm that coincided with a diurnal IOP rhythm in all animals [77]. This group recorded 

BT continuously from an intraperitoneal temperature sensor. Differing results between studies may 

be explained by temperature sensor placement. Deeper regions such as muscle tissue and the 

peritoneal cavity are more comparable to core temperature than subcutaneous space, which is 1 - 

2 oC lower than core temperature [122]. However, it has been reported in humans that 

subcutaneous temperature in the trunk or torso region is also comparable to that of core 

temperature [123, 124]. It is possible that the subcutaneous thermistor shifted away from the trunk 

or torso region in the 40% of rats that diurnal BT rhythm went undetected. It is also possible that 

diurnal BT changes were masked due to accumulation of heat brought on by inflammation of the 

implant site. Although the diurnal component of BT fluctuation was absent in some animals, the 

thermistor was still able to detect BT changes on shorter timescales. 

 In this study, diurnal LMA was not detected in any rats, which is contrary to what is 

presented in previous literature. Diurnal LMA rhythm has been seen in various animal models 

including but not limited to mice [125], rats [126], hamsters, rabbits, sheep, goats, cows, and horses 

[127]. In these studies, nocturnal animals were more active during the dark phase, while diurnal 

animals were more active in the light phase [127]. We suspect that one of the main reasons diurnal 

changes in LMA were not detected is because rats were not provided a running wheel. Most studies 

that found a diurnal rhythm in LMA of rodents housed animals in a cage equipped with a running 

wheel. When provided a running wheel, most rodents will voluntarily use it as a means of habitual 

exercise [128]. Another potential reason that diurnal LMA was not detected is that animals were 

housed in a room where investigators and vivarium staff frequently entered during working hours 
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(7 AM - 3 PM). It was previously shown in Figure 2.2 that rats experience an IOP spike in response 

to the housing room door opening [73]. We also saw previously using cage mounted cameras that 

these IOP spikes were sometimes coupled with bursts in LMA. It is therefore possible that LMA 

seen during the photopic phase is not habitual, but rather a response to environmental stimuli. It is 

also possible that the rats lacked diurnal LMA patterns because they were retired-breeders and 

activity level tends to fade with age [129, 130]. 

 Results from this study also suggest that IOP and BT fluctuations on smaller time scales 

are highly influenced by bursts in LMA. A previous study looked at the acute effects of LMA on 

BT and CO2 elimination in rats housed at room temperature (23 oC) and found that during times 

of activity or grooming, there was a near instantaneous elevation in CO2 elimination followed by 

a delayed BT rise [131]. Both CO2 and BT levels recovered to baseline after LMA ceased due to 

homeostatic regulation. The delay in BT change following LMA has also been seen in mice [125]. 

They attributed this delay to the thermal capacity of the body and its ability to distribute heat 

generated by muscle tissue during movement to prevent immediate change of core temperature. 

This is an important thermoregulatory task of the body to maintain temperatures within 

physiological range. In a separate study, researchers found that manipulating mean arterial 

pressure (MAP) has an effect on ocular hemodynamics and IOP in rabbits [132]. Doppler 

flowmetry revealed a linear correlation between changes in orbital venous pressure (OVP), 

episcleral venous pressure (EVP), and IOP resulting from MAP changes. This suggests that 

regulation of ocular hemodynamics plays a crucial role in IOP variability. These studies also 

support the idea that heart rate and blood pressure changes associated with LMA cause near 

instantaneous changes in IOP by altering ocular hemodynamics. 
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 Another interesting result from this study was that IOP fluctuated spontaneously in the 

absence of LMA and BT change. These IOP fluctuations were discovered previously with older 

versions of our telemetry system [73] as well as in rabbit and monkey telemetry models [11, 37]. 

However, previous studies failed to report the physiological mechanism that led to these IOP 

fluctuations, which is why they were categorized as spontaneous. Since we saw IOP fluctuations 

without changes in LMA and BT, we suspect that there are other involuntary physiological 

processes that heavily influence IOP variability. These processes may include but are not limited 

to hormone production, metabolism, respiration, and blood pressure. In future studies, periodic 

blood samples can be taken to determine if IOP variability is associated with changes in hormone 

concentration and glucose levels. The telemetry system can be upgraded further to include a CO2 

concentration sensor to get an estimate of respiration rate. As mentioned previously, the dual 

pressure transducers can be used to simultaneously monitor IOP and blood pressure to better 

understand effects of hemodynamics on IOP variation. Finally, we must also consider the effect of 

visual and auditory cues as sources of IOP variability, which were not monitored in this study. 

