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Abstract

We propose an integrated model of aqueous outflow control that employs a pump-conduit system
in this article. Our model exploits accepted physiologic regulatory mechanisms such as those of
the arterial, venous, and lymphatic systems. Here, we also provide a framework for developing
novel diagnostic and therapeutic strategies to improve glaucoma patient care. In the model, the
trabecular meshwork distends and recoils in response to continuous physiologic IOP transients like
the ocular pulse, blinking, and eye movement. The elasticity of the trabecular meshwork
determines cyclic volume changes in Schlemm’s canal (SC). Tube-like SC inlet valves provide
aqueous entry into the canal, and outlet valve leaflets at collector channels control aqueous exit
from SC. Connections between the pressure-sensing trabecular meshwork and the outlet valve
leaflets dynamically control flow from SC. Normal function requires regulation of the trabecular
meshwork properties that determine distention and recoil. The aqueous pump-conduit provides
short-term pressure control by varying stroke volume in response to pressure changes. Modulating
TM constituents that regulate stroke volume provides long-term control. The aqueous outflow
pump fails in glaucoma due to the loss of trabecular tissue elastance, as well as alterations in
ciliary body tension. These processes lead to SC wall apposition and loss of motion. Visible
evidence of pump failure includes a lack of pulsatile aqueous discharge into aqueous veins and
reduced ability to reflux blood into SC. These alterations in the functional properties are
challenging to monitor clinically. Phase-sensitive OCT now permits noninvasive, quantitative
measurement of pulse-dependent TM motion in humans. This proposed conceptual model and
related techniques offer a novel framework for understanding mechanisms, improving
management, and development of therapeutic options for glaucoma.
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1. Introduction

Glaucoma is a leading cause of irreversible blindness resulting in optic nerve damage and
visual field loss (Susanna et al., 2015). Lowering intraocular pressure (I0OP) remains the only
treatment strategy that slows or prevents disease progression (Heijl et al., 2009). An accurate
understanding of mechanisms controlling IOP can lead to improvements in the treatment of
the disease. The traditional understanding of 1OP regulation has rested on indirect clinical
measurements and laboratory studies, but the related hypotheses involve assumptions not
easily verifiable.

Obijective clues to the nature of aqueous outflow are evident in humans, in whom we can
directly see the return of aqueous humor to the episcleral veins. An important observation is
that flow into the episcleral veins is pulsatile, indicating the existence of a vascular pump.
Pulsatile aqueous outflow diminishes and eventually stops in glaucoma patients (Ascher,
1961). These observations should not be overlooked, and it seems important that they are
integrated into any theoretical framework explaining aqueous outflow.

Pulsatile aqueous outflow behavior provides a framework for integrating structural and
functional evidence into our 21st-century concept of aqueous outflow. Here, we connect
unifying lines of evidence supporting our proposal that the outflow system incorporates a
regulatory pump akin to those present in the rest of the vasculature. We characterize this
phenomenon in health and disease in the hope that it will lead to a better understanding of
the disease process’s pathophysiology, diagnosis, and treatment.

1.1. Contrasting theories of outflow regulation — a passive filter or a pump?

1.1.1. A filter—Reports of investigators in the 19th-century provide contradictory
theories of 1OP regulatory mechanisms. Schwalbe concluded that the outflow system is like
the lymphatics with open pathways in communication with the venous system (Schwalbe,
1870). Leber identified a border region adjacent to Schlemm’s canal (SC) that he interpreted
as preventing direct passage of aqueous into the canal. He hypothesized that a passive
filtration process controls agueous flow across SC endothelium (Leber, 1873).

In a current version of Leber’s theory of the location of outflow resistance, aqueous flows
passively down a pressure gradient and enters a regulated extracellular matrix (ECM) filter
in the juxtacanalicular space. The filter funnels aqueous to transendothelial pores in the
endothelium of SC inner wall endothelium (Johnson et al., 2002). The hypothesis proposes
that modulation of the ECM and SC endothelium properties maintains IOP homeostasis and
forms the premise for numerous studies. Thorough discussions of proposed homeostatic
mechanisms and relevant supporting references for the traditional view are available in the
following articles (Stamer et al., 2015; Acott et al., 2020).
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Grant’s early work (Grant, 1958; Grant, 1963) lent support to Leber’s theory because he
found experimental removal of the trabecular meshwork (TM) could eliminate 75% of the
resistance in enucleated eyes. However, a reexamination of the earlier study’s experimental
conditions and later studies by Grant and colleagues led to a different conclusion. Removal
of the distal wall of SC was as effective as removing the TM in reducing resistance (Section
(8) 3.8.1). The findings led them to conclude that the measured resistance results from the
TM coming into contact with the SC external wall instead of resistance being localized
within the TM (Ellingsen and Grant, 1972). Also, clinically, removing SC external wall
improves aqueous outflow and 10P as much as removing the TM (Nesterov, 1970;
Grieshaber et al., 2015). Evidence that the TM and distal system play synergistic roles in
controlling resistance points to the benefit of developing a unifying model of outflow
regulation.

1.1.2. A pump—Evolving evidence supports Schwalbe’s conclusion that the outflow
system functions like lymphatic pumps. Lymphatic vessels have valves, with sections
between valves termed lymphangions that function as miniventricles or chambers. Extrinsic
forces such as pulsations of adjacent arteries and tissue motion cause intermittent
lymphangion compression.

The compression adds energy to the lymph propelling it through the unidirectional valves to
the adjacent lymphangion. Subsequent recoil of the chamber walls permits the
lymphangions to act as pumps (Quick et al., 2007, 2009; Levick, 2010). Intrinsic control of
the properties of the lymphatic pumps provides highly regulated interstitial pressure
homeostasis. Like in the lymphatics, the cardiac cycle’s systole and diastole cause
continuous oscillations. In the eye, choroidal volume changes result in the generation and
transmission of the ocular pulse to the entire eye. The ocular pulse results in oscillatory
cyclic pulse waves impinging on the TM (Fig. 1a). We find evidence of pulse-dependent
flow into SC, into collector channels, and into the aqueous veins, where we observe multiple
manifestations of aqueous pulse waves entering and displacing blood in the episcleral veins
(Fig. 1b).

We also find compressible chambers and valves with synchronous pulse-dependent
movement that can predict and explain pulsatile aqueous flow from SC (Fig. 2). This
constellation of findings leads us to propose that a highly dynamic lymphatic-like pump
controls aqueous outflow and IOP. The current report further describes mechanisms of pump
failure in glaucoma as well as resultant diagnostic and therapeutic implications. Finally, we
explore pump-dependent mechanisms like those in the systemic vasculature known to
maintain short and long-term pressure homeostasis.

This article limits exploration to the outflow pump’s intrinsic features that become abnormal
in glaucoma in contrast to specific extrinsic glaucoma causes such as angle-closure or
inflammation. Here, the term “glaucoma” refers to primary open-angle glaucoma (POAG),
which embodies the intrinsic glaucoma abnormality. Some aqueous outflow occurs by a
uveoscleral pathway, which is not thought to be actively regulated (Gabelt and Kaufman,
2005), and is outside the scope of this report.
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1.2. Structural and functional properties of the aqueous outflow pump

Briefly, transient increases in IOP provide power for the aqueous outflow pump (Johnstone,
2004). These cyclic oscillations cause the TM’s elastic structural elements to deform,
including the TM lamellae, the juxtacanalicular cells, and SC inner wall endothelium. The
TM tissues move outward into SC during systole, opening external wall valves that permit
aqueous to flow into collector channels (CC), intrascleral channels, and finally, the aqueous
veins. Simultaneously, the 0P increase of systole forces aqueous into the entrances of SC
inlet valves.

As the pressure spike decays, the elastic elements return to their original configuration with
a resultant reduction in SC pressure. The reduced SC pressure causes aqueous to flow into
the canal through the SC inlet valves, and the cycle repeats. Short-term 10P homeostasis
results from an increase in pump efficiency as 0P increases. Long-term homeostasis results
from regulating the ability of the cells and tissues to distend and recoil. We present clinical
and laboratory evidence for this aqueous outflow model and draw parallels to similar tissue-
based pumps in other body systems.

2. Clinical science: an aqueous outflow pump that fails in glaucoma

2.1. Clinical physiology — Aqueous outflow pump function in normal subjects

2.1.1. Pulsatile aqueous flow— A fundamental discovery of the 20th century
—We have unparalleled evidence of physiologic outflow mechanisms provided through in
vivo, direct noninvasive, observations of aqueous flow into episcleral veins (Goldmann,
1946a) Pulsatile Aqueous Vein Flow Video (Vid 1) 1-s2.0-S1350946220300896-
mmc1l.mp4). A large body of literature documents directly observable evidence of abnormal
pulsatile flow in glaucoma (Ascher, 1942a, 1944, 1949a; Goldmann, 1948; Ascher and
Spurgeon, 1949b; Kleinert, 1951c; Johnstone et al., 2010) (Fig. 3). This ability to see
pulsatile aqueous outflow and how it becomes abnormal in glaucoma provides an
extraordinary opportunity to characterize outflow tissues involved in pulsatile motion and
how they lose their ability to induce pulsatile flow.

Direct observation of outflow is free of assumptions and therefore provides a foundational
body of knowledge that does not require conjecture. The objective findings determine
requirements and constraints that the intrinsic flow pathways must meet to be incorporated
into a model of normal outflow mechanisms and related abnormalities in glaucoma.
Aqueous Outflow Pump Video (Vid 2) (1-s2.0-S1350946220300896-mmc2.mp4). William
Harvey’s studies exemplify the benefits of starting with an in vivo functional approach
through his ability to solve the multi-millennial mystery of the pulsatile circulation of blood
(Harvey, 1970).

2.1.2. Pulsatile flow into aqueous and episcleral veins: A salient outflow
property—Aqueous flows from SC through collector channel entrances into scleral
channels, then into aqueous-filled veins visible on the surface of the eye that join blood-
filled episcleral veins. At the interface between aqueous and episcleral veins, mixing veins
are present. The mixing veins can experience oscillatory aqueous and blood mixing or be

Prog Retin Eye Res. Author manuscript; available in PMC 2021 July 21.


https://www.1-s2.0-S1350946220300896-mmc1.mp4
https://www.1-s2.0-S1350946220300896-mmc1.mp4
https://www.1-s2.0-S1350946220300896-mmc2.mp4

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Johnstone et al.

Page 5

filled by only aqueous or blood depending on pressure conditions (Fig. 3). Ascher and
Goldmann, the first clinician-scientists to identify flow into aqueous veins, reported pulsatile
flow as a salient feature (Ascher, 1942a; Goldmann, 1946a). Pulsatile outflow originates in
SC and is synchronous with the ocular pulse (Ascher, 1961; Johnstone et al., 2010). The
ocular pulse arises from changes in choroidal volume that occur with the cardiac cycle
(Phillips et al., 1992). Many reports document pulse-dependent patterns of aqueous flow
shown in Fig. 3. Stepanik’s technique quantifies aqueous vein contributions to aqueous
outflow by measuring the stroke volume of pulse waves of aqueous entering aqueous veins
(Stepanik, 1954). His work also provides a means of considering how the aqueous outflow
pump’s stroke volume can control 10P. IOP Regulation Video (Vid 3) 1-s2.0-
$1350946220300896-mmc3.mp4.

Only two aqueous veins are necessary to account for the total volume of outflow. (Stepanik,
1954). Under physiologic, noninvasive conditions, two to three, and at most five aqueous
vein complexes carry aqueous (Ascher, 1961). The detailed studies of De Vries under
noninvasive conditions in humans document that aqueous outflow is highly asymmetric and
concentrated in the inferior hemisphere (87%), particularly the inferior nasal quadrant (56%)
(De Vries, 1947). The patterns are likely stable for a lifetime (Ascher, 1961). The recent
development of noninvasive angiography using hemoglobin video imaging (Khatib et al.,
2019) and invasive operating room angiography (Huang et al., 2017a) provide new tools to
aid in our understanding of aqueous outflow physiology and glaucoma.

2.1.3. Pulsatile flow into CC and the distal pathways—Stegmann’s technology
(Sec. 4.1.2) captures an oscillating column of blood-tinged aqueous moving from SC into a
distinct distal CC pathway with each systolic pulse wave (Johnstone, 2004) (Fig. 4).
Synchrony with the ocular pulse is evidence that flow rates in the distal system are like those
of the systemic vasculature that are known to induce shear stress. The clinical research
findings implicate shear stress as well as both nitric oxide and endothelin in SC and distal
outflow regulation (Johnstone, 2004).) (See 85.0 detailed shear stress discussion.)

2.1.4. Pulsatile flow into Schiemm’s canal through SC inlet valves—Troncoso’s
report (Troncoso, 1925) is the first to recognize stratification “due to a small amount of
blood circulating in Schiemm?’s canal” surrounding a clear region and “the analogy to
stratification in aqueous veins is striking” (Ascher, 1961). Stegmann’s technology (Sec.
4.1.2) demonstrates comparable stratification, and his imaging shows the origin of the
stratification. Pulsatile waves of clear aqueous propagate from the base of a funnel-shaped
region to a cylindrical region, then enters SC, where swilling eddies of blood and aqueous
mix (Johnstone, 2004) (Fig. 5) (Vid 2). The cylindrical region of clear aqueous and the more
distal aqueous column surrounded by blood are like Trocoso’s observations.

Evidence of the oscillatory appearance of aqueous against a background of blood is present
in this and other Stegmann videos. However, the video referenced above is the only one that
captures thirty oscillatory sequences involving the full length of the propagating aqueous
wave from its funnel base to final discharge into SC.
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Stegmann’s demonstration of propagating pulsatile aqueous flow into SC through a pathway
constrained to the configuration of an aqueous inlet valve marks a significant milestone in
our understanding of the outflow system function. His videomicroscopy provides directly
observable, phenomenological evidence that aqueous flow into SC can occur by a cyclic,
pulsatile, propagating aqueous wave (Johnstone, 2004; Johnstone et al., 2009)abs.

Laboratory studies independently identify an SC inlet valve that constrains flow to the
relevant configuration we see in vivo (Johnstone, 1974, 2004) (83.5). Pulsatile aqueous
movement through an inlet valve enters SC in a propagating wave that remains synchronous
with the ocular pulse. The pulsatile behavior exposes the endothelial cells of the walls of SC
to the rapidly moving fluid wave. We thus have evidence of pulsatile aqueous flow in SC
that occurs in synchrony with the flow speeds that induce shear stress responses in
endothelial cells throughout the systemic vasculature (Johnstone, 2004, 2006, 2009).

2.1.5. Imaging of pulsatile TM motion by phase-based OCT (PhS-OCT)—We
use a PhS-OCT system, relevant algorithms, and a digital pulsimeter to characterize pulse-
dependent motion in living human subjects. A recent study by Xin demonstrates excellent
reliability and repeatability (Fig. 6) (Xin et al., 2018). The resolution of motion is
sufficiently sensitive to identify movement differences in the inner and outer locations of the
TM, as well as motion changes resulting from accommodation efforts.

2.2. Clinical pathophysiology — aqueous outflow pump failure in glaucoma

2.2.1. Pulsatile flow stops as glaucoma progresses—Pulsatile flow becomes less
vigorous, slows, and then stops as glaucoma progresses. For example, Kleinert found 196
pulsating aqueous veins in 111 healthy eyes corresponding to 27.7% of all the veins in the
group. In subjects with aortic regurgitation, eighteen eyes of nine subjects all had both high
pulse pressures and aqueous vein pulsations. In contrast, Klienert found no pulsatile flow in
glaucoma patients with pressures over 28 mm Hg (Kleinert, 1951a, 1951b).