5.4.2 Limitations 

One limitation of this study is that IOP is still being collected from an external pressure 

transducer located in the backpack. It was previously mentioned that head and body rotations had 

a slight contribution to hydrodynamic effects of fluid in the tubing (Figure 3.7A). Accelerometer 

data also suggests that not all activity leads to pressure fluctuations. To eliminate any skepticisms 

that pressure fluctuations are due to kinking of the tubing, future designs of the device should 

include a head-mounted extraocular pressure transducer or a fully implanted intraocular pressure 

transducer. Another limitation of this study was that the wire of the thermistor would break a few 

weeks after implantation. Flexion and extension of wires due to chronic body movements over 
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time led to metal fatigue and eventual failure near the head mount. To enhance durability and 

flexibility, the thermistor wires should be helically wound and encased in medical grade silicone. 

This method has proven successful for the group that uses this type of wire for their fully 

implantable IOP telemetry system in monkeys [9]. 

5.5 Conclusion 

 In this study, we employed a new and improved telemetry device capable of recording 

various physiological parameters. We used it to record IOP, BT, and LMA simultaneously. Our 

results suggest that individual IOP fluctuations often correlate with bursts in LMA, both of which 

are followed by a delayed rise in BT. We speculate that heart rate and blood pressure changes 

associated with LMA cause near instantaneous changes in IOP by altering blood hemodynamics 

and prolonged LMA leads to changes in BT. Although we used this device to further our 

understanding of mechanisms leading to IOP fluctuations, the applications of this device are 

endless. 
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Chapter 6: Conclusions and Future Works 

6.1 Summary of Major Findings 

 In summary, we successfully developed and implemented novel telemetry systems to study 

factors affecting intraocular pressure (IOP) variability in free-moving conscious rats. IOP was 

measured by an extraocular pressure transducer connected to a fluid-filled cannula implanted in 

the anterior segment of the eye. This technology offered a hands-off approach to monitoring IOP 

variability with minimal confounding variables. In chapter 2, we reported that acute stress triggers 

an elevation in IOP. Results revealed that IOP elevated when animals were temporarily placed in 

a confined space and remained elevated long after removal. A similar IOP stress-response was 

seen when tonometry was performed in awake rats. Although cortisol, the hormone released during 

psychological stress, was not monitored during experimentation, we found that this IOP response 

was absent in anesthetized rats. This may be explained by the inhibition of the autonomic response 

to external stimuli during anesthesia. When used properly, anesthesia itself had little to no effect 

on IOP. There was, however, a significant IOP decrease in anesthetized animals that were not 

provided heat support. This is presumably due to the inhibition of thermoregulation following 

anesthesia induction. It is important for clinicians and researchers to consider the impact 

environmental and core temperature have on IOP during surgical procedure and experiments in 

which anesthesia is used. Improper thermoregulation can be injurious to patients suffering from 

IOP-related diseases. 

 Telemetry also revealed that IOP varies constantly. Although IOP fluctuations were 

commonly seen in animals subjected to environmental stimuli, they were also detected in idle and 
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isolated rats as well as anesthetized rats. In anesthetized experiments, rats exhibited considerably 

less IOP variation than awake rats. This result was introduced in chapter 2 but clarified in chapter 

3 when a custom MATLAB algorithm was used to characterize the various components that 

comprise the IOP waveform. The algorithm used peak detection to peel away faster and slower 

IOP fluctuations from underlying mean changes. The faster fluctuations on the order of minutes 

were classified as transient fluctuations and the slower components ranging from tens of minutes 

to over an hour were classified as sustained fluctuations. The remaining mean changes were termed 

baseline IOP fluctuations. In awake rats, there were far more transient fluctuations than sustained 

fluctuations daily and amplitudes of both were typically between 1 and 6 mmHg. The area under 

the IOP2 versus time waveform was used to calculate and quantify the IOP-related biomechanical 

stress on ocular tissues due to daily IOP fluctuation. Although transient and sustained fluctuations 

were similar in amplitude, sustained fluctuations contributed more mechanical stress than 

transients since they were longer in duration. Overall, baseline fluctuations contributed the most 

to daily IOP-related stress on the eye, which suggests that changes in mean IOP are significant for 

glaucoma diagnosis. Results also suggest that acute IOP fluctuations over a lifetime may contribute 

to age-related glaucomatous damage, but most of the damage comes from extended durations of 

IOP elevation. 

 The effects of different ambient lighting conditions on IOP variability were also tested. In 

constant dark (DD) conditions, the IOP rhythm persisted, which confirmed the circadian 

characteristics seen in previous studies [34]. Reversed light cycle as well as constant light (LL) 

experiments revealed that period, amplitude, and phase of the IOP circadian rhythm was disrupted 

by extended durations of high intensity light. These phenomena may be explained by Aschoff’s 

rules of photoperiod sensitivity [108]. LL conditions also evoked a gradual rise in mean IOP, which 
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we know is a major risk factor for hypertensive glaucoma. The frequency of IOP transients on 

smaller time scales was not impacted by constant lighting conditions, however sustained events 

were significantly more prevalent. It is possible that this difference may stem from inter-animal 

variability, but it is may also be tied to psychological stress. It has been seen in many other species 

that when animals are subjected to constant lighting conditions, they present behavioral 

abnormalities including depression and heightened anxiety [133, 134]. Therefore, lack of light 

cycle regulation disrupts the sleep/wake cycle leading to alteration of the IOP fluctuation patterns, 

which may have implications for glaucoma and other IOP-related diseases. 

6.2 Technological Advancement 

 To better understand the physiological processes associated with IOP fluctuation, 

modifications were made to the existing telemetry system for collection of additional information. 

The new version of the device was equipped with a thermistor for body temperature (BT) 

monitoring and an accelerometer to track locomotor activity (LMA). The device printed circuit 

board (PCB) was miniaturized by upgrading the microprocessor to a Simblee module, which is 

two-fold smaller than the previous RFduino microcontroller. Although it has yet to be tested in an 

animal, the system also includes an additional pressure transducer to simultaneously monitor two 

different physiological pressure sources as well as circuitry to record heart rate. The single channel 

op-amp of the original device was upgraded to a dual op-amp to properly amplify the additional 

pressure transducer. To monitor heart rate, a circuit developed by a previous graduate student to 

acquire electroretinograms (ERGs) and compound actions potentials (CAPs) was incorporated into 

the design [135]. It consists of implantable bipolar electrodes amplified by a multistage differential 

amplifier with an incorporated bandpass filter. This component can be used to collect a one-lead 

electrocardiogram (EKG) by recording a difference in voltage potential using the bipolar 
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electrodes on opposite sides of the heart. When connected to an interrupt pin of the Simblee, each 

QRS complex generates a potential large enough to trigger the microcontroller and record a 

heartbeat. Additional device capabilities required upgrading of the power supply. To extend the 

battery life and reduce electronic waste, the previously used 3 V coin cell battery was replaced 

with a rechargeable 3.7 V lithium-ion polymer battery with a much higher capacitance. To ensure 

a stable power supply to the device, a low-dropout (LDO) voltage regulator was also added to the 

circuit design. The LDO regulator minimizes noise in the output voltage and reduces power 

dissipation as heat to the device. 

 This modified telemetry system was used to simultaneously monitor IOP, BT, and LMA 

in conscious, free-moving rats. The simultaneous recording helped determine the coherence 

between changes in each physiological process. It was found that there was a strong correlation 

between bursts in LMA that led to near instantaneous IOP fluctuations followed by a delayed, 

gradual rise in BT. There were some instances were IOP fluctuated in the absence of LMA and 

BT changes, which re-enforced results collected using the original technology with cage-mounted 

cameras that revealed IOP fluctuations in idle, isolated rats. This suggests that IOP fluctuates 

spontaneously due to internal processes that are triggered by external stimuli including visual and 

auditory cues or by involuntary intrinsic mechanisms including hormone production, metabolism, 

respiration, and hemodynamic changes. We therefore speculate that IOP variability is modulated 

either directly or indirectly by the autonomic nervous system (ANS). Future use of our device 

would also involve dual monitoring of physiological pressure sources, which may include IOP 

with either systemic blood pressure or episcleral venous pressure (EVP) to identify and quantify 

direct effects of cardiovascular changes on IOP. It is also important to mention that applications 

for the pressure transducers to monitor different physiological pressures are endless. 
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6.3 IOP and the Autonomic Nervous System 

 There is increasing evidence that the ANS interacts with the central nervous system (CNS) 

via the modulation of circadian rhythms and other physiological processes [136]. The CNS is 

comprised of two parts: the brain and spinal cord. The brain is responsible for major bodily 

functions including the 5 senses: visual, auditory, tactile, gustatory, and olfactory perception as 

well as cognition, motor activity, speech, and intellection. The brainstem is an extension of the 

brain that is used to communicate with the peripheral nervous system (PNS), which is divided into 

the somatic nervous system (SoNS) and the ANS. The SoNS controls the contraction and 

relaxation of muscles that allow for motor activity and collects information for the brain from the 

5 major senses. The ANS controls and regulates involuntary physiological processes including but 

not limited to respiration, digestion, blood pressure, and heart rate. In addition to maintaining 

homeostasis, the ANS is involved in the sympathetic (fight or flight) and parasympathetic (rest 

and digest) subsystems. 