2.2.2. TM motion loss as glaucoma progresses—Clinical compression of the
episcleral veins during gonioscopy causes a reversal of the usual pressure gradient between
the anterior chamber (AC) and SC. Pressure in SC is then higher than in the AC, and the TM
moves toward the AC as blood refluxes into the canal (Smith, 1956; Schirmer, 1969, 1971;
Suson and Schultz, 1969; Phelps et al., 1972). SC filling begins in 5-10 s and finishes in 15—
30 s (Schirmer, 1971). Equally rapid elimination of blood results from the restoration of
physiologic pressure gradients.

In eyes with ocular hypertension, the rapidity of SC filling decreases, but the canal still fills,
and the outflow facility remains near normal. “Blood-filling defects of the canal gradually
appear with increasing frequency and severity, closely paralleled by deteriorating outflow
facility. It is reasonable to believe ... the initial reduction of the outflow facility ... was due
to compression of the inner wall against the outer wall of SC with restriction of the effective
filtration area. Subsequent aggravation of the impaired facility most likely resulted from
damage to SC inner wall, ...and its adhesion to the outer wall demonstrated gonioscopically
as blood filling defects.” (Suson and Schultz, 1969).
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In advanced glaucoma, blood fails to reflux into SC, even with very aggressive measures to
reverse pressure gradients (Kronfeld, 1949). The lack of ability to reflux blood into SC as
the glaucoma process advances provides a means to separate normal subjects from ocular
hypertensives and those with glaucoma (Schirmer, 1969, 1971). Investigators consider
evidence of the inability to reflux blood in advanced glaucoma to result from irreversible
trabecular tissue stiffening or adhesion to the SC external wall of SC (Suson and Schultz,
1969). Persistent IOP elevation may result in the chronic compression of trabecular tissue
against the external wall and an undesirable cycle of further IOP elevation. The investigators
suggest that earlier detection and treatment may reduce the progression and severity of the
glaucomatous process (Schirmer, 1969, 1971).

2.2.3. Clinical tests of pulsatile flow failure in glaucoma—Gentle pressure on the
eye through the lid results in a transient, more vigorous pulsatile aqueous flow into the
episcleral veins. IOP then falls to slightly lower than the baseline homeostatic pressure
(Goldmann, 1946a, 1946b; Johnstone et al., 2011c). Pressure below the homeostatic level
results in blood reflux into areas of veins that previously had a stable oscillating column of
aqueous humaor. Over the next minute or two, the veins refill with an advancing aqueous
interface. The advancing oscillating aqueous column finally stabilizes at the same vessel
location present before manipulation, thus returning the aqueous column to the previous
homeostatic setpoint (De Vries, 1947; Thomassen, 1947a).

The “compensation maximum?” test uses a pressure-induced increase in pulsations to identify
glaucoma abnormalities. The test increases 0P with pressure from an
ophthalmodynamometer while imaging aqueous veins. Pulsatile outflow increases as 10P
increases in normal subjects, but in glaucoma patients, pulsatile outflow slows or stops
(Kleinert, 1951c; Stambaugh et al., 1954).

The “water-drinking” test rapidly increases IOP and results in a corresponding increase in
the stroke volume of aqueous (Johnstone, 2004; Johnstone et al., 2011c) (Fig. 3). The stroke
volume increase induces increased aqueous outflow, thus reducing 10P. As IOP decreases,
stroke volume also gradually decreases until 1OP returns to its resting state and stroke
volume also returns to prior status. The responses demonstrate the linkage between the
amplitude of stroke volume and IOP. An increased volume of aqueous in the aqueous veins
precedes diurnal reductions in 10P while reducing aqueous volume precedes diurnal
elevations in IOP (Ascher, 1944; Thomassen, 1947a, 1947b; Goldmann, 1948; Thomassen et
al., 1950).

2.2.4. Asymmetric flow into the aqueous veins - clue to circumferential SC
flow?—Noninvasive aqueous angiography techniques of Ascher explore the normal
circumferential distribution of aqueous flow into the episcleral veins on the eye’s surface in
healthy humans (Ascher, 1942a). Typically, only two or three agueous veins are visible on
the eye’s surface, and a quantitative study indicates that only two such veins can carry all the
aqueous flow (Stepanik, 1954a, 1957; Stepanik and Kemper, 1954b; Ascher, 1961).

Noninterventional studies using blood as the aqueous angiography tracer demonstrate that
aqueous discharge from SC to the episcleral veins on the surface of the limbal circumference
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is not uniform but rather is highly asymmetric. The classic study of De Vries reports that
eighty-seven percent of the aqueous flow into the episcleral veins is in the inferior quadrants,
with fifty-six percent of the total flow in the inferior nasal quadrant (De Vries, 1947). The
asymmetry of aqueous flow from SC into episcleral veins is likely unchanging over a
lifetime (Ascher, 1961). A nasal signal in the episcleral veins is also the pre-dominant
finding in ex vivo and live eyes with invasive angiography (Huang et al., 2016b, 2017a,
2017b; Saraswathy et al., 2016).

Agueous veins responding to the cyclic ocular pulse are also the ones that respond to eye
movements and blinking (Ascher, 1961) (Martin et al., 2010)abs. The highly asymmetric
aqueous flow constrained to a localized area of the circumference is puzzling. The
circumference of the TM and SC exhibits a high level of organization and similarity. Why,
then, is aqueous outflow confined to a few vessels under normal conditions?

Our study found that pulse amplitudes in the physiologic range can induce four pm
excursions of the TM in ex vivo eyes. The excursion amplitude provides enough pulse-
dependent stroke volume to account for aqueous flow (Li et al., 2012). However, the
calculations incorporate the assumption that the motion of the entire circumference of SC
contributes to the pulsatile discharge of aqueous.

2.2.5. Circumferential flow — A normal phenomenon in vivo?—Conclusions that
circumferential flow is negligible originated with observations in ex vivo eyes (Grant, 1958;
Grant, 1963; Johnstone and Grant, 1973a) where ciliary muscle tension, blinking, and eye
movements were absent. However, gonioscopy studies by Stegman in humans definitively
demonstrate that aqueous moves circumferentially in SC for a considerable distance in
synchrony with the oscillatory transients of the ocular pulse (Fig. 5) (Section (8) 4.1.2) (Vid
2). The absence of the in vivo factors in the original studies may resolve the apparent
paradox.

We suggest that cyclic TM motion may induce circumferential flow, especially in young
normal subjects. Corneal indentation occurs with blinking forcing aqueous into the AC
angle. We can reason that corneal recoil introduces a relative vacuum effect on the TM,
pulling it toward the AC, but the capture of such behavior is beyond the capabilities of
current technologies.

Continuously recurring forces induced by both blinking and eye movement may increase the
dynamic circumferential movement of aqueous within SC lumen, especially during waking
hours. Rapid eye movement at night (REM sleep) may provide a means to partially counter
the absence of blinking or eye movement during sleep. Although the constellation of clinical
evidence appears consistent with the premise of transients inducing circumferential flow, the
hypothesis requires further study.

2.2.6. Clinical microsurgery insights into glaucoma causes—Results of
minimally invasive glaucoma surgery (MIGS) in the 21st century necessitate questioning the
idea that the TM is a primary source of resistance. MIGS procedures that either remove
portions of the TM or bypass it typically achieve pressures in the mid-teens. However, if the
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TM were the primary resistance site, pressures near episcleral venous pressure would be
achieved (Parikh et al., 2016), requiring an explanation that involves more distal pathways.

Krasnov developed a partial thickness non-penetrating procedure called sinusotomy in 1964
(Krasnov, 1964). The procedure removed the entire external wall of SC, leaving the internal
TM wall of the canal intact. His published reports, including over 1000 surgeries,
demonstrated excellent results in terms of clinical outcomes. Pre and postoperative
tonography measurements provided credible evidence that the removal of SC external wall
causes a marked improvement in aqueous outflow (Krasnov, 1969; Krasnov, 1969; Nesterov,
1970). Stegmann’s technique of viscocanalostomy and canaloplasty leave the TM in place
with results as good as those with procedures removing the TM (Grieshaber et al., 2010,
2015).

Predictive operating room studies introduce a fluid wave into the AC after the Trabectome
procedure. They then observe the resultant fluid wave in the aqueous and episcleral veins
that is indicative of the functional properties of the distal pathways. Those with a vigorous
fluid wave had lower postoperative IOPs implicating the distal pathways as a crucial factor
in determining the ability to achieve low IOP after MIGS procedures (Fellman and Grover,
2014; Grover and Fellman, 2016). The findings point to the distal outflow pathways as an
essential component of resistance.

2.3. Management of glaucoma — PhS-OCT

2.3.1. Assessment of pump function — diagnosis, monitoring, management
decisions—IOP measurements are inherently suboptimal in a clinical environment
because of their random nature, inability to capture the range of ocular transients or diurnal
variations, unknown levels of compliance, and brief duration (about sixteen seconds of
thirty-one million seconds in a year). These limitations leave us with remarkably limited
knowledge of the IOP profile in individual patients. In contrast, PhS-OCT captures the
motion of the TM, the underlying biomechanical properties directly responsible for
maintaining homeostasis.

Clinical aqueous vein and TM motion studies (via SC blood reflux) find evidence that
pulsatile flow and TM motion progressively slow and then stop as glaucoma progresses.
However, the examination techniques are difficult and time consuming for clinicians. PhS-
OCT provides a noninvasive non-contact means of imaging and quantitating TM motion in
humans (Fig. 6). The motion of the TM reflects TM tissue stiffness or elastance. Reduced
elastance can play a vital role in explaining pathologic changes that lead to reduced TM
motion, reduced pulsatile flow, and increased IOP in glaucoma (85.2).

Knowledge of the TM biomechanical properties in individual patients may provide a means
to predict who is having difficulty maintaining homeostasis and may provide an opportunity
for earlier initiation or escalation of treatment. A recent report demonstrates the ability of
PhS-OCT to distinguish normal from glaucomatous patients. Moreover, receiver-operator
curves had high sensitivity and specificity in contrast to IOP and facility measurements that
had an absence of predictive capability (Gao et al., 2019)abs.
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2.3.2. PhS-OCT - potential value in assessment of medication effectiveness
—Patients not uncommonly have a limited or absent response to medications. Physicians
must schedule a return visit soon after prescribing new medications to assess effectiveness,
and IOP is the assessment tool (Allingham et al., 2012). Confounding variables hamper the
assessment of medication effectiveness at the return visit. We often initiate or increase
medical therapy on a visit when we identify an IOP elevation creating the likelihood of
regression to the mean on the next office visit. Regression to the mean may lead to the
erroneous conclusion that the medication is effective. Diurnal, day-to-day changes or poor
adherence may result in presenting with elevated pressure even though the medication is
effective (Allingham et al., 2012). Such confounding factors may result in patients
remaining on an ineffective medication for months or years; alternatively, doctors may
inadvertently abandon a medication even though it is effective in reducing 10P.

Adrenergics increase pulsatile flow markedly within 5 min, miotics in 5-20 min, and
prostaglandins within 20-30 min, each medication resulting in a pressure drop within an
hour (Ascher, 1961; Johnstone et al., 2011c). The ability to monitor TM motion with PhS-
OCT provides the opportunity to measure baseline TM motion, instill drops, and then
quantitatively assess whether a change in motion has occurred within an hour. A same-day
office assessment with PhS-OCT may offer the opportunity to reduce medication response
uncertainties. More importantly, it may reduce the number of people taking ineffective
medication or not taking effective medication. Although knowledge of pulsatile flow
responses to medications suggests PhS-OCT offers promise in improving the ability to
manage medical therapy, more clinical studies are necessary to determine how it can fit into
management decisions.

2.4. Therapeutics —restoration of pump function, aqueous flow, and IOP

2.4.1. Outflow medications restore pump function and reduce |IOP—Miotics
increase pulsatile flow, a response which represents an increase in aqueous stroke volume
that precedes a decrease in IOP. By temporarily restoring physiologic pulsatile flow in
glaucoma patients, the drug’s effects on the outflow system offer insights into the outflow
abnormality in glaucoma. The increased stroke volume results in a new lower equilibrium
IOP setpoint that persists within the time frame of the drug’s duration. A full discussion of
stroke volume determinates and concepts is in §3.8.4. The stroke volume increase precedes
the pressure reduction to the new lower equilibrium setpoint (Ascher, 1942b; De Vries,
1947; Hodgson and Macdonald, 1954).

Multiple reports document the character of the pulse-dependent increase in stroke volume
after introducing pilocarpine; for references, see (Johnstone et al., 2011c). Cambiaggi’s
description typifies the increase in stroke volume found in reports. Pilocarpine induces a
widening of the aqueous veins, an increase in current velocity, and a clearing of their
contents that precede an IOP reduction. After an additional two hours, the clear aqueous
current slows, and blood enters the vessel again from the episcleral vein’s direction,
progressively moving toward the site of aqueous vein exit from the sclera (Cambiaggi,
1958).
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Pilocarpine illustrates how medications may improve stroke volume. The underlying
problem may be abnormal elastance resulting from loss of the ciliary body ability to
maintain optimal tensile loading of the TM lamellae. Pilocarpine causes the ciliary muscle to
contract, placing an increased load on the TM tendons. The increased tensile load may
restore the TM lamellae’s normal elastance, and through an improved stroke volume,
transiently restore normal IOP. Another aspect of the restoration of elastance may be the
result of the ciliary muscle pulling the TM away from an abnormal apposition to SC, which
allows normal elastance-dependent TM distention and recoil to occur.

The water-drinking test that increases 10P mirrors the effects of pilocarpine. Water drinking
causes a temporary increase in 10P, leading to an increase in pulse amplitude and aqueous
outflow velocity. The increased pulsatile aqueous outflow then restores pressure to the
baseline IOP homeostatic setpoint (Johnstone, 2004) (Fig. 3), at which time the increased
pulsation amplitudes also return to baseline. Adrenergic agents also produce a stroke volume
increase, followed by an IOP reduction to a new homeostatic setpoint (Goldmann, 1946b;
De Vries, 1947; Ascher, 1961; Johnstone, 2006). Prostaglandins provide a similar increase
in pulsatile flow, followed by a reduction in IOP to a new lower setpoint (Johnstone et al.,
2007, 2008)abs. Outflow medications increase the stroke volume of aqueous, which
precedes the reduction of IOP.

2.4.2. Cataracts change ciliary muscle tension and vector force—Continuous
age-dependent lens growth shallows the AC (Fig. 7). The anterior lens surface moves
forward, and the zonules attached to it move forward as well. The resulting series of age-
related events results in chronic traction on the ciliary muscle, causing it to move anteriorly.
The combined effects cause repositioning of the anterior lens capsule and zonules to be in
front of SC. The high-resolution MRI images of Strenk and Strenk illustrate the age-
dependent anterior movement of the ciliary muscle (Fig. 7) (Poley et al., 2009; Strenk et al.,
2010, 2018).

The resulting anterior ciliary muscle repositioning decreases traction on the attached
trabecular tendons resulting in 1) a decreased TM interspaces area, 2) a decreased separation
between the TM and SC external wall, 3) a decreased range of distension necessary to fulfill
the sensory baroreceptor function, 4) a decreased tension on SC outlet valves, 5) a decreased
end-diastolic volume, 6) a decrease in TM pulse-dependent motion, 7) a decrease in
circumferential flow (Van Buskirk and Grant, 1973; Van Buskirk, 1976, 1982; Li et al.,
2012) (83.2).