 Like the sleep/wake cycle, our results suggest that IOP is regulated through similar 

circadian processes. Previous literature indicates that EVP is a key determinant of IOP and 

therefore changes in vasculature can impact IOP value [132]. There is evidence that systemic blood 

pressure also has a significant impact on IOP variation [30, 137]. Acute changes in blood pressure 

are due to the regulation of cardiovascular output by the ANS to maintain homeostasis and long-

term variations in blood pressure have circadian tendencies, which are controlled by the brain. 

Researchers have proposed the Central Autonomic Network (CAN) model to determine the 

interaction between the ANS and CNS to describe the two-way interaction between the brain and 

the heart [136]. The vagus nerves, which run on either side of the neck, have been identified as 

part of the ANS that interact with the heart and play a crucial role in circadian rhythm. Since our 
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results suggest that IOP is driven by an intrinsic mechanism it would be possible to use the device 

to further investigate the intrinsic mechanisms driving IOP fluctuation. Along with simultaneous 

recording of IOP and other physiological signals such as blood pressure, temperature, and heart 

rate, electrical or chemical stimulation could be used to inhibit or excite neural pathways between 

the eye and the brain to further study this. There are studies that have performed similar 

experiments to determine the neural connection between IOP and intracranial pressure (ICP) [138] 

as well as IOP and EVP [139]. Also, tetrodotoxin (TTX), a potent neurotoxin, can be applied to 

the optic nerve to inhibit sodium ion-gated channels and block the communication between the 

eye and the brain. If free-running circadian IOP persists following application of TTX, it would 

suggest that there are local clock genes within the eye that drive circadian IOP. To completely map 

the neural pathway, one could also individually knock out local circadian clocks that are known to 

exist in the eye. 

6.4 Future Works 

 It was reported in 2014 that there were 80 million individuals suffering from glaucoma and 

it is estimated to increase 40% by the year 2040 [140]. This statistic indicates an overwhelming 

need for answers pertaining to the cause and progression of IOP-related diseases, specifically 

glaucoma. The next and most appropriate direction for application of IOP telemetry would be to 

characterize IOP variability in an experimental model of glaucoma. Common models of 

experimental glaucoma target IOP value by manipulating aqueous humor excretion from the eye. 

The injection of varying diameter microbeads has been used to elevate IOP by occluding the 

porous like structure of the trabecular meshwork, which is the major component of the 

conventional outflow pathway [141]. Translimbal laser photocoagulation has also been used to 

successfully elevate IOP by scaring the trabecular meshwork [142]. Since episcleral vasculature 
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plays a key role in regulating the rate of aqueous outflow, cauterization of episcleral veins can 

induce a pressure blockage that elevates IOP [143]. Other methods that successfully elevate IOP 

in an animal model for extended durations include application of pharmacological corticosteroids 

that block calcium channels [144, 145], circumlimbal suturing to compress the eye [146], and 

injection of hypertonic saline leading to sclerosis of the aqueous outflow pathway [147]. IOP 

telemetry can be used to determine differences in IOP variability before and after induction of any 

of the previously stated models, which is crucial in understanding IOP as a risk factor for the 

development and progression of glaucoma. 

There are relatively few studies that have attempted to characterize IOP variability in 

clinical and experimental forms of glaucoma. In humans, an external contact lens equipped with a 

strain gauge uses corneal curvature as an indirect estimate of IOP [81, 148-150]. Although this 

technique provides a unique, non-invasive approach for monitoring IOP round-the-clock, there are 

concerns with measurement accuracy. One major limitation is that these contact lenses are not 

custom fit for patient specific corneal thickness and globe shape. It was reported that lenses were 

uncomfortable to wear and, extensive use led to corneal erosion. There are, however, other 

commercial telemetry systems available that are fully implantable. There is a group that performs 

IOP telemetry in monkeys that use a total implant system made by Konigsberg Instruments [9]. 