After cataract surgeiy, the AC deepens, and the lens capsule position is behind SC so that the
zonules no longer pull the ciliary muscle forward. The resulting posteriorly directed vector
forces now allow the ciliary muscle tension to rotate TM and scleral spur attachments
backward, increasing the tension on the TM tendons. The configuration change allows both
the TM interspaces and SC to enlarge, as a recent OCT study demonstrates (Zhao et al.,
2016). Moreover, the procedure does not result in the invasive structural damage to the
outflow apparatus associated with other MIGS procedures.
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Pilocarpine is a drug that causes ciliary muscle contraction and temporarily restores normal
pulsatile flow with associated reduction of IOP. The effects of cataract surgery on the ciliary
muscle are like those of pilocarpine (§2.4.1). The OHTS study reports that removal of the
crystalline lens in cataract surgery decreases postoperative IOP by > 4.0 mm Hg (16%)
(Mansberger et al., 2012). Clinical evidence indicates that cataract surgery reduces I0P
(Masis Solano and Lin, 2018) and that the 10P reduction can persist long-term (Fig. 7).

2.4.3. Micropulse laser — ciliary muscle tightens — effects on TM, SC, CC—A
recent study explored the hypothesis that the reduced energy of the micropulse transscleral
laser can cause modest heat-induced ciliary muscle shrinkage that mimics the pilocarpine
effect (See Video in §6.0). Radial sections of the limbus 2—3 mm in thickness were prepared
from primate eyes obtained immediately after death. Transscleral laser application to the
ciliary muscle used a probe placed on the sclera as is done clinically. Real-time video during
the laser application demonstrated a localized shrinkage of the longitudinal portion of the
ciliary muscle. There was an associated statistically significant backward movement of the
scleral spur and enlargement of SC (Johnstone et al., 2019)abs. Damage to the secretory
epithelium of the pars plicata was absent. The ability of micropulse transscleral laser to alter
the configuration of the outflow channels like pilocarpine suggests that with further
optimization of parameters, technological efforts might lead to a procedure that provides
persistent long-term IOP-reducing benefit without the troublesome side effects of
pilocarpine.

3. Laboratory science: outflow system structure, function, failure in

glaucoma

Clinical studies establish the presence of an outflow apparatus that acts as an organ system
inducing pulsatile aqueous outflow behavior like that in the lymphatics and veins. The
pulsatile behavior indicates the need to identify the outflow system structures that act as the
pump-conduit system’s moving components. In the laboratory science section, we consider
the outflow pathway structures from the perspective of their ability to explain and predict
pulsatile aqueous outflow. The perspective imbues each of the individual outflow system
components with new roles and importance.

3.1. The trabecular meshwork — mobile wall of a compressible chamber

3.1.1. Aqueous flows into a vessel (SC lumen) — outflow system
modifications—In the systemic vasculature, pressures inside the lumen are higher than
those outside, favoring lumen enlargement. In contrast, the lumen of SC experiences
pressure gradients outside its inner TM wall favoring lumen closure. The outflow system
requires unique adaptations to ensure that the SC lumen remains patent despite the constant
IOP force pushing SC inner wall outward into the canal lumen. The adaptation to prevent SC
lumen closure involves numerous endothelial cell cytoplasmic processes that tether the TM
lamellae, juxtacanalicular cells, SC endothelium, and SC inner wall together to provide a
tensionally integrated structure. The tethering system is central to the aqueous outflow pump
model and its ability to sense and control I0OP (Figs. 8 and 9) (85.1).
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Evidence from biomechanics studies demonstrates that cytoplasmic processes connect all
the structural elements of the TM, permitting the cytoplasmic processes to provide spring-
loaded cellular connections (85.2) that control TM excursions into SC (Fig. 9) (Johnstone
and Grant, 1973a). SC endothelium moves outward in response to mean pressure, oscillatory
forces, and the frequent transient pressure spikes that narrow the canal lumen. Wet lab
studies in fresh tissue (83.13) indicate that a pulse wave, like that occurring during systole,
will induce an outward movement of the tissues and fluid containing spaces. Together, the
elastance properties of the TM lamellag, juxtacanalicular, and SC endothelial cells can
modulate the motion.

The cytoplasmic processes of adjacent TM lamellae join one another in the intertrabecular
spaces. The surfaces of the TM lamellae facing the JCT space also have abundant processes
that attach to juxtacanalicular cell processes (Fig. 9) (Holmberg, 1965; Hogan et al., 1971;
Inomata et al., 1972; Johnstone and Grant, 1973a; Grierson and Lee, 1974b, 1975a; Grierson
etal., 1978; Johnstone, 1979). Robust desmosomes join cytoplasmic processes together and
confer the ability to withstand the forces associated with pressure changes (Grierson and
Lee, 1974b; Grierson et al., 1978; Desai et al., 2009). The cytoskeletal network of the TM,
juxtacanalicular, and SC endothelial cells and their respective cytoplasmic processes bear the
IOP load and provide the ability to distend and recoil.

The tethering of SC endothelium to TM lamellae via cytoplasmic processes ensures that
when the TM moves outward into the SC lumen, the lamellae can limit the sheet of SC
endothelial cells distention into the canal. Similarly, when pressure decreases, the same
tethering mechanism engages the TM lamellae to induce a recoil response that enlarges SC.
The concept of cellular connections proposed here contrasts with the hypothesis that ECM
material primarily determines TM relationships and responses to pressure changes
(Vahabikashi et al., 2019).

A well-defined basement membrane anchors TM lamellae endothelial cells to the ECM of
the lamellae (Tervo et al., 1995; Zhou et al., 1996, 1999). In contrast, SC inner wall
endothelium has a sparse or absent basement membrane described as “poorly defined,
inconstant, frequently interrupted, and of variable thickness” (Hogan et al., 1971). Although
the basement membrane has discontinuous regions, the membrane is complex, and its
composition may provide it with a role in outflow regulation (Acott et al., 2020).

The connections between the SC endothelium and TM lamellae serve to anchor SC inner
wall endothelium to the basement membrane of TM lamellae. The tethering attachments
limit distention into SC. In contrast, the pressure inside the lumen of other vessels forces the
cells outward against a basement membrane. The SC inner wall connections permit
communication of SC inner wall endothelial stresses directly to the basement membranes of
the endothelial cells investing the TM lamellae (Fig. 9). The anchoring mechanism provides
one means to explain why SC inner wall endothelium can have a minimal or absent
basement membrane.

3.1.2. The TM lamellae - mobile determinates of SC volume—The corneoscleral
meshwork consists of 5-12 um thick parallel collagen lamellae or beams, 8-14 in number
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(Flocks, 1957). The ciliary muscle’s geometry and contractile properties have a marked
effect on the TM lamellae configuration (Fig. 10). Tendons join the TM lamellae and ciliary
muscle. TM lamellae closer to the AC are considerably thicker than those close to SC (Fig.
8) (Flocks, 1957). Schwalbe’s line anchors the anterior border of these larger lamellae
sheets. The lamellae extend posteriorly in a meridional fashion to attach to the scleral spur
and ciliary muscle (Hogan et al., 1971). The TM lamellae sheets’ arrangement is generally
circumferential with the sheets parallel to one another and the limbal circumference (Flocks,
1957) (Figs. 10-12). Only two or three layers of TM lamellae are present anteriorly because
the sheets fuse at their anterior attachment. Because the sheets separate in an anterior-
posterior plane, 12-20 layers are detectable posteriorly. Openings or perforations in the TM
lamellae have an elliptical orientation and are 12—30 um in diameter (Flocks, 1957).
Agueous humor must follow a circuitous route to reach SC because neither space between
lamellae nor perforations through them align in views seen in radially oriented histologic
sections (Flocks, 1957). Essential to understanding outflow dynamics is the fan-shaped
meridional configuration of the TM lamellae. The resultant accordion-like geometric
relationships govern and constrain pressure-dependent excursions of the TM to an
asymmetric pressure-dependent motion (Fig. 10).

3.1.21. TM Motion Video.: (Vid 4) 1-s2.0-S1350946220300896-mmc4.mp4). The
asymmetry of TM excursions necessarily forces aqueous not only between the TM lamellae
toward SC but because of vector forces, must also induce cyclic aqueous movement toward
and away from the ciliary muscle in response to oscillatory and other transients. Moving
from the layers of the corneoscleral meshwork nearest the AC to those closer to SC, the TM
lamellae’s perforations become progressively smaller, but the smaller lamellae have large
spaces between each other (Johnstone and Grant, 1973a) (Fig. 8).

3.1.3. Dissecting microscope: real-time imaging of meshwork distention and
recoil—We can directly observe pressure-dependent TM distension and spontaneous recoil
using real-time videomicroscopy in unfixed ex vivo eyes with calibration provided by a
micrometer scale (Johnstone et al., 2014a)abs (Vid 4). The simple technology permits
observation and quantitative analysis of a same-sample time series in fresh tissue. Technique
details are in §4.2.

As an example, a single pulse wave of balanced salt solution introduced from a cannula can
cause the TM lamellae to move outward, causing SC height to decrease rapidly, resulting in
regions of SC appositional closure. When infusion stops, the TM tissues rapidly recoil to
their prior dimensions. TM lamellae distension and recoil are the primary components of the
TM motion. The real-time video provides a simple, directly observable biologic behavior
that demonstrates the TM lamellae’s role in pressure-dependent dimension changes of SC.

3.1.4. Trabecular lamellae composition explains the ability to distend and
recoil—The organization and distribution of collagen and elastin in the TM lamellae is like
that of a tendon (Hernandez and Gong, 1996); such tissue properties explain reversible
deformation in response to pressure-dependent tissue loading of the TM (Johnstone and
Grant, 1973a; Grierson and Lee, 1975a; Hariri et al., 2014; Xin et al., 2017). Collagenous
components provide structural support in tension, while elastin ensures a recoverable
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response over a wide range of excursions (Humphrey, 2002). Composition of the
corneoscleral lamellae compares to other organ systems with marked elasticity and
compliance, such as the lung and blood vessel walls (Gattinoni et al., 2004; Suki et al.,
2005). The composition of the TM lamellae determines their elastance that provides the
ability to store and release energy, a property that allows them to distend and recoil in
response to pulse transients. OCT TM Motion Video (Vid 5) 1-s2.0-S1350946220300896-
mmc5.mp4.

3.1.5. Trabecular lamellae elastance/stiffness — key to pump function and
failure—The trabecular lamellae undergo large excursions in response to pressure changes
and are the primary determinates of bulk TM motion. The lamellae distend into SC when
IOP increases, reducing SC lumen size and recoil when pressure falls. The TM lamellae are
the structures of the outflow system that undergo most of the motion that drives pulsatile
aqueous outflow, so their stiffness is of unique relevance to the issue of glaucoma.

3.1.6. Endothelial cells regulate trabecular lamellae elastance—With high-
resolution OCT, we track regional changes in the SC dimensions in response to pressure
changes, from which we develop trabecular meshwork elastance curves. Such curves reflect
bulk TM stiffness (Xin et al., 2016). A finite element approach that used data from spectral-
domain OCT (SD-OCT) studies of TM motion determined bulk TM stiffness and found that
the outflow facility was associated with TM stiffness in both healthy and glaucomatous eyes
(Wang et al., 2017). The elastic modulus of normal human TM estimated by inverse FEM
was 70 £ 20 kPa (mean + SD), whereas glaucomatous human TM was stiffer (98 £+ 19 kPa).

The endothelial cells investing the lamellae are crucial to their function because they
regulate the highly organized composition of the lamellae ECM that determines their
biomechanical properties. As with vessel walls in the systemic circulation, the tissue
composition of SC’s trabecular wall determines responses to mean pressure and oscillatory
tissue loading (Fung and Liu, 1993; Fung, 1996; Humphrey, 2002). The constituent
composition that determines elastance includes type 1 collagen that provides tensile
strength, type 111 collagen that imparts resilience, and elastin that permits a recoverable
response after deformation.

Appropriate motion responses of the lamellae must remain in a narrow range to regulate
short-term and long-term homeostasis (85). The TM lamellae cells must continually
transduce pressures and flow-dependent sensory inputs. Such sensory signals are necessary
to maintain the TM lamellae ECM’s highly organized geometric relationships, structural
composition, and biomechanical properties. As a result of pulse waves impinging on the TM
lamellae and their tethering cytoplasmic attachments, the cells covering the TM lamellae
experience continuous oscillatory and transient wall stresses (Fig. 9) (See also 85.2.4).

One might conclude that flow-dependent shear stress within the TM lamellae is unlikely if
the aqueous flowed passively through the TM lamellae, and the lamellae did not move.
However, the TM lamellae experience large excursions and move at speeds measured in
milliseconds in response to normal oscillatory pressures and transients (§2.3). The TM
lamellae consist of sheets of meridionally-oriented beams with an asymmetric fan-shaped
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configuration. Because of offset openings in adjacent sheets, aqueous must wend its way
within the interspaces between sheets to the offset openings as well as moving anteriorly and
posteriorly within the fan-shaped lamellae. The tissue geometry and recent evidence of
rapidity of motion lead us to hypothesize that the TM lamellae experience flow-induced
shear stress with each pulse wave.

3.1.7. Juxtacanalicular space — tensional integration and sensory functions
—The juxtacanalicular space is the area between the outer layers of the corneoscleral
meshwork and the inner wall of SC (Figs. 2, 8 and 9). Terms for the space include
juxtacanalicular tissue and cribriform region favored by those describing the passive flow
model. The term cribriform is defined as “pierced with small holes like a sieve.” Names to
describe the region include juxtacanalicular space, subendothelial space, pericanalicular
space, juxtacanalicular area, and juxtacanalicular region. Aqueous forced through a tissue
sieve by pressure is likely to be conceptualized quite differently from aqueous flow through
spaces. In the aqueous outflow pump model, we prefer to use terms denoting space through
which aqueous can flow freely because such terms do not have the concept of a passive filter
embedded in them. Cells in the space have been called cribriform cells, subendothelial cells,
and juxtacanalicular cells.

Juxtacanalicular cells and their cytoplasmic processes provide an anchoring mechanism for
SC endothelial cells to attach to the TM lamellae. The anchoring provides the SC
endothelium with a mechanical role in maintaining a tensionally integrated system and a
sensory capability (85). An elastic tendon system connected to the ciliary muscle also plays
an essential synergistic role in maintaining tensional integration. When eyes are pressurized
to normal levels, three-dimensional views provided by scanning electron microscopy (SEM)
(Fig. 9) and transmission electron microscopy (TEM) reveal that juxtacanalicular cells and
their cytoplasmic processes are the principal features of the region (Johnstone and Grant,
1973a; Grierson and Lee, 1975a). Cytoplasmic connections between SC endothelium,
juxtacanalicular cells, and TM lamellae link all the cells of the respective structures together
(Holmberg, 1965; Hogan et al., 1971; Inomata et al., 1972; Johnstone and Grant, 1973a;
Grierson and Lee, 1974b, 1975a; Grierson et al., 1978; Johnstone, 1979).

As IOP increases, multiple signs of cellular stresses indicate a cellular-based system of
tensional integration. In response to an 10P increase, the juxtacanalicular space enlarges,
cytoplasmic processes undergo rearrangement from a parallel to a perpendicular orientation,
cytoplasmic processes both elongate and thin. The cytoplasm and nuclei of juxtacanalicular
cells and SC cells deform at cytoplasmic process origins giving the juxtacanalicular cells a
stellate appearance and causing elongation of the cytoplasm and nucleus of SC endothelial
cells (85) (Johnstone and Grant, 1973a; Grierson and Lee, 1974b, 1975a; Grierson et al.,
1978; Johnstone, 1979, 1984, 2004).

When the sheet of SC inner wall endothelium distends in response to a pressure increase, the
extensive array of tethering cytoplasmic process attachments necessitates the TM lamellae’s
synchronous distention into the canal (Figs. 1, 13, 15 and 16). and 85. Tethering to TM
lamellae prevents SC inner wall endothelium from being forced against SC external wall.
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Moreover, the tethering mechanism permits SC inner wall endothelial cell nuclei and
cytoplasm to deform. Since there is little resistance to flow in the interspaces of the lamellae,
IOP should not cause the lamellae to distend unless tethered to SC inner wall endothelium.
Cytoplasmic processes tethering of the TM lamellae to SC endothelium explains the steady-
state TM lamellae distention in response to pressure. The elastic fiber system can play a
synergistic role in the tethering relationship.

3.1.8. Mean IOP vs. oscillatory responses—Maintenance of optimized outflow
pump function requires the regulation of two TM mobility-dependent properties. The first
property is the regulation of the mean steady-state pressure-dependent relationship between
the TM and SC external wall. The second property is the ability to respond to cyclic and
transient pressures that cause the TM to oscillate around its mean steady-state configuration;
the latter property permits the TM to change SC dimensions allowing the canal to act as a
dynamically compressible chamber.

How does the TM respond to an increase in I0P? In response to an IOP increase, the
intertrabecular space enlarges, the juxtacanalicular space enlarges, and SC inner wall
endothelium distends into SC (Johnstone and Grant, 1973a; Grierson and Lee, 1975a; Van
Buskirk, 1982). TM distension into SC is highly dependent on ciliary muscle tone that
determines TM loading forces and TM stiffness, as noted in §3.2.

How does the TM respond to 10P oscillations and transients? Wet lab studies in fresh tissue
provide some clues 83.1.3, Vid4. The TM can cause SC lumen height reduction from 85 to
16 um in 586 ms with spontaneous recoil to the original configuration in 526 ms. The
movement results from the bulk motion of the TM lamellae. OCT imaging demonstrates
~3.5 um oscillations in response to 3 mm pulse amplitudes in ex vivo primate eyes. TM
responses to both cyclic oscillations and transients are crucial elements of function and
warrant further study.

3.2. Ciliary Muscle-TM Lamellae — an inseparable regulatory unit

Studies point out that the TM and ciliary muscle are an inseparable regulatory unit
(Wiederholt et al., 2000; Kaufman, 2020). Genes implicated in glaucoma, including MYOC,
FOXC1, PITX2, CYP1B, are expressed at high levels within the ciliary muscle. Although
these genes are present in the TM, their strong expression in the ciliary muscle suggests that
TM expression alone may not provide a full explanation for their role in the glaucoma
process (Tamm, 2002; Van Zyl et al., 2020). In both the ciliary muscle and the TM, ECM
material increases with age (Gabelt and Kaufman, 2005).

The ciliary muscle is the muscular wall of the vessel we call SC. It is analogous to muscle in
vessel walls elsewhere because it is a primary determinate of the dimensions of not only the
vessel lumen but also the tension present in the vessel wall. Studies substantiate that
physiologic ciliary muscle tension is necessary for regulated control of aqueous outflow
(Rohen et al., 1967).

Ciliary muscle receptor-systems can sense and coordinate responses to pressure changes
(Tamm and Lutjen-Drecoll, 1997; Gabelt and Kaufman, 2005; Fliigel-Koch et al., 2009). In

Prog Retin Eye Res. Author manuscript; available in PMC 2021 July 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Johnstone et al.

Page 18

the aqueous outflow pump model, the TM-ciliary muscle unit is inseparable because the
muscle provides sensory and motor functions that control both the extent of TM distention
into SC (Van Buskirk, 1976, 1982) and the elastance/stiffness necessary for pressure-
dependent TM responses (Xin et al., 2016). Ciliary Muscle Motion Video (Vid 6) 1-s2.0-
$1350946220300896-mmc6.mp4.

3.2.1. Ciliary muscle connections, vector forces—The ciliary muscle has dual
properties with the longitudinal ciliary portion having features of fast-acting type Il striated
muscle; the longitudinal muscle tips attached to the TM tendons stain particularly intensely
for such markers. In contrast, the radial and circular regions have markers more
characteristic of slow type-I fibers of smooth muscle; (Fliigel et al., 1990a, 1990b). The
longitudinal portion of the ciliary muscle connections divide about equally between the
direct connections to the TM lamellae tendons and those that connect to the scleral spur
(Hogan et al., 1971) (Fig. 10).

While the longitudinal portion of the muscle pulls the base of the TM closest to the sclera
posteriorly, the radial and circular portion of the ciliary muscle pull the more interior
connections of the TM inward. The resulting vector forces cause the scleral spur and the TM
tendons to rotate both posteriorly and inward (Van Buskirk, 1982; Litjen-Drecoll and
Rohen, 1996). We can observe ciliary muscle tension in real-time. Placing tension on the
ciliary muscle in fresh tissue causes striking elongation of the TM lamellae. With the release
of tension, the lamellae’s elastance properties cause immediate recoil anteriorly toward
Schwalbe’s line and outward toward SC external wall, thus reducing the SC lumen size
(Johnstone, 2016) (Fig. 10) (Vid 6).

3.2.2. Ciliary muscle tendons, elastic fiber system, synergistic tensional
integration—Elastic-like properties of ciliary muscle tendons provide a synergistic
mechanism that can work in concert with cellular mechanisms to ensure the tensional
integration of the TM tissues. The muscle tendons extend to an elastic fiber system that
appears to have two principal functions, maintenance of their connections to juxtacanalicular
cells and SC endothelium and as a support structure in the anchorage, expansion, and control
of distension of the SC inner wall (Hann and Fautsch, 2011). There are three types of ciliary
muscle tendons. Type A tendons run into the scleral spur, Type B form broad bands that
penetrate the cornea, while Type C are brush-like and extend to the elastic-like fiber system
of the TM.

The type C tendons form a network of elastic-like fibers (cribriform plexus) that provide
connections extending from the ciliary muscle tendons to the trabecular lamellae,
juxtacanalicular cells, and SC inner wall endothelium. Ciliary muscle tone can thereby
directly influence the fiber system of the cribriform plexus and its connections to SC inner
wall endothelium (Rohen et al., 1981). The direct connection of the juxtacanalicular cells to
the elastic tendon network suggests the cells experience elastic fiber system-related tension.

With elevated pressure, the elastin/elaunin struts in the JCT straighten. (Fuchshofer et al.,
2006; Hann and Fautsch, 2011). The associations have led investigators to propose that
glaucoma may, in part, be a result of degeneration or alteration of the elastin-like fibers.
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Glaucoma-related proteins of the elastic tendon network include fibrillin-1, fibrillin-2,
versican, latent TGFB-binding proteins, and microfibrillar-associated proteins. (Hann and
Fautsch, 2011; Gonzalez et al., 2012; Kuchtey et al., 2013; Vranka et al., 2015; Filla et al.,
2017; Papadopoulou et al., 2017).

Under collector channels, the JCT can expand by up to 200%; correspondingly, both elastin
and FBN-1 microfibrils can stretch up to two times their original length (Hann and Fautsch,
2009). The elastic fiber system’s properties suggest that it functions along with the
juxtacanalicular cells as a biomechanical unit that acts synergistically to maintain the
juxtacanalicular region’s tensional integration. The elastic fiber network also serves as a
mediator of integrin based signaling between TM lamellae, juxtacanalicular, and SC
endothelial cells due to their role in IOP-dependent tensional integration.

Three types of plaques develop in the cribriform plexus of eyes with open-angle glaucoma.
Elastic fibers can appear as “plaque-like deposits and later as sheath derived plaques. Two of
the three plaque types can develop aberrant changes in the elastic-like fibers that can become
enormously thickened, while the third type is a separate entity (Rohen et al., 1981). A
significant increase in plaque-like material is present between ciliary muscle tips in
glaucomatous compared with normal eyes (Ltjen-Drecoll et al., 1986).

On the other hand, six eyes with elevated IOP had no increase in deposits suggesting that
plaque formation may not be the initiating event in the pathogenesis of elevated IOP in
glaucoma (LUtjen-Drecoll and Eichhorn, 1988). The sheath-derived plaques may cause
stiffening, reducing the elastic fibers’ ability to participate in distention and recoil of the TM
tissues. The reduced motion may reduce responses to both mean and pulsatile pressures
leading to aberrant sensory and motor behavior in glaucoma.

3.2.3. The ciliary muscle controls tissue motion from the TM to distal
pathways—Two parameters defined by ciliary muscle tension affect the geometry and
biomechanics of all the outflow system structures. First, the ciliary muscle tension
determines the boundaries of pressure-dependent distention of the TM into SC (Ellingsen
and Grant, 1971b; Van Buskirk, 1976, 1982). Second, the stresses of ciliary muscle tension
regulate the anterior-posterior length-tension relationships of the trabecular tendons and their
attached TM lamellae (Johnstone, 2016) (Fig. 10). Within the trabecular tissues, the elastic
fiber system also acts synergistically to maintain I0P-dependent relationships. IOP loading
forces move the TM tissues outward toward SC, but the ciliary muscle contractile state
provides a counterbalance. The continuous interplay of stresses unites the entire ciliary
muscle-TM lamellae-elastic fiber complex into a tensionally integrated system (Kaufman
and Barany, 1976; Hann and Fautsch, 2011).

Ciliary muscle tension also induces vector forces that pull the scleral spur and TM lamellae
away from SC external wall, increasing the intertrabecular spaces. Tension on the tethered
juxtacanalicular cell cytoplasmic processes and SC endothelium, as well as the elastic fiber
system, enlarges the juxtacanalicular region, at the same time, pulling SC endothelium away
from SC external wall (Johnstone and Grant, 1973a; Grierson and Lee, 1975a; Van Buskirk,
1982). The SC inlet valve entrances, an integral part of the SC inner wall, are placed under
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increased tension with increased ciliary muscle tension, causing them to elongate and stretch
(Fig. 10) (Van Buskirk, 1982; Johnstone, 2016) (Vid6). The SC inlet valve tension pulls the
leaflets of the SC outlet valves open, thus providing the ciliary muscle with a central role in
relationships throughout the aqueous outflow system (Hariri et al., 2014).

3.2.4. Ciliary muscle contractility — primary determinate of TM lamellae
elastance/stiffness—The establishment of physiologic loading forces is essential before
assessing the elastance/stiffness of tissues (Fung, 1996; Humphrey, 2002). Loading forces
determine the stiffness of muscle-tendon complexes. Elastance/stiffness curves are not linear
in muscle. Instead, muscle stretches relatively easily under low loading forces but rapidly
becomes stiffer as loading forces increase (Levick, 2010).

The resting or steady-state length determines the steady-state loading tension or prestress in
muscle and tissues with tendon-like properties such as the TM lamellae. Thus, the loading
force that the ciliary muscle contractile state provides is a primary determinate of the TM
lamellae’s elastance/stiffness. The combined ciliary muscle-TM lamellae stiffness is relevant
to assessing the pressure-dependent TM motion that controls 10P. Elastic tissue anchors the
ciliary muscle’s posterior attachment to Bruch’s membrane, forming a continuum that
extends to the optic nerve. With age, elastic fibrillar material increases, likely causing
decreased compliance (Tamm et al., 1991).

Pulsatile behavior is associated with pressure-volume loops of the relevant chambers, such
as those of the heart and the lymphangions, which are the functional units of the muscular
lymphatics (Quick et al., 2008, 2009). The larger the stretch in diastole, the larger the stroke
work achieved in systole, the behavior known as the Frank-Starling mechanism. “The energy
of contraction of ... muscle fiber is proportional to its length at rest” (Patterson et al., 1914).

The contractile state of the ciliary muscle is a principal component of the ciliary muscle-TM
lamellae complex responses to pressure and dimensions of the chamber we call SC.
Therefore, the ciliary muscle contractile state is a primary determinate of the systolic and
diastolic dimensions of SC. The contractile state of the ciliary muscle is a property
consistent with the Frank-Starling mechanism present at the whole organ and cellular level
in other muscle systems (Sequeira and Van Der Velden, 2015).

The efficiency of muscle contraction depends on the steady-state length of the muscle
maintained within a narrow range. An 10OP change causes an alteration in the load presented
to the ciliary muscle, and as occurs in other muscles, sensing of a load change will result in
concomitant changes in myogenic tone, an intrinsic feedback mechanism. With age, the
position of the ciliary muscle relative to the TM lamellae shortens (Strenk et al., 2010,
2018), thereby altering the steady-state length, a factor essential to regulating muscle
sensory and motor properties.

3.2.5. Ciliary Muscle-TM tension, prestress, cyclic stress, preconditioning—
The aqueous outflow pump model permits introducing the concept of a highly mobile TM
that continually changes its bulk configuration in response to mean pressure, oscillatory
pressures, and transients. Its tensionally integrated responses set up the conditions for
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prestress. Prestress is the introduction of internal stresses into tissue and cells achieved
through tension or compression.

IOP provides a loading force on the TM, forcing it outward, favoring distention into SC. The
ciliary muscle contractile force continuously counterbalances the TM distention, providing
the prestress required for the ciliary muscle involvement in pump-conduit regulation of 10P.
The opposing IOP and ciliary muscle contractility also provide the loading force that
determines the TM-ciliary muscle unit’s elastance/stiffness. Optimized elastance is crucial to
aqueous outflow pump function, and OCT provides a means of studying TM-ciliary muscle
elastance (Xin et al., 2017) and the clinical surrogate, TM motion (Xin et al., 2018).

Preconditioning is the process of applying oscillatory loading cycles until stress-strain
results become repeatable. The process provides stable ex vivo conditions in muscle
preparations comparable to those present in vivo (Levick, 2010). Under physiologic
conditions, continuous TM oscillations precondition the ciliary muscle bundles in vivo.
Mean and oscillatory prestress, along with preconditioning, establish a loading and
unloading environment remarkably different from that experienced ex vivo (Humphrey,
2002). To summarize, IOP and ciliary muscle contraction’s opposing forces provide stable
prestress while oscillations and transients ensure preconditioning, primary determinates of
elastance/stiffness of tissues in vivo. Elastance/stiffness of the ciliary muscle-TM lamellae
complex is the primary property of interest in assessing the aqueous outflow pump’s
pressure-dependent functional behavior.

3.3. SCinner wall endothelium — a deforming, load bearing structure

3.3.1. Schlemm’s canal inner wall endothelium—SC walls are part of an
endothelial-lined vascular continuum that extends to the veins and the heart. Endothelial
cells lining SC have a different origin than juxtacanalicular cells or endothelial cells lining
the TM lamellae (Tamura et al., 1991; Coupland et al., 1993; Hamanaka et al., 1997;
Hamanaka et al., 1997, 1997). SC endothelial cells have properties of vascular endothelium
(Hamanaka et al., 1992, 1997) as shown by the presence of Von Willebrand factor (factor
VIli-related antigen) (Krohn, 1999) and cellular inclusions (Freddo et al., 1980), including
Weibel-Palade bodies. The SC cells also have features of a modified lymphatic channel
(Aspelund et al., 2014; Kizhatil et al., 2014; Park et al., 2014). SC endothelial cell
cytoplasmic processes connect through robust desmosomes (Grierson and Lee, 1974b), a
feature of lymphatics, and arachnoid villi, but not vascular endothelium (Desai et al., 2009).
Moreover, a lymphatic defect causes ocular hypertension and glaucoma in mice (Thomson et
al., 2014). Differences in properties from TM lamellae cells and similarities to lymphatics
emphasize the unique features and the specialized role of the SC cells and their lymphatic-
like properties.

3.3.2. Cytoskeletal elements of SC endothelium — motor and sensory
functions—Components of the trabecular endothelial cell cytoskeleton include
microfilaments (F-actin) (Ringvold, 1978; De Kater et al., 1992) and intermediate filaments
(vimentin) (Weinreb and Ryder, 1990; Tomarev et al., 2003). Actin provides active tissue
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motion and tension, while intermediate filaments composed of vimentin undergo marked
deformation without disruption (Alberts, 2002).