This group has had tremendous success over the last decade identifying and characterizing sources 

of IOP variability that coincide with risk factors for glaucoma. There was also a recent 

groundbreaking clinical case study in which a patient was implanted with the EYEMATE-IO, an 

implantable sensor, to measure IOP before and after glaucoma surgery [151]. Being the first of its 

kind, this clinical trial was a huge success as it led doctors to timely surgical intervention and the 

ability to monitor postoperative response to treatment.  



 79 

Another rather important future direction would be to study the effects of various 

pharmacological agents on IOP. One could study the impacts of various drugs that are known to 

increase the risk of glaucoma development as well as drugs that are commonly used as therapeutic 

treatments for IOP-related diseases. Typically, the effectiveness of these medications is tested in 

animal models before clinical approval for use in humans. Our telemetry system can be used to 

better understand both the acute and chronic effects of various pharmacological agents on IOP 

variability. Telemetry would also reveal any unanticipated changes in behavior during and after 

treatment that may negatively impact patients, which would go undetected with tonometry alone.  

There is also increasing evidence that glaucoma may be related to dark-phase IOP 

elevation. A previous tonometry study found that rats with experimental glaucoma experienced 

significantly higher dark phase IOP than healthy animals, with no change in light phase IOP level 

[113]. We saw a similar result in a few rats implanted with our telemetry system. Since glaucoma 

is an age-related disease, it is possible that the retired-breeder rats used in our study can 

spontaneously develop glaucoma. It is unclear whether abnormally elevated dark phase IOP is a 

result of changes in aqueous humor dynamics that are somehow impacted by the pupillary response 

in the dark phase. Further investigation is necessary to understand the mechanism by which IOP 

rhythm and variability is affected by glaucoma. Fortunately, IOP telemetry allows for detection of 

these changes. To understand the impact of pupil modulation on IOP, the effects of various drugs 

such as mydriatics and miotics, which are used to dilate and constrict the pupil during routine 

diagnostic procedures, should be tested.
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Appendix A: Microbead Occlusion Model 

 Preliminary experiments were conducted in 4 female Brown-Norway rats to test the 

established microbead occlusion model. This model has been used to chronically elevate IOP and 

induce glaucoma-like damage in mice and rats by occluding the conventional outflow pathway 

[141]. Although polystyrene microbeads are commonly used, recent studies have shown that 

magnetic microbeads are more efficient because you can use a ring-magnet to draw them closer to 

the iridocorneal angle and into the outflow pathway. We wanted to compare the effects of both 

materials in a rat model [152]. On the first day of experimentation, rats were anesthetized with an 

intraperitoneal bolus of ketamine hydrochloride (75 mg/kg) and xylazine (7.5 mg/kg) and the head 

was secured in a stereotaxic apparatus. Pupils were dilated with 1% cyclopentolate hydrochloride. 

A 33G needle attached to a Hamilton syringe was advanced through the translimbal region into 

the anterior chamber using a micromanipulator. A 20 L solution of the same concentration of 

either 8 m diameter magnetic microbeads or 15.7 m diameter polystyrene beads in saline was 

injected into the eye. In preliminary experiments, rebound tonometry was used to measure IOP 

before injection and over the days following injection. 

Figure A1 presents raw tonometry data from two different microbead injection 

experiments. The top plot shows IOP data of an animal that received an OD (right eye) injection 

of 8 m diameter magnetic beads, while OS (left eye) served as a control. Immediately after 

injection, a ring-shaped magnet was placed around the eye to pull the magnetic beads into the 

iridocorneal angle. This animal experienced elevated IOP 2 days post-injection that came back 

down to pre-injection levels after 4 days. The bottom plot shows IOP data of an animal that 
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received an OD injection of 15.7 m diameter polystyrene beads, while OS served as a control. 

IOP continued to creep upwards after 4 days post-injection. This animal, however, developed a 

fibrotic clot in the posterior chamber, just behind the iris. Overall, results suggest that the larger 

diameter polystyrene beads caused more damage to the eye than the smaller magnetic beads. It is 

also thought that polystyrene has toxicity effects that damage ocular tissues independent of 

trabecular meshwork occlusion. However, more experiments need to be conducted along with 

tissue toxicity tests to make any concluding arguments. Varying results may also reflect 

differences in trabecular meshwork structure between animals. 