The cytoskeletal elements determine constraints placed on pressure-induced SC cell
deformation, thus defining the cell’s ability to store elastic energy necessary for the
maintenance of a homeostatic wall stress setpoint (85). The cytoskeleton also serves a
crucial sensory role by maintaining optimized cell surface topology, which determines the
ability to sense and respond to shear stress (Rodbard, 1975). Shear stress modulates
cytoskeletal behavior and induces multimerization of cochlin found in glaucoma patients,
which may play a role in IOP control (Picciani et al., 2007).

3.3.3. “Giant vacuole” misnomer - pressure-dependent cell deformation, not
vacuoles—Reports from the 1950s describe “giant vacuoles” in the distending cytoplasm
of SC endothelium (Garron et al., 1958; Holmberg, 1959). Vacuoles are “membrane-bound
fluid-filled cavities within the cytoplasm of a cell.” (Phillips, 2004). The term suggests a
dynamic metabolic process. The cause of the “giant vacuoles eluded investigators for many
years. By 1971, giant vacuoles had been the subject of numerous studies, but the mechanism
of their formation was unknown (Hogan et al., 1971).

Fifteen years after the initial description of “giant vacuoles,” a report demonstrated the
ability to systematically and reproducibly cause or eliminate the vacuoles by changing
pressure gradients across SC endothelium (Johnstone and Grant, 1973a). Once recognized,
confirmatory reports quickly followed (Lee and Grierson, 1974). The initial report
describing their pressure-dependent formation concluded that the “giant vacuoles” rather
than being intracellular, metabolically-induced structures, were instead distending cells with
both the cytoplasm and nucleus deforming in response to pressure gradient changes
(Johnstone and Grant, 1973a; Johnstone, 1979).

Rather than forming intracytoplasmic vacuoles, individual cells of the SC endothelial sheet
develop progressively larger hemispherical outpouchings of not only the cytoplasm but also
the nucleus (Johnstone and Grant, 1973a; Grierson and Lee, 1974a, 1974b, 1975a, 1975b;
Johnstone, 1974) (Fig. 9). Histologic sections selected to show only cytoplasmic distension
will lead to the erroneous impression that vacuoles are developing in the cell cytoplasm
rather than the complete picture of cytoplasmic and nuclear deformation. The size and
number of pseudovacuoles in the cytoplasm and nucleus increase in response to a
progressive I0OP elevation, and the pressure effect is reversible (Fig. 8) (Johnstone and Grant,
1973a).

The ability to induce and eliminate the pressure-dependent formation of the pseudovacuoles
persists in enucleated eyes long after death (Johnstone and Grant, 1973a). Hypothermia or
metabolic poisons do not inhibit the ability to induce pressure-dependent cell deformation
that induces the pseudovacuoles; such findings are consistent with rearrangement of the cell
configuration by mechanical instead of active metabolic mechanisms (Van Buskirk and
Grant, 1974). Since “giant vacuoles” are a passive cellular response resulting from reversible
pressure-dependent deformation, the term detracts from the entire cell’s physiologic
properties that result in distension and recoil of both the cytoplasm and nucleus. Although
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the pseudovacuoles form passively in response to pressure, metabolic activity to control the
ciliary muscle’s functional behavior and appropriate elastance of the TM lamellae,
juxtacanalicular, and SC endothelial cells is necessary for the pump to function
appropriately in vivo.

3.3.4. Transendothelial pores—Transcellular pores are a topic of continuing intense
study to identify the abnormality in open-angle glaucoma. Recent reports review the
evidence supporting the role of pores in outflow regulation (Stamer et al., 2015; Vahabikashi
et al., 2019). Investigators first observed opening in SC endothelium using TEM that
involved standard fixation and dehydration techniques (Garron et al., 1958). The SC
endothelium openings were interpreted as pores, a finding that finally appeared to solve a
19th-century puzzle; how does aqueous enter SC from the juxtacanalicular space?

SC endothelial cells have tight junctions (zonule occludentes) and desmosomes that join
cells to one another and form a continuous belt-like region of contact that encircles each
cell’s edges. Tight junctions, unlike those of sinusoidal and fenestrated endothelium, prevent
active transendothelial fluid transfer across their walls (Hogan et al., 1971; Levick, 2010).
Knowledge of the SC endothelium’s surface area, and the total fluid volume crossing that
area in a defined time, permits calculating its hydraulic conductivity. If aqueous passed
across SC endothelium, it would require hydraulic conductivity one-hundred times greater
than any known non-fenestrated endothelium (Johnson et al., 2002).

Bill and Svedberg found a pore density of 1840 pores/mm, concluding that pores could
account for only 10% of aqueous outflow resistance (Bill and Svedbergh, 1972). The low SC
endothelial lining resistance of such studies does not provide an IOP loading mechanism for
the SC endothelial sheet and tethered TM lamellae to distend or the SC endothelial cells to
deform. SC endothelium deformation and elastance that maintains the TM relationships to
SC external wall are not achievable, nor is the TM tissue’s ability to sense and regulate
volume and pressure. An interposed ECM filter preventing SC endothelial cells’ exposure to
resistance would further prevent SC endothelium from experiencing the resistance necessary
for deformation.

Preparation artifacts may explain the initial reports and other later fixation-based reports
using TEM, SEM, and block-face SEM. SC inner wall endothelial pores occur artifactually
due to fixation (Sit et al., 1997), and the global view provided by SEM imaging makes the
widespread presence of artifactual pores in fixed tissue evident (Lee and Grierson, 1975).
SEM, TEM, and blockface SEM techniques all use the tissue fixation and dehydration
techniques that induce reproducible, titratable, artifactual pores (Johnson et al., 2002). Large
round openings with the absence of the entire anterior surface of the distending cell
intersperse with markedly angular, slightly angular, or small structures with a uniformly
round appearance in the same specimen (Bill, 1970; Bill and Svedbergh, 1972; Lee and
Grierson, 1975). Limiting identification to round structures does not resolve the issue
because round transcellular pores are also known to be a reproducible artifact of preparation
(Lee and Grierson, 1975).
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Marked initial tissue swelling, followed by shrinkage, results from the required alcohol
dehydration protocols used to prepare fixed tissue. The dehydration can reduce the final
tissue volumes to as little as 70% (Bloom and Friberg, 1956). Variation in divalent ions used
in solutions prior to the dehydration steps affects the amount of swelling and shrinkage,
another confounding variable. Cell membranes are composed primarily of lipids; even with
the use of heavy metals to stabilize membranes, lipid losses can be substantial (Morgan and
Huber, 1967; Saunders et al., 1967).

In an investigation by noted authorities, their calculations indicate that fixation causes pores,
fixation time can titrate pore frequency, and pores may be absent without fixation. “If true,
this implies that all (or nearly all) inner wall pores observed by SEM are fixation artifacts”
(Johnson et al., 2002). Similarly, “Ideas about inner wall pores could be qualitatively and
quantitatively wrong. If what are seen as pores are in whole or in part a fixation artifact, then
a fundamental rethinking of the inner wall’s physiology is needed. In particular, the inner
wall’s influence on the outflow facility becomes a wide-open question” (Ethier, 2002). The
evidence and their conclusions have stood the test of time, neither refuted nor even
challenged.

Supporting the above conclusions, a freeze-fracture study that avoids the fixation and
dehydration steps found the SC endothelium to be a continuous lining with no evidence of
transendothelial pores (Raviola and Raviola, 1981). Laboratory studies can induce
transendothelial pores, but the above studies suggest their presence in living humans remains
an open question.

3.4. Schlemm’s canal — a compressible chamber

3.4.1. SC dimension changes —the concept of a compressible chamber—SC
is a continuous torus circumscribing the limbus with boundaries defined by the sclera, the
TM, and the scleral spur. The torus has a lumen with a flattened elliptical cross-section,
190-370 pm in length in the anterior-posterior plane (Hoffmann and Dumitrescu, 1971)
while the total circumference is ~36 mm (Hogan et al., 1971). The shape of SC varies; the
height of SC lumen typically measures ~50 um at its posterior base but narrows to about 5—
10 um at its apex in ex vivo eyes.

Intraocular pressure, TM lamellae elastance, and ciliary muscle tension are primary
determinates of SC dimensions in vivo. The SC lumen area can be absent at high pressures
or very sizable at low pressures. (Fig. 8). The size of SC changes with ciliary muscle tension
(Fig. 10) and with changes in pressure, as is demonstrated by systematically controlling IOP
during both in vivo and ex vivo fixation (Fig. 8) (Johnstone and Grant, 1973a; Van Buskirk,
1982).

3.4.2. Direct observation of SC dimension changes—Real-time videomicroscopy
in unfixed ex vivo eyes, as discussed in S3.1.3 (Vid4), demonstrates TM motion (Johnstone
et al., 2014a). This section explores the findings from the perspective of SC lumen
dimension changes allowing it to act as a compressible chamber. Pulse waves caused SC
lumen closure within 586 + 219 ms. SC height decreased from 85 to 16 um, and the length
of the region of SC closure increased from 0 to 166 um. Spontaneous TM tissue recoil
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causing restoration of initial SC dimensions occurs within 526 + 132 ms. The time frame
demonstrates that the TM tissues can distend and then spontaneously recoil, causing large
SC lumen dimensions within the normal cardiac cycle. Rapid SC dimension changes
demonstrable in fresh tissue illustrate the usefulness of direct observation as a prelude to the
development of theories related to tissue mechanics.

3.5. Schlemm’s canal inlet valves — structures crucial to outflow regulation

We propose that all aqueous outflow enters SC by passage through the SC inlet valves
because of the multiplicity of anatomic and functional properties that we have demonstrated.
In addition, tracer studies in living primates that maintain a physiologic TM configuration
demonstrate the absence of pores (Johnstone, 2004). The discovery of SC inlet valves
resulted from techniques developed in the 20th Century (84.1.4). The SC inlet valves’
characterization requires a reassessment of Leber’s 19th-century conclusion that flow
requires aqueous movement through a passive filter along the SC inner wall. The presence of
open conduits able to carry aqueous into SC permits developing a very different framework,
that of an aqueous outflow pump functioning like other vascular circulatory loops that return
blood and lymph to the heart.

SC dilation is the technique that opens a previously hidden world of structures, structural
relationships, and pressure-dependent behaviors unobtainable by traditional means. The
20th-century technique of in vivo reduction of IOP below EVP caused blood reflux into SC.
After blood dilated SC, eyes were fixed while maintaining in vivo conditions. Techniques
developed in the 21st Century employ either viscoelastic or the hydrostatic pressure of
aqueous to dilate SC (84.2).

Figs. 2,11 and 12 use different imaging modalities to demonstrate SC inlet valve appearance,
relationships, and openings at their distal end that communicate with SC lumen. Figs. 8 and
13 illustrate the changing configuration as pressure increases, and the TM comes into
apposition to SC external wall. Fig. 14 illustrates the findings with red cell tracer studies
(Fig. 14). The SC inlet valves occur with a frequency of about two per millimeter around the
circumference of SC (Smit and Johnstone, 2002) (Jamil et al., 2010; Martin et al., 2013)abs.

3.5.1. Multiple modalities document SC inlet valve structure and functional
behavior—This section focuses on the evidence for the presence and function of aqueous
inlet valves. First, we examine clinical evidence, then correlate the evidence with seemingly
unrelated laboratory studies by recognizing that we are examining the same structures by
different means.

Clinical studies include the unroofing of SC in the operating room, demonstrating the SC
inlet valves’ remarkable elasticity. Aqueous gushes from the SC inlet valves’ lumen when
they are stretched beyond their breaking point, illustrating their role as a conduit carrying
aqueous (Johnstone, 2004) (Vid 2). Operating room gonioscopy provides direct observation
of aqueous flow into SC through the aqueous inlet valves synchrony with the ocular pulse
(Johnstone, 2004) (Vid 2). Fig. 5 illustrates the propagating wave of aqueous as it passes
through oscillating pathways constrained to a path like that seen in the multiple imaging
modalities that characterize the aqueous valves.
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Laboratory studies using diverse techniques provide evidence of the aqueous inlet valves
that we can correlate with the clinical findings noted above. The structural features, response
to ciliary muscle tension, pulse induced motion, and tension on SC outlet valves at CC
entrances is apparent from dissecting microscope techniques (Johnstone et al., 2014a)
illustrated in Fig. 10 and (Vid 6). Structural feature details become apparent using brightfield
microscopy that demonstrates the funnel entrance from the TM, the conduit region, and
attachment to the hinged flaps at SC external wall (Johnstone and Grant, 1973a; Van
Buskirk, 1982) (Johnstone and Mills, 2004)abs. The same structural features present with
brightfield microscopy receive confirmatory evidence from phase-contrast (Jamil et al.,
2010; Curtiss et al., 2011)abs and differential interference microscopy studies (Jamil et al.,
2010; Curtiss et al., 2011)abs.

Fine structure of the walls and features within the lumen of the SC inlet valves are made
manifest through transmission electron microscopy studies (Johnstone, 2004). Geometric
relationships of the SC inlet valve to the TM and SC external wall and the presence of a
lumen are visible in SEM images in Figs. 11 and 12, and are available in additional
references (Smit and Johnstone, 2000)abs (Smit and Johnstone, 2002; Johnstone, 2004,
2016; Hariri et al., 2014; Xin et al., 2017). Tissue composition and 3D relationships become
apparent with confocal fluorescence microscopy and immunohistochemistry studies (Fig.
11) (Jamil et al., 2010; Johnstone et al., 2011d; Martin et al., 2013)abs. Structure, geometric
relationships, and motion are evident from OCT imaging (Hariri et al., 2014; Johnstone,
2016; Xin et al., 2016, 2017).

Aqgueous passage through the SC inlet valves is the subject of tracer studies in living
primates; if larger tracers such as red cells can pass through the SC inlet valve lumen, we
can reasonably conclude that aqueous can do so as well. Direct communication between the
AC, the juxtacanalicular space, and the SC inlet valves’ lumen is apparent. Studies
demonstrate that avian red blood cells (RBC) introduced into the AC enter the funnel-shaped
region of the SC inlet valves and pass to the distal end (Fig. 14) (Johnstone, 2004). Direct
communication of the distal end of the SC inlet valve lumen and the lumen of SC is apparent
from in vivo fixation at positive pressure followed by in vivo reflux of blood. Primate red
cell reflux from SC into the distal end of the SC valve lumen, demonstrating the distal
communication with SC (Johnstone, 2004). Immunohistochemistry studies demonstrate that
the SC inlet valves exhibit staining identical to that of the SC inner wall providing evidence
of their constituent properties (Fig. 11).

Communication with the juxtacanalicular space and patency of the SC inlet lumen are
exhibited by fluorescent microsphere introduction into the AC with subsequent passage
through the entire length of the lumen (Fig. 11) (Martin et al., 2013)abs. Together, the
constellation of modalities documents the structure and function of the SC inlet valves
providing evidence that they are endothelial lined conduits permitting direct passage of
aqueous from the TM into SC.

SC inlet valves are very frequently present in histologic sections, and reports in the literature
document their regular presence and properties. However, the literature concerning pores in
SC endothelium does not mention the presence of the inlet valves. An explanation may be
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the lack of precision in terminology. Some histology studies call all structural elements in
SC a septum. When assigned a term such as a septum that suggests a structure with limited
relevance to flow, investigators can easily overlook anatomic features with crucial functional
importance.

A septum represents a partition between two chambers or compartments, like the septa
between the chambers of the heart (O’ Toole, 2013). An example in the outflow system is the
presence of septa at SC external wall, where they create a partition between SC and a
circumferential deep scleral plexus (CDSP). Outflow system septa consist of collagen
bundles with a composition like the adjacent sclera of SC external wall. The composition is
apparent in unfixed tissue where dense white collagen of the sclera and septa appear to have
an identical composition (Fig. 10) (84.2.2).

The SC inlet valves do not partition SC lumen into compartments and have no resemblance
to the collagenous septa along SC external wall. However, the SC valves are oriented
obliquely within the circumference of SC and can present with several different
configurations depending on pressure gradients, preparation technique, orientation, and the
plane of sectioning (Figs. 8, 10-13, 13, 14). Careful observation, knowledge of the marked
differences in location, geometry, constituent properties, and use of serial sections should
reduce the likelihood of inadvertently overlooking their presence or confusing the SC valves
with septa.

3.5.2. SC inlet valve motion and dynamic links to outlet valves - microscopy
—To assess SC inlet and outlet valve relationships in fresh, unfixed tissue, we developed a
videomicroscopy system that permits direct observation of the pulse-dependent motion of
the SC inlet and outlet valves (Johnstone et al., 2011d)abs (Vid 5) (84.2.2). The SC inlet
valves are diaphanous and semitransparent under normal light conditions, making them
difficult to see without careful observation. Visualization is aided by (1) placing a black or
blue background behind the tissue, (2) oblique illumination. Gently pulling on the ciliary
muscle in these radial limbal segments causes SC to open, enabling easy visualization of the
aqueous valves and their connections using a dissecting microscope (Fig. 10).

An intermittent stream of balanced salt solution directed perpendicular to the TM causes it
to distend into SC and then recoil (Johnstone et al., 2014a)abs (Vid 4). Gentle suction on the
TM pulls it away from SC external wall causing SC valves to elongate as they stretch
between the walls of the canal (Vid 4). The release of suction causes immediate recoil of the
SC valves and the TM.

SC regularly dilates when a cannula positioned over the sclera gently ejects a bolus of BSS
toward the SC inner wall. The dilation reveals connections of SC inlet valves to the hinged
flaps of the SC outlet valves. The attached SC inlet valves elongate and pull the white
collagenous SC outlet valves open. Immediately following the bolus, the TM recoils,
eliminating tension on the outlet valves, which then close. The inlet valves are cylindrical,
semitransparent, and span between the walls of SC. In contrast, the outlet valves are white,
like the collagen of the sclera. (Vid 4).
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3.5.3. SCinlet valves — appearance, connections, real-time motion using
OCT—OCT imaging technologies are discussed in §4.2.6. The imaging permits
examination of experimentally controlled pressure-dependent steady-state configurations. In
the same tissue, the technology permits examination of 3D volumes from any perspective
Fig. 15 (Fig. 15) and real-time motion characterization Fig. 16 (Fig. 16). The combination of
the ability to control and change SC dimensions in real-time while simultaneously capturing
the motion with OCT provides insights into morphology and physiology previously
unattainable (Hariri et al., 2014; Xin et al., 2016).

A meridional section in Fig. 16 shows cylindrical attachments between the walls of SC that
represent the SC inlet valves. The inlet valves arise from the TM and course across SC to the
hinged flaps or leaflets of SC outlet valves. A lumen is visible in the valves, providing a
conduit for flow. High-resolution OCT illustrates the ability to watch the aqueous valves’
motion in real-time and quantitate configuration changes. As SC pressure increases, the SC
inlet valves undergo marked elongation, thinning, and cause tension on the SC outlet valve
entrances pulling them open. Vid 5 1-s2.0-S1350946220300896-mmc5.mp4.

3.5.4. SC inlet valve functional implications—The SC valves provide conduits for
flow into SC and prevent the backflow of blood. The large lumen of the SC valves provides
a direct conduit connecting the juxtacanalicular space with SC and CC entrances. Since
microspheres and even RBCs pass into the SC inlet valve lumen from the AC (Fi 14),
aqueous can flow through them as well. The large lumen of the SC inlet valves easily
explains the high hydraulic conductivity across SC endothelium that is 100X greater than
expected if there was no direct conduit to SC. The SC inlet valves also have properties that
cause them to collapse when pressure gradients reverse, allowing them to satisfactorily
maintain the blood-aqueous barrier (Figs. 13 and 14) (Johnstone, 2004).

Contractile properties of SC inlet valves permit flow control. Brightfield, interference
contrast, differential interference contrast, confocal fluorescence, scanning, and TEM studies
demonstrate that the SC valves’ walls are continuous with and have properties like those of
SC inner wall endothelium (Figs. 11 and 12) (Johnstone, 1974, 2004). SC inner wall
endothelial cells undergo a rather remarkable elongation but then can recoil or contract
(Johnstone and Grant, 1973a; Johnstone, 1974, 1979,1984, 2004; Grierson and Lee, 1975a),
as discussed in detail in §3.3 and 5.2.4. Shortening of the cytoplasm and rounding of the
nuclei that develop deep notches and folds is present both in SC endothelium and in the
walls of SC valves in response to pressure reversal (Johnstone and Grant, 1973a; Johnstone,
1974). The behavior is like that of the endothelial walls of other vessels known to contract in
response to pharmacologic agents (Majno et al., 1969).

Marked increases in length of the SC inlet valves are documented in vivo in humans (Vid 2),
ex vivo with the operating room microscope, at the dissecting microscope (Johnstone et al.,
2014a) (Johnstone, 2016) abs (Vid 5), and by OCT (Hariri et al., 2014) (Zhou et al.,
2015)abs. The SC inlet valves recoil from their elongated configuration when pressure falls.
The valve walls are composed of endothelium like that of SC inner wall. The recoil provides
evidence of the ability of the valve endothelial walls to store and release energy in response
to changing pressure gradients in SC. The inlet valves also change diameter in response to
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pressure gradient changes (Johnstone and Grant, 1973b; Johnstone, 2004; Zhou et al., 2015).
SC inlet valve lumen dimensions are determined by intrinsic contractile properties,
providing them with a crucial role in 10P control.

Pressure differences between the valve lumen and the surrounding SC pressure provide the
SC valves with a Starling resistor’s properties. Starling resistors are collapsible tubes that
enter and exit a surrounding reservoir that experiences changing pressure gradients
(Knowlton and Starling, 1912; Fung, 1996). The downstream pressure beyond the reservoir
determines the pressure drop. The tube’s distal end collapses if downstream pressure is
lower than the pressure in the reservoir, so fluid does not flow. Physiologic systems widely
employ the Starling resistor design principle; for example, the mechanism regulates the flow
rate of fluid in the venous and lymphatic circulatory loops above the heart (Shapiro, 1977a,
1977b).

It is attractive to place control of aqueous outflow in the realm of design principles used to
regulate flow and pressure in other fluid compartments in the eye (Morgan et al., 2016). The
aqueous inlet valves have classic features of a Starling resistor system. They are attached to
SC external wall, have collapsible walls, and are within a compartment with continuously
changing pressures. Between the AC and the episcleral veins, a distance of one mm, the
system maintains an eight mm pressure drop, a design challenge ideally suited to a Starling
resistor mechanism.

3.5.5. SC inlet valves provide a TM link to leaflets controlling CC dimensions
—SC inlet valves provide a link between the baroreceptor-like TM and hinged flaps or
leaflets of the SC outlet valves. The relationships are apparent with the dissecting
microscope (Fig. 10) (Johnstone, 2016)abs, brightfield microscopy (Fig. 14) (Johnstone,
1974, 2004; Van Buskirk, 1982) TEM (Johnstone, 2004) and SEM (Smit and Johnstone,
2002; Hariri et al., 2014) (Martin et al., 2013)abs and OCT (Hariri et al., 2014) (Zhou et al.,
2015; Johnstone et al., 2018)abs. The attachments ensure that when the TM moves, the SC
outlet valve leaflets move. Microscope evaluation during BSS infusion or vacuum causes the
meshwork to move away from the SC external wall. The separation of SC walls causes the
SC inlet valves to stretch and then recoil when pressure is released (Vid2 and 5). Ciliary
muscle tension results in similar evidence of elongation of the SC inlet valves, and resulting
tension along their length is indicated by the deformation of a septum wall, causing
enlargement of a CDSP lumen (Fig. 10) (Johnstone, 2016).

OCT studies (Fig. 16) demonstrate the ability to quantitate synchronous relationships
between the SC and CC lumen dimensions and changes in the length of SC inlet valves
(Hariri et al., 2014). The inlet valve length changes are concurrent with changes in SC and
CC dimensions. OCT videos document the pressure-dependent elongation in real-time (Xin
et al., 2016) (Vid 5).

3.6. Schlemm’s canal outlet valves — linkage to TM — role in IOP control

3.6.1. SC outlet valves at CC: histology, SEM, immunohistochemistry—
Rohen’s research describes SC outlet valves as short oblique septa forming lip-like
thickenings of the SC external wall (Rohen et al., 1981). His perceptive observations note
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that the CC entrance structures’ organization should cause them to close because the
pressure in the SC lumen will be higher than in the more distal channels. The study
identifies structures arising from the TM that attach to the septa at CC; Rohen proposes that
TM tension on the structures spanning between the TM and oblique septa at CC entrances is
necessary to hold the entrances open.

The initial study of pressure-dependent outflow system motion in living non-human primates
(Johnstone and Grant, 1973a) identified the pressure-dependent motion of the TM lamellae;
the related studies also identified the aqueous valves spanning across SC to attach to
specialized collagen flaps at CC entrances (Johnstone, 1974) (Figs. 14 and 17). Pressure
gradient changes caused the TM to move and resulted in substantial alterations in the
collagen flap configuration at CC entrances. The hinged collagen flaps that act as valves at
CC entrances attach to the sclera at only one end. The hinged arrangement permits the flap
to open and close the CC entrances. Studies of 3D relationships provide an explanatory
mechanism for the SC outlet valve leaflets’ ability to respond to pressure changes (Figs. 16
and 17).

Dissecting microscope manipulation of the outflow system tissues provides direct
observational evidence of the presence and the high level of mobility of the SC outlet valve
leaflets (Jamil et al., 2010)abs (Fig. 10). Ciliary muscle tension causes the TM to move
inward and posteriorly. The walls of SC then separate, generating increased tension on
connections between the TM and the SC outlet valves, causing the valves to open (Jamil et
al., 2010; Curtiss et al., 2011)abs. Brightfield microscopy studies with serial sections
demonstrate the appearance of the SC outlet valves (Fig. 17) (Johnstone et al., 2011b)abs
(Van Buskirk, 1982; Bentley et al., 2016; Johnstone et al., 2016), as does confocal and
fluorescence microscopy (Martin et al., 2012)abs (Fig. 11).

Separation of SC walls for an independent examination of either the inner or outer wall tears
away the SC inlet valves and their connections to SC external wall. The separation prevents
the interpretation of SC valve relationships that are otherwise apparent. Laboratory
techniques that use viscoelastics to dilate SC avoid disruption of the walls and illustrate the
SC outlet valve configuration, as well as their connections to SC inlet valves and the TM
(Smit and Johnstone, 2000)abs; (Smit and Johnstone, 2002; Johnstone, 2004, 2016; Hariri et
al., 2014).

A recent study, separating the walls of SC for SEM, was correlated with light microscopy
and was able to report flap-like structures at CC entrances as well as septa and tube-like
structures. The authors concluded that these structural entities in the distal pathways might
play a regulatory role in agueous humor dynamics (Bentley et al., 2016).

Meridional sections through SC provide SEM images of the entire length of SC in the
segments; they reveal round CC openings, septa, CDSP, and relationships that create a
hinged flap where they join (Hariri et al., 2014; Carreon et al., 2017; Xin et al., 2017)
(Martin et al., 2014, 2015)abs. The CC, septa, CDSP, and related hinged flap relationships
are also evident when viewing microvascular casts (Fig. 18) (Carreon et al., 2017).
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Removal of the TM permits looking directly at CC entrances with SEM, but the relationship
of the CDSP that creates the hinged flaps is hidden from view; the septa overlying them in
an axial plane preclude visualization. The SC inlet valves also have delicate attachments to
the edges of the CC orifices that are easy to disrupt, leaving only “flap anchors,” thickened
rims, or evidence of denuded epithelial connections (Bentley et al., 2016).

An SEM study, looking at SC external wall, has led to a description of multiple CC orifices
with no hinged flaps and no SC inlet connection to the TM (Johnstone et al., 2014b).
However, such techniques do not permit assessing whether hinged flaps are present, whether
they open and close or whether they have connections to the TM. The problem with SEM
studies that use en face imaging is that the septum edge adjacent to CC that constitutes the
hinged collagen flap (HCF) moves in an axial plane relative to the en face images. Such
SEM-based en face images cannot capture the HCF position changes that enable the
structures to act as valves.

Studies with multiple modalities that avoid SC disruption lead us to the provisional premise
that hinged flaps and SC inlet valves are regularly present at CC entrances when there is no
disruption of SC walls. However, we cannot rule out some CC entrances not having the
relationship, and further studies are necessary to clarify the issue. Another question,
however, is whether all SC inlet valves lead to CC entrances. OCT studies of 3D volumes
discussed below show that some of the SC inlet valves attach to septa overlying CDSP rather
than to the SC outlet valves.

3.6.2. SC outlet valves at CC— high-resolution OCT and 3D Micro-CT insights
—High-resolution OCT is singularly valuable because it generates a 3D volume of the SC
outlet valves. Surveying the volume permits finding an orientation that best captures the
collagen flaps’ hinged nature and their relationships to CC entrances. The 3D volume also
characterizes connections between the TM, SC inlet valves, and the SC outlet valves’ hinged
flaps (Xin et al., 2017) (Hariri et al., 2014; Xin et al., 2016, 2017). Fig. 15 illustrates the
hinged flap arrangement uniformly present at multiple CC entrances after optimizing the 3D
volume orientation (Xin et al., 2016) (Vid 2). Real-time motion assessment demonstrates
rapid configuration changes in response to a pulse wave, as seen in Fig. 16. Video OCT of
CC Motion — (Vid 7) 1-s2.0-S1350946220300896-mmc7.mp4. Disruption of the SC inlet
valve attachment to the outlet valve flap can cause a loss of motion of the SC outlet valve
(Zhou et al., 2015) abs.

Studies with 3D micro-CT provide further evidence of hinged flaps at CC entrances that can
change shape, allowing them to function as SC outlet valves. In immersion fixed eyes, a
mean orifice size of 27.5 £ 5 pm was found, but eyes fixed at 10 mm Hg IOP had a mean
orifice size of 40.5 + 13 um (Hann et al., 2011). Another 3D micro-CT study found a 3.7-
fold increase in total occlusions of CC entrances in glaucoma compared to normal eyes.
Visualization of CC entrances increased 24% in normal and 21% in glaucoma eyes at 20 mm
Hg compared with 10 mm Hg. The SC volume, CC area, and diameter were decreased in
glaucoma compared to normal eyes (Hann et al., 2014). The findings again demonstrate
tissue geometry that permits CC entrance motion and different CC motion responses in
glaucoma compared with normal eyes.
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3.7. A second compressible chamber — the circumferential deep scleral plexus

3.7.1. The circumferential deep scleral plexus (CDSP)—The presence of a second
compressible chamber (CDSP) adjacent to SC has come into focus as a result of recently
developed technologies (84.2.4) (Figs. 18 and 19). Experimental manipulations of fresh
tissue at the dissecting microscope provided initial awareness of a generalizable pattern of
structure, geometric relationships, and compressibility of the CDSP lumen (Fig. 10).
Additional assessments then followed with histology (Fig. 17), phase contrast, differential
interference contrast, and fluorescence microscopy (Fig. 11) (Jamil et al., 2010; Curtiss et
al., 2011; Johnstone et al., 2011a)abs. To further explore relationships, we developed a
technique of clarification to use with microvascular casting (Fig. 18) (§84.2.4) (Martin et al.,
2012)abs (Carreon et al., 2017).