 
Figure A1: Effect of microbeads on IOP. Top, raw tonometry data of a rat that received an OD 

injection of 8 m diameter magnetic beads. Bottom, raw tonometry data of a rat that received an 

OD injection of 15.7 m diameter polystyrene beads. OS served as a control in both animals. 

Photos in the right panel were taken 4 days after microbead injection. Notice that the animal 

injected with polystyrene beads developed a fibrotic clot located in the posterior chamber just 

behind the iris. 
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Figure A2: Effect of microbead material and diameter on IOP. Plotted are data from two 

different rats the underwent an OD injection of 8 m diameter magnetic microbeads and an OS 

injection of 15.7 m diameter polystyrene beads. There were varying results on the effect of 

bead diameter and material between the two animals. 

 

 

 

Figure A2 shows the IOP data from two different rats that were injected with magnetic 

beads in one eye and polystyrene beads in the other. This set of experiments directly compared the 

effects of material type while minimizing inter-animal variability. However, following binocular 

injection, results were contradictory. One animal had a greater IOP response to the magnetic beads 

and the other animal had a greater IOP response to the polystyrene beads. Since the beads were 

injected by hand using a micromanipulator, it is possible that the 20 L volume was given at 

different rates, which may lead to transient biomechanical stress on ocular tissues. Therefore, 

tissue damage may result from not only trabecular meshwork occlusion, but also from the injection 

rate of the bead solution. It is also possible that some beads may escape the eye after the syringe 

is removed, resulting in fewer microbeads that remain in the anterior chamber. In future 
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experiments, it is necessary to standardize the injection procedure and use an automatic syringe 

pump to ensure a steady injection of beads into the eye as to not cause sudden pressure spikes. 

One of the major limitations of this set of experiments is that IOP was measured using 

tonometry. Tonometry measurements were rather variable when taken at any given moment in 

time. Experiments were repeated in animals that were implanted with our wireless telemetry 

system, however, there were many failures. The fibrotic clot that formed soon after injection led 

to clogging of the implanted cannula, which inhibited proper conduction of pressure in the tubing. 

It is possible that clot formation is due to puncturing the cornea, which initiates the inflammation 

cascade. To solve this problem, investigators could try injecting beads into the eye through the 

cannula as to not cause corneal damage. Another solution would be to use a different model of 

glaucoma that doesn’t involve intracameral injections.
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Appendix B: Effect of Pharmacological Agents on IOP 

 Mydriatics or cycloplegics are ophthalmic solutions that are typically used to dilate the 

pupil for diagnostic procedures. There are two ocular muscles that are responsible for pupil 

modulation, the iris sphincter, which is controlled by the parasympathetic nervous system (PNS) 

and the iris dilator, which is controlled by the sympathetic nervous system (SNS). Different types 

of mydriatics have varying mechanisms of action that target these muscles. For instance, 

cyclopentolate is an anticholinergic mydriatic that inhibits the PNS to relax the sphincter muscle 

and dilate the pupil [153]. Conversely, phenylephrine is a mydriatic that stimulates sympathetic 

adrenergic receptors to contract the dilator muscle and widen the pupil [154]. Previous studies 

have reported contradictory results pertaining to the effect of 1% cyclopentolate [155-157] and 

10% phenylephrine [155, 158, 159] on IOP. These studies used tonometry in awake subjects to 

monitor IOP after drug application. However, we know that performing tonometry on awake rats 

induces a stress-response that leads to an IOP elevation [73]. Also, considering the time 

dependency of pupil modulation, infrequent tonometric measurements are unable to capture IOP 

changes on smaller time scales. Since mydriatics agents are commonly used for diagnostic and 

therapeutic purposes, it is important to understand the complete effects they have on IOP. We have 

used our novel telemetry system to collect preliminary data concerning the effects of 

cyclopentolate on IOP variability, while monitoring pupil diameter. 

One experimental day, animals were transferred to a testing room where they were 

undisturbed for 30 minutes to allow recovery of IOP to near resting levels. Animals were 

anesthetized using 3% isoflurane with oxygen at 2 L/min. Heat support was provided and body 



 99 

temperature was monitored with a rectal thermometer. A single drop of 1% cyclopentolate was 

instilled on the implanted eye. Drugs were administered at room temperature to eliminate corneal 

temperature changes. IOP was monitored before, during, and after drug application. Baseline was 

defined as the 1 min IOP average before animals were placed in the isoflurane chamber. Before 

was defined as the 1 min IOP average right before the drop was administered. After was defined 

as the 1 min IOP average 30 mins after drug application since that is when clinicians report 

maximum pupillary response [160]. Images of the pupil were taken every 10 mins to show roughly 

the time of maximum pupil dilation. 

 
 

Figure B1: Effect of cyclopentolate on IOP. (A) Raw IOP data before and after application of a 

single drop of 1% cyclopentolate. Maximum pupil dilation was reached about 30 min following 

application. (B) Cumulative statistics from 4 rats showing no significant effect of the mydriatic on 

mean IOP around the time of maximum pupil dilation when compared to baseline levels. Elevated 

IOP just before drug application reflects the elicited stress response upon placement in the confined 

isoflurane chamber. 

 

 

 

Figure B1 shows raw IOP data before and after application of cyclopentolate in a rat. IOP 

increased slightly during anesthetic induction but returned to near baseline levels soon after. A 

drop of cyclopentolate was administered after IOP stabilized. There was an IOP spike 5 mins 

following drug application. This IOP perturbation was not seen in the other 3 rats tested. Although 
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the spike was likely spontaneous, it provides evidence that IOP telemetry is superior in capturing 

short-term IOP perturbations compared to tonometry. Around the time of maximum pupil dilation, 

IOP had recovered to near baseline levels. Across all animals, IOP before drug application was 

slightly higher than baseline levels presumably due to the stress response associated with animal 

handling and placement in the confined isoflurane chamber. Across all animals, there were no 

significant differences between baseline IOP and IOP 30 mins after drug application. This suggests 

that mean IOP was unaffected by maximum pupil dilation. Our results contradict results of 

previous studies that report an IOP elevation following application of cyclopentolate [155, 156, 

161] However, in these studies tonometry was performed over several hours in awake subjects and 

IOP elevation is likely a reflection of whitecoat hypertension. 

IOP telemetry should be used in future studies to clarify and confirm effects of other 

ophthalmic medications on IOP. It would be beneficial to test other common mydriatics including 

atropine, phenylephrine, and epinephrine as well as miotics, which have been used to treat 

glaucoma. Miotics are ophthalmic solutions that stimulate the PNS to contract the iris sphincter 

and constrict the pupil. Pilocarpine is a miotic that acts directly on muscarinic acetylcholine 

receptors to widen Schlemm’s canal [162]. It has been shown to increase aqueous humor outflow 

in humans [163, 164], baboons [165], and enucleated mouse eyes [166]. Previous tonometric 

studies suggest IOP reduction following pharmacological miosis in humans and other species 

besides rats [163, 165-170]. However, it is necessary to confirm these results using IOP telemetry 

as tonometry is suspected to confound results. If the proposed mechanism of pilocarpine holds 

true, it is expected that rats will also experience an IOP reduction as their iridocorneal angle 

resembles that of humans. Unlike tonometry, IOP telemetry allows continuous measurement 
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without intervention. Therefore, effects of mydriatics and miotics should also be tested in awake 

subjects, however, initial effects of applying the drug to the eye must be considered. 

In future anesthesia experiments, pupil diameter should be monitored continuously in 

addition to IOP. Modifications were made to an existing image processing MATLAB algorithm 

that relates image pixel density to a measurement of length. Initial testing of the algorithm was 

done on a continuous video recording of the anterior segment that was converted to a stacked TIFF 

file. The algorithm converted TIFF files to binary images so that the pupil contrasted from the rest 

of the image. The ‘boundingbox()’ function was utilized to track the outer most edge of the pupil. 

Pupil diameter was converted from pixel density to units of millimeters using a ruler of known 

length provided within the frame. Continuous monitoring of pupil diameter in addition to IOP 

would allow us to determine if there is a relationship between pupil modulation and IOP variability.
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Appendix C: Continuous Intracranial Pressure Monitoring 

 Previous work done in our lab revealed that intracranial pressure (ICP) modulates aqueous 

humor dynamics of the eye [32]. It was found that elevated ICP resulted in decreased outflow of 

aqueous humor through the conventional pathway, which inevitably led to IOP elevation. When 

tetrodotoxin (TTX), a neurotoxin, was applied to the eye, elevations in ICP no longer effected IOP 

level. It was concluded that aqueous humor dynamics are modulated by an ICP-driven neural 

feedback mechanism from the brain. This means that the translaminar pressure gradient that is felt 

by the optic nerve head may be regulated by this neural protective feedback mechanism, which 

may have implications for future glaucoma treatment. To completely understand the relationship 

between IOP and ICP, it would be beneficial to be able to study both simultaneously in an animal 

model of glaucoma. Modifications to our existing IOP telemetry system now allow for dual 

pressure monitoring. To implement this system, Youssef Mohamed, a former lab member, and I 

worked together to develop a novel protocol for ICP cannula implantation in the rat. 