Studies using the dissecting microscope, serial histologic sections, SEM, and microvascular
casting reveal that the CC lumen does not regularly connect directly to radial intrascleral
channels leading to the episcleral veins but is slightly offset. The long thin septa between SC
and CDSP are highly mobile, opening and closing the CDSP lumen with pressure changes.
When the CDSP lumen is widely open, oblique sections may capture a communication that
appears to connect the CC and distal channels.

However, close inspection reveals the offset, so when the CDSP lumen is closed, aqueous is
prevented from entering the offset more distal lumen (Carreon et al., 2017). When the
septum closes the CDSP lumen, it can act as a hinged flap valve at the CC entrances, but
also as a valve that controls access to multiple, more radially oriented distal channels. The
capability to act as a valved system is apparent from microvascular casts showing the
continuity of CDSP lumen with the CC’s lumen and the entrances to the radially oriented
distal channels (Figs. 18 and 19) (Carreon et al., 2017).

During experimentally controlled 10P changes, OCT’s image acquisition captures pressure-
dependent distension and collapse of the CDSP (Fig. 16) (Vid 5 and 7). The change in CDSP
height occurs at the same millisecond-range speeds as SC dimensions (Hariri et al., 2014).
Full-thickness ribbon-scanning confocal microscopy (Waxman et al., 2018a) confirms the
presence of CDSP. Studies with 3D micro CT also identify short narrow CCs that connect to
channels running parallel to the limbus (Hann et al., 2011, 2014).

The distal valved pathways appear to be a prestressed, tensionally balanced system able to
respond to oscillatory pressures and transients. Because pressures distal to CDSP are lower
than in SC, pressure gradients force the septa into the lumen of the CDSP favoring closure.
The septa at CDSP connect to the TM through the SC inlet valves. Elastance properties of
the TM provide counterbalancing tension on the septa that favors retention of an open CDSP
lumen. The distal valved system is then poised to respond to cyclic pressure changes,
allowing it to act as a second circumferentially arranged valved chamber providing aqueous
access to both CC and radially oriented distal intrascleral channels. Although we present
peer-reviewed evidence to support the above proposal, it remains a premise that requires
further study.
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3.7.2. Septa as outlet valves controlling flow into CDSP and distal channels
—The septa’s unique morphology that permits its motion enables the CDSP lumen to act as
a compressible chamber and a valving system. The long, thin, collagenous septa span the
distance between adjacent CC entrances. The septa can move outward, closing CC entrances
that lead to CDSP and, at the same time, close radial scleral channels leading to episcleral
veins (Fig. 18). Our evidence demonstrates that septa respond to pressure gradient changes
within the physiologic range, just as the TM does (Xin et al., 2016) (Fig. 16). The SC inlet
valves that span SC create tension on the septa, causing the CDSP to open as is apparent
from inducing ciliary muscle tension (Fig. 10) or reversing pressure gradients within SC
(Fig. 11).

In addition to pressure-induced mation, perivascular smooth muscle components are present
in SC, CC, and the CDSP (Gonzalez et al., 2012, 2013, 2016, 2017, 2014). The smooth
muscle in the area may have enough contractile capability to provide additional modulation
of aqueous outflow. Recent evidence demonstrates these regions are not encased in a rigid
collagen tunnel but can move freely (Hann and Fautsch, 2009; Harm et al., 2011, 2014;
Hariri et al., 2014; Xin et al., 2016) providing additional reasons to propose contractile
behavior in this region is a factor in the regulation of aqueous flow.

The regular presence, organization, and behavior of the septa and CDSP are consistent with
a functional role in controlling aqueous outflow. The SC lumen undergoes abrupt,
substantial volume changes in response to pressures from blinking and especially forced
blinking. The septa can serve a function as valves controlling aqueous entry to CC and radial
intrascleral channels. The arrangement may explain residual outflow resistance after MIGS
(83.8.5). The premises of the septa functioning as complex valves regulating flow at CC and
flow from CDSP into more distal pathways have support from peer-reviewed evidence noted
above but need further validation. The CDSP chamber may also function as a Windkessel.
Such a mechanism could reduce substantial pressure and flow fluctuations present in SC to a
lower level in the distal pathways, thus modulating wall and shear stress. The aorta has a
similar function in reducing pressure amplitudes in the distal circulation (Levick, 2010).
Other possible functions could be a role as a hydraulic amplifier, a fluidic oscillator, or
behavior similar to a microfluidic logic gate.

3.8. Laboratory pathophysiology — aqueous pump failure in glaucoma

3.8.1. Studies reveal ~ 27 % of resistance is within the TM at physiologic
pressure—Twentieth-century studies reveal that the TM accounts for only a modest
portion of resistance (Fig. 20); such studies challenge Leber’s 19th-century passive filter
hypothesis of IOP control by an area of blockage within the TM. The conclusion that TM is
responsible for 75% of normal and elevated resistance in glaucoma is based on Grant’s early
studies (Grant, 1958, 1963). The early studies were performed in ex vivo eyes at an IOP
outside the physiologic range, in the absence of ciliary muscle contractile tone, and without
histologic confirmation. The study’s experimental conditions severely limit the ability to
rely on the finding’s conclusions, limitations that Grant’s own later studies acknowledge and
correct. The concept entered textbooks and persisted despite Grant’s later work that rejected
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his initial conclusions. Because many studies continue to rely on the premise that control of
resistance is in the TM, it is especially important to look at the underlying evidence.

Use of pressures in the normal range, simulating ciliary muscle tone, looking at histologic
effects of the procedure, histologic effects of pressure on TM behavior, or removal of SC
canal external wall, led Grant and colleagues to conclude that little resistance is in the TM
itself. Instead, the body of evidence from Grant’s studies indicates the resistance is a result
of TM motion that leads to SC wall closure and herniation into the entrances of CC
(Ellingsen and Grant, 1971a, 1971b, 1972; Johnstone and Grant, 1973a, 1973b; Van Buskirk
and Grant, 1973, 1974; Johnstone, 1974, 1979; Van Buskirk, 1976, 1982).

PhS-OCT studies in ex vivo whole eyes show SC closure and rapid reduction of TM motion
as IOP increases (Li et al., 2012). The studies cited above correlate well with clinical science
studies showing a reduction in pulsatile flow and TM motion in glaucoma. The studies also
partially explain why MIGS procedures do not achieve pressure near episcleral venous
pressure levels, as expected if the TM was the primary source limiting resistance to flow
(Parikh et al., 2016).

3.8.2. SC transient closure — A continuously recurring physiologic event?—It
is essential to contrast transient closure of SC lumen by the TM, likely a regularly recurring
physiological event, from the chronic, persistent TM distention/herniation into SC in
glaucoma. Studies in nonhuman living primates with 0P experimentally controlled at 22- or
25-mm Hg demonstrate areas of extensive SC wall apposition (Johnstone and Grant, 1973a;
Grierson and Lee, 1974a). Mean IOP in the human population is ~16 mm Hg, with blinking
or eye movement inducing 10 mm Hg transients several times a minute (Coleman and
Trokel, 1969). OCT imaging demonstrates that the TM experiences rapid motion, closing,
and opening SC in milliseconds in response to pressure changes (Fig. 16).

Experimentally controlled pressures in non-human primate eyes fixed in vivo provided the
first demonstration that the TM herniates outward, both coming into apposition with SC
external wall and occluding SC entrances. The conditions were under steady-state pressure
elevation (25 mm Hg) that is above the normal IOP setpoint (Johnstone and Grant, 1973a).
Using the same protocols, the first demonstration of actual herniation into CC entrances in
vivo was in 1974 (Grierson and Lee, 1974a), a finding later replicated in ex vivo human eyes
(Hann et al., 2014). The evidence suggests that transient SC closure is normal in vivo when
transients cause 1OP to rise beyond the physiologic setpoint. The evidence also suggests that
the TM lamellae elastance quickly results in recoil so that herniation is not persistent in vivo
in normal subjects (Figs. 10 and 13).

3.8.3. Persistent SC closure and TM herniation into CC — SC block
glaucoma?—Evidence suggests patients with open angles may have a form of “SC block”
glaucoma analogous to pupillary block glaucoma in those with shallow anterior chambers.
Reports document persistent SC wall apposition, adhesion, and herniation into CC in
glaucoma eyes, unlike the transient appositional events that appear to occur in normal eyes.
A study in 2792 postmortem human eyes found apposition and adhesion between the TM
and SC external wall, herniations of the TM into CC entrances, and involutional changes in
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distal channels. The findings were highly age-dependent, more frequent, and extensive in
glaucoma eyes (Teng et al., 1955).

Another study of histologic sections through the entire circumference of a glaucoma eye
identified 80% obstruction of SC lumen with many distal channels obliterated by the same
pathologic process. Reactive changes found in the more distal outflow channels included
proliferation and swelling of endothelial cells, degeneration of the collagen around the
channels, and obliteration of the distal channel lumen (Chi et al., 1957). Similar findings of
SC lumen closure and distal pathway occlusion were found in Dvorak Theobald’s study
((Teng et al., 1955; Dvorak-Theobald and Kirk, 1956; Chi et al., 1957).

In summary, clinical and laboratory findings are consistent with the assessment that TM
motion initially slows, progressing to complete loss of motion, SC wall apposition, adhesion,
and shear stress-related abnormalities in the distal outflow system, as glaucoma progresses.

3.8.4. Combined SC block and distal channel glaucoma: MIGS failure cause?
—MIGS, as well as laser procedures and medications, will be ineffective when the distal
outflow pathways are no longer patent. Many shear stress related signaling processes are
necessary to maintain normal patency of vascular pathways such as those of the distal
outflow system (85.2); such pathways no longer experience normal flow in the presence of
persistent SC wall apposition and CC blockage.

In the systemic vasculature, inflammatory changes and remodeling are a known concomitant
of aberrant shear stress signals, including those of TGFB and TNF alpha, when there is
reduced flow in the systemic vasculature (Humphrey, 2002). Shear stress has long been
recognized as integral to the aqueous pump model because of evidence of pulsatile flow
synchronous with that of the systemic vasculature (Johnstone, 2004). In the model, shear
stress abnormalities are considered a potential cause of 10P elevation in glaucoma
(Johnstone, 2004, 2006).

3.8.5. MIGS mystery —distal resistance — A residual intact distal valve
system?—MIGS procedures may cleave open the TM, viscodilate SC, or bypass the TM
with either a trabecular bypass stent or scaffold. However, these procedures may not address
issues at the level of the CDSP (83.7.2). When removing the TM, we may leave behind an
intact distal valve system that is no long stented open by attachments to the TM.

An SEM study that separated SC walls found nineteen CC with simple oval openings with
mean diameters of 54.8 + 4.6 um with no evidence of any overlying flaps (Bentley et al.,
2016). Such large dimension openings should provide an 10P level close to that in the
episcleral veins, which is about 7-8 mm Hg (Parikh et al., 2016), but clinical studies find
pressure typically in the mid-teens. Why is pressure not lower when we see such large
openings? The answer may lie in the organization of the septa and CDSP acting as a highly
organized set of pressure-dependent mechanical valves not reliably accessed during SC-
directed MIGS procedures §3.7.2.

MIGS procedures that remove the TM also eliminate the tethering or stenting forces that
hold the distal valved system open. The persistence of a distal valved system after MIGS

Prog Retin Eye Res. Author manuscript; available in PMC 2021 July 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Johnstone et al.

Page 36

procedures may help to explain residual distal resistance. However, during the TM’s
removal, some septa at CC entrances can also be torn away, variably exposing some radial
channels distal to the CDSP (Johnstone and Grant, 1973b). Variable exposure of the radially
oriented channels distal to the CDSP may partially explain variability in MIGS procedure
success.

3.8.6. Stroke volume - measure of pump efficiency or failure—In the systemic
vasculature, stroke volume provides a measure of pump efficiency (Levick, 2010). Similarly,
the amount of aqueous entering an episcleral vein with each pulse wave is the stroke volume
delivered from SC to the vein by the aqueous outflow pump. Stroke volume decreases and is
eventually undetectable as glaucoma progresses (Ascher, 1961). The cardiovascular
literature typically discusses principles related to stroke volume efficiency from the heart
and arterial circulation perspective.

However, pulsatile flow optimization in the return loops of the circulation involving veins
and lymphatics are subject to the same principles and functional analysis (Levick, 2010).
Parameters that determine stroke volume provide a framework for placing structural and
functional abnormalities in the eyes of patients with glaucoma. Stroke volume determinates
include choroidal vascular resistance, scleral wall compliance, scleral spur length, ciliary
muscle tension, TM elastance, and EVP (Johnstone, 2006; Johnstone et al., 2010, 2011c¢).
An additional parameter subject to pharmacologic manipulation is the elastance of the
cytoskeletal elements of the endothelial cells that compose the walls of SC inlet valves
(Hariri et al., 2014; Xin et al., 2016, 2017) (Jamil et al., 2010; Martin et al., 2012)abs.

Video imaging at defined frame rates and calibration by a micrometer provides time and
dimension information to calculate stroke volume (Stepanik, 1954). Stroke volume depends
on the efficiency of the pump (Hariri et al., 2014; Xin et al., 2016, 2017). In the outflow
system, it is the aqueous outflow pump that must drive pulsatile flow. Changes in TM
lamellae motion govern changes in stroke volume, which then regulates increases or
decreases in pulsatile aqueous flow. PhS-OCT offers a new ability to measure TM motion
that is the tissue machinery driving the pump. PhS-OCT can measure TM motion in living
subjects (Li et al., 2013) and can quantitate the amplitude and velocity (Xin et al., 2018),
suggesting that the technology holds considerable promise as a tool to manage glaucoma.
(82.3).

4. An aqueous outflow pump — defining technologies span three centuries

4.1. Nineteenth and twentieth century

4.1.1. Slitlamp — crucial technology identified pulsatile flow into the agueous
veins—Histologic studies in the 19th Century resulted in the proposal that IOP control was
at an area of blockage in the region of SC endothelium (Leber, 1873). Slitlamp
biomicroscopy in human subjects is a crucial 20th-century technological advance permitting
clinician-scientists to discover and study flow into the aqueous veins at high magnification
in real-time. The findings challenge Leber’s passive filter hypothesis but instead point to a
pump-like model. The clinician-scientists’ many studies demonstrate that pulsatility is a
salient feature of aqueous outflow and becomes abnormal in glaucoma. Since the observable
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behavior is grounded in physical reality, it provides a foundation for interpreting functional
behavior within the outflow system.

To dispel any doubts, 21st-century digital videography and the internet make direct
observation and verification of pulsatile aqueous outflow available to everyone. Reports in
the early 1970s provided laboratory evidence of a pump mechanism within the outflow
system consisting of a movable wall, compressible chamber, and valved structures
(Johnstone and Grant, 1973a; Johnstone, 1974). Recognition of the connection between the
internal pump components and pulsatile flow in the aqueous veins was slow and awaited a
report thirty years later (Johnstone, 2004).

4.1.2. Gonioscopy - technology identifying pulsatile flow into SC and CC—
Stegmann’s technology uses videomicroscopy, an 80-power microscope, and a large
goniolens that can manually create episcleral vein compression (Johnstone, 2004). Under
direct visual control, just enough pressure is placed on the goniolens to cause blood to enter
SC, but at the same time, manual pressure adjustment with visual feedback creates an
equilibrium that allows entry of aqueous to the canal. The technique effectively changes the
location of oscillatory blood and agueous mixing from the episcleral veins to the SC level.
The pulse-induced ballistic head movement that is obvious at the high magnification
identifies the cardiac pulse timing. Aqueous is the only clear fluid in the outflow system
available to induce these phenomena, ensuring an accurate interpretation of the aqueous
contribution to the findings (Figs. 4 and 5). The same technique permits direct observation
of oscillatory flow in the CC that is synchronous with the ocular pulse.