 
 

Figure C1: Continuous ICP recording using wireless telemetry. Raw ICP data of a rat housed in 

normal 12-h light: 12-h dark conditions. Like IOP, ICP was higher in the dark phase than in the 

light phase. It also fluctuated continuously on short and long timescales. 
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 Like the existing protocol for anterior segment cannulation, an external pressure transducer 

was connected to a head-mount coupler secured to the skull with 4 bone screws in each of the skull 

plates. The holes for the bone screws were drilled to only half the skull thickness to ensure that the 

dura mater remained intact. A fifth hole was made in one of the frontal skull plates to expose the 

dura mater. The dura mater was puncture with a 33G needle thus releasing cerebral spinal fluid 

(CSF). A fluid filled silicone microcannula (OD: 200um, ID: 100um, AS One International, Santa 

Clara, CA, USA), also connected to the head-mount coupler, was inserted approximately 5 mm 

into this opening. The opening on the skull was plugged with gel-foam and covered with superglue. 

The entire apparatus was covered with bone cement and skin flaps were sutured. Animals were 

allowed to recover and ICP was recorder at 0.25 Hz for weeks. 

Two different rats were implanted with the telemetry system to record ICP round-the-clock. 

ICP data was collected in 2 different rats. Figure C1 shows a raw ICP data collected from one of 

the two rats that were housed in normal 12-h light: 12-h dark conditions. Like IOP, ICP varied 

continuously. ICP of rats also followed a diurnal rhythm with higher values in the dark phase, 

which confirms results of another study that performed ICP telemetry in Brown-Norway rats in 

which the ventricle was canulated [171]. Slight difference in mean pressure may be seen between 

the ventricle and the subdural space since the ventricle is the sight of CSF production. Our results 

contradict results of another study in which there were no circadian variations found in the ICP of 

Sprague-Dawley rats [172]. This suggests that there may be an inter-species variability for diurnal 

ICP. A different group has also monitored diurnal ICP from the parenchyma in monkeys using a 

commercially available telemetry system [173, 174]. 
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Appendix D: Copyright Permissions 

 The following permission is for the inclusion of a previously published work in Chapter 1 

of this dissertation. This article was published in Experimental Eye Research, Volume 210, 

Christina M Nicou, Aditi Pillai, and Christopher L Passaglia, Effects of acute stress, general 

anesthetics, tonometry, and temperature on intraocular pressure in rats, Pages 1-8, Copyright 

Elsevier (2021).  
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 The following permission is for the “Three Internal chambers of the Eye” image used in 

Chapter 1: Background, Section 1.1: Importance of Intraocular Pressure. The image illustrates the 

anatomy of the eye and the fluids that contribute to pressure in the eye. The author of the image is 

Holly Fischer, and the file is licensed under the Creative Commons Attribution 3.0 Unported 

license.  

 

(https://commons.wikimedia.org/wiki/File:Three_Internal_chambers_of_the_Eye.svg#filelinks) 

https://commons.wikimedia.org/wiki/File:Three_Internal_chambers_of_the_Eye.svg#filelinks
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 The following permission is for the “Aqueous humor pathway” image used in Chapter 1: 

Background, Section 1.1: Importance of Intraocular Pressure. The image illustrates the secretion 

to excretion pathway aqueous humor takes in the eye. The author of the image is José Ignacio 

Orlando, and the image was made available under the Creative Commons CC0 1.0 Universal 

Public Domain Dedication.  

 

(https://commons.wikimedia.org/wiki/File:Aqueous_humor_pathway.svg) 

https://commons.wikimedia.org/wiki/File:Aqueous_humor_pathway.svg
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 The following permission is for the “Depiction of vision for a Glaucoma patient” image 

used in Chapter 1: Background, Section 1.2: Glaucoma and Common Treatments. The image 

illustrates the vision loss associated with glaucomatous damage. The author of the image is 

MyUpchar.com, and the image is licensed under the Creative Commons Attribution-Share Alike 

4.0 International license. 

(https://commons.wikimedia.org/wiki/File:Depiction_of_vision_for_a_Glaucoma_patient.png) 

https://commons.wikimedia.org/wiki/File:Depiction_of_vision_for_a_Glaucoma_patient.png
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