4.1.3. Manipulation of SC valves in the operating room—Stegmann developed a
technique using his 80-power microscope in the operating room to create a scleral flap and
elevate the outer wall of SC. The elevation of the scleral flap to expose SC causes the
aqueous valves to stretch between the inner and outer walls of the canal. He identifies the
valves as semitransparent tubules with a lumen. He describes properties very different from
collagen because of their ability to stretch and recoil. He elevates the SC inlet valves using a
delicate instrument, stretching them until they finally burst and discharge aqueous from their
lumen.

4.1.4. Dilation of SC: key to a previously hidden world of structure and
function—In the 20th Century, it became apparent that SC dilation is essential to study
outflow system structure and function. In studies in ex vivo eyes without ciliary muscle tone,
the canal is little more than a potential space obscuring crucial structural features and
relationships. /nn vivo fixation of eyes, under conditions of reversed pressure gradients,
opened a window to a previously unseen world of structures within SC (Johnstone and
Grant, 1973a; Johnstone, 1974). Techniques of SC dilation were used to study relations
documented in Figs. 8-12 and 14-17 and 22. Reports of Grierson and Lee confirmed the
advantages of living non-human primates to reveal SC relationships by SC dilation (Grierson
and Lee, 1975b). However, such studies in living primates are unduly complex, and fixation
results in the canal always being full of blood, preventing a direct view of structural features.
Appreciation of structures and relationships required numerous serial sections oriented in
multiple planes. The combination of challenges discouraged ongoing studies.
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In 2000, viscoelastic agents became available that reliably dilate SC while undergoing
fixation. We were pleasantly surprised to find that the viscoelastic then washes out of the
canal after fixation. The discovery allowed us to study topographic relationships by SEM
(Smit and Johnstone, 2000, 2002). Further, SEM studies revealed the SC inlet, outlet valves,
CC entrances, and the compressible ancillary chamber represented by the CDSP (§3.5-3.7).
However, the ability to study motion was still not within our grasp.

4.2. Twenty-first century

4.2.1. OCT study of dynamic motion of outflow structures—We recently
developed a platform to examine and image the outflow tissues’ pressure-dependent motion
using high-resolution OCT (Hariri et al., 2014). We control SC lumen dimensions by
cannulating the canal and attaching the cannula to reservoirs. OCT imaging, coupled with
the ability to change pressure gradients, finally permits varying SC dimensions to study
dynamics of the tissue machinery controlling aqueous flow. OCT is of unique value because
it provides unprecedented details of structures, relationships, and motion that provide an
evolving picture of functional behavior. The techniques also add new, unexpected findings.
Such findings include the ability to observe SC outlet valve leaflet movement controlled by
attachments to the TM and septa movement that controls the CDSP lumen dimensions.

4.2.2. Direct observation of outflow system behavior in unfixed tissue—Using
a similar phenomenological approach to clinical studies, we use the dissecting microscope to
perform manipulations on outflow tissues immediately following death. The technique
provides the means to assess motion in the same sample, both during distention and recoil.
Real-time videography provides a permanent record of structural images (Fig. 4) and motion
(Vid4). It also provides a quantitative mechanism to study tissue structure and motion using
a micrometer scale and time calculations based on frame rates (Fig. 5) (85.3) (Johnstone et
al., 2014a)abs.

Direct observation and manipulation of unfixed tissue eliminate the need for sophisticated,
expensive laboratory techniques that are the province of only a small number of
investigators. Direct observation also circumvents the many assumptions associated with
indirect measurements. SC inlet valves can be particularly challenging to identify because
they are oriented circumferentially in SC and are transparent when viewed against a bright
background under a dissecting microscope. Their presence is not evident during dissections
and in routine histology studies that do not involve SC dilation. A technique described below
permits untrained observers to identify and study the SC inlet valves at the dissecting
microscope without difficulty.

4.2.3. Microscope observation of SC inlet valves, outlet valves, and their
motion—The technique involves preparing radial sections of the limbus ~250 pym in
thickness, taking care to avoid separation of the ciliary muscle from the scleral spur. Blue or
black tape pinned to a paraffin layer in a Petri dish provides a contrasting background for
viewing. Pins, passing through the cornea and sclera, fix the tissue to the paraffin underlying
the background tape. Oblique light then directed at the cornea acts as a light pipe, making all
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outflow structures, including semitransparent ones, visible (Fig. 10) (Vid4) (Johnstone,
2016) (Curtiss et al., 2011)abs (Johnstone et al., 2019)abs.

Forceps place backward tension on the ciliary muscle that transmits to the scleral spur and
the TM lamellae via the trabecular tendons. The TM lamellae attached to both the scleral
spur and ciliary muscle-TM tendons move posteriorly. Tension on the lamellae pulls them
posteriorly and toward the center of the eye causing SC to dilate. The resultant tension
dilating SC creates tension on the SC inlet valves that, in turn, transmits to the SC outlet
valves and septa associated with the CDSP.

Motion, connections, and changing lumen dimensions are easy to visualize in real-time
(Vid5). Pulse waves of fluid from a cannula directed at the TM causes it to distend and
recoil. Gentle suction from a syringe attached to a cannula placed against the TM permits
traction that causes controlled dilation of SC, revealing SC inlet valves, outlet valves, and
their relationships.

4.2.4. Through-corneal viewing of CDSP — clarification, microvascular
casting—The initial recognition of CDSP and their relationships resulted from
manipulations of fresh tissue at the microscope and by reviewing SEM preparations after the
viscoelastic dilation of SC. Each of those techniques used radial or meridional limbal
segments. To better explore the issue in intact limbal segments, we developed a clarification
technique new to ophthalmology involving benzyl alcohol/benzyl benzoate (BABB) (Martin
et al., 2012)abs, and a microvascular casting technique involving SC injections. We also
developed a technique to examine the CC relationship to CDSP using a view through the
cornea’s cut surface (Fig. 18).

The relationship of SC, CC, and CDSP is not evident in microvascular casts viewed from the
corneoscleral surface. The CC connections to the CDSP are in an axial plane lying directly
over the much larger SC cast that is the same color. The axial view does not permit
examining sections at an angle perpendicular to the CC exit from SC. We discovered that
images through the cut cornea provide a view perpendicular to the CC connections to CDSP.

With through-cornea viewing, we found that the CC exit SC in a very consistent plane
relative to the limbal circumference and enter the CDSP at a consistent distance from SC
lumen. We also found that CC regularly enter the CDSP rather than passing directly to the
surface.

The path length along the CDSP is at times short before entering the radial channels.
However, the CC entry site to the CDSP and the distal channels originating from the CDSP
are not directly opposite each other; instead, they are slightly offset. When the septum closes
the CC entrance to the CDSP, the septa can behave in a valve-like fashion preventing direct
flow from the CDSP to the distal pathways even though a direct connection appears visible
when the CDSP lumen is open (Fig. 18).

A single oblique histologic section or one dilated by microvascular casting material may
capture the CC, a slight deviation along the CDSP path, and then the more radially oriented
vessels coursing to the surface. Without a technique able to document their 3D appearance
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perpendicular to the exit site, such oblique sections may lead one to think that aqueous does
not first pass circumferentially along CDSP before entering the more distal radial pathways.
A small angulation that results in wall apposition with CDSP lumen collapse is all that is
necessary to prevent distal flow.

4.2.5. PhS-OCT TM motion studies in ex vivo non-human primates—PhS-OCT
represents a 21st-century technological advance that can measure TM motion at the
nanometer level in whole eyes. The technique differs fundamentally from SD-OCT because
it measures motion instead of microstructure. The technique uses sensitive phase
information within the OCT signals (Wang et al., 2006, 2007; Wang and Nuttall, 2010).
Techniques of SD-OCT do not offer the ability to measure the TM movement from the
sclera’s surface because the movement is often < four um, a resolution the techniques cannot
achieve.

In ex vivo eyes, we mimicked the in vivo ocular pulse using an anterior segment perfusion
system that provides sinusoidal IOP oscillations. Using the PhS-OCT approach developed in
Dr. Wang’s laboratory, we captured real-time video images of dynamic TM movement in
situ. The technique permits correlating 10P with structural motion, TM velocity,
displacement, and strain rate with ~20 nm sensitivity. Simultaneously, the OCT system
images the SC structure (Li et al., 2012).

In the ex vivo eyes, we studied whether physiologic pulse amplitudes can induce TM motion
by mimicking amplitudes (3 mm Hg) and frequencies (60 cycles per minute) found in vivo
under changing pressure conditions. The detected TM movement was highly synchronous
with the experimentally induced ocular pulse and induced TM displacement amplitudes of
3-4 um. Calculations indicated that the amplitude and frequency of pulse-induced TM
excursions into the canal result in enough volume changes to account for the total volume of
aqueous outflow (Li et al., 2012). This study was the first to identify and characterize the
TM’s dynamic real-time pressure-dependent motion.

By using 10P as the independent variable while maintaining a constant pulse amplitude of 3
mm Hg, we identified an exponential decrease in the amplitude of pulsatile TM motion as
IOP increased. Images from the same tissues overlaid with the corresponding SD-OCT
images demonstrated a marked reduction in SC lumen size with progressive apposition
between SC walls (Li et al., 2012).

The findings suggest that as pressure rises, a vicious cycle of decreasing SC size, increasing
IOP, and reduced ability to discharge aqueous by pulsatile mechanisms can develop.
Clinician scientists have articulated recognition of and evidence for such an undesirable
feedback loop (Schirmer, 1969, 1971; Suson and Schultz, 1969). However, the earlier papers
do not address the more complex metric of compromised pulse-dependent TM maotion.

4.2.6. PhS-OCT TM motion studies in humans—~For in vivo use in humans in a
clinical setting, we developed another novel purpose-built PhS-based OCT system (Li et al.,
2013). The captured images contain both structural and phase information. The simultaneous
real-time capture permits displaying color-coded instantaneous velocity and displacement
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data overlaid on structural images for better visualization and interpretation (Xin et al.,
2018) (Fig. 6). The resolution of motion is high enough to identify differences in motion
between the TM’s internal and external regions with good reproducibility.

4.2.7. Aqueous angiography — noninvasive and invasive techniques—
Noninvasive aqueous angiography uses the hemoglobin absorption spectrum to increase the
contrast between red blood cells and the surrounding plasma (Khatib et al., 2019). The
technique is easily adapted for use at the slit lamp in a clinical environment and can provide
real-time high-resolution videos, identify the pulsatile aqueous flow, and quantitate flow
rates.

Invasive aqueous angiography in the operating room is another evolving technology. The
first report described dyes introduced into the outflow system in ex vivo bovine (Huang et
al., 2016a) and human eyes (Saraswathy et al., 2016). The studies provide evidence of the
pulsatile behavior of aqueous flow in vivo in non-human primates (Huang et al., 2017b) and
humans (Huang et al., 2017a).

4.2.8. 21st century — shear stress and nitric oxide in the aqueous outflow
system—Biomechanical coupling through pressure and flow-mediated mechanisms has a
long history of acceptance in the vascular system (Levick, 2000). However, the prevailing
paradigm in the aqueous outflow system literature posits a sufficiently rigid syncytium of
ECM material in the juxtacanalicular space to sustain a steady passive resistance that
regulates both pressure and flow. Aqueous passage through a filter in a geometrically stable
resistance-inducing region, then wide distribution through low resistance pores does not lend
itself easily to an explanation of outflow system shear stress, especially in the distal outflow
system.

The aqueous outflow pump model report in 2004 provided evidence of pulsatile flow speeds
in the outflow system in human eyes like those in the systemic vasculature. The clinical
evidence led to the conclusion that shear stress controlled outflow system lumen dimensions
by mechanisms like those in the systemic vasculature, including recognition of the role of
nitric oxide and endothelin (Johnstone, 2004).

5. Generalizable concepts of homeostasis related to the aqueous outflow
system

5.1. IOP control — immediate biomechanical responses to an IOP change

The aqueous outflow pump behavior illustrates multiple hierarchal but integrated levels of
pressure control that are well-studied in vascular physiology and biomechanics. The control
mechanisms considered in this section posit that aqueous outflow tissue pathways rapidly
deform in response to pressure changes, that the deformation provides sensory input, and
that TM tissue motion is under the control of mechanotransduction mechanisms.

5.1.1. Trabecular tissues exhibit properties of a pressure sensing system—
The inner wall endothelium of SC and the tethered lamellae experience constant pressure-
dependent stress as well as cyclic and transient stresses at physiologic pressures (Coleman
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and Trokel, 1969; Phillips et al., 1992). The TM tissues do not retain a static configuration
while experiencing IOP-induced stress (Figs. 13-15). The SC inner wall endothelial sheet
and the attached TM lamellae respond by moving, demonstrating deformation or strain. The
numerous cytoplasmic processes tether the lamellae to each other, to juxtacanalicular cells,
and to SC endothelium. The tethering creates the tensionally integrated system, as is
indicated by stresses on all the cellular connections. The elastic fiber system is also able to
provide synergistic tensioning.

The tensional integration ensures the distribution of the pressure-dependent stresses from the
SC inner wall endothelium to all the TM’s cellular elements. The connections provide a
tensionally-integrated, preconditioned, prestressed communicating system. The TM acquires
properties like those of a baroreceptor through the close coupling of pressure and
configuration (Johnstone and Grant, 1973a) (Fig. 8).

5.1.2. The pump model — four synergistic short term IOP control
mechanisms

1) Pathway Dimensions Change in Response to Pressure-Sensing Mechanisms: First,
the outflow pathway configuration, tightly linked to the IOP because of its tensionally
integrated and prestressed properties, responds to small IOP changes with substantial
configuration changes. A pressure increase or decrease of as little as 5 mm Hg from the
neutral position seen in hypotony causes SC endothelium to undergo marked distension or
recoil (Johnstone and Grant, 1973a; Johnstone et al., 1980). Enlargement of intertrabecular
and juxtacanalicular spaces increases, providing larger spaces for aqueous flow. Schlemm’s
canal, the SC inlet valves, outlet valves, and CDSP all change pathway configuration to
accommodate increased flow. TM distention may also activate receptors in the scleral spur
region, invoking ciliary muscle configuration changes (Tamm et al., 1994, 19953, 1995b).

2) A Rise in IOP Increases Pulse Amplitude, TM Motion, and Pulsatile Flow: A
second regulatory mechanism is related to the linkage between 10P, pulse amplitude, and
TM motion that determines stroke volume. As 0P rises, pulse amplitude increases linearly.

An increase in pulse amplitude increases TM motion, increases stroke volume (Phillips et
al., 1992), increases aqueous flow, and decreases I0P. A reduction in pressure results in
reduced stroke volume and increased IOP. The linkage provides an intrinsic mechanism of
error detection that can serve to identify deviations and restore optimal pressure.

3) A RIise in IOP Increases TM Distention and Can Open SC Outlet Valves: A third
regulatory mechanism results from the connections coupling the TM and SC outlet valves;
the connections are obliquely or circumferentially oriented within SC (Figs. 15, 16, 19 and
21) (Hariri et al., 2014). As a result of the oblique connections, the TM’s pressure-dependent
outward movement can induce progressive opening of the SC outlet valves as pressure
increases, providing another simple intrinsic mechanical control mechanism to reduce IOP
(Johnstone, 2016) (Fig. 21).

4) Pump Model — Integration of Shear Stress, Nitric Oxide, and Endothelin
Mechanisms: A fourth short-term IOP control mechanism is the shear stress signaling
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system identified in the aqueous outflow pathways. When the flow is too fast, vessel lumen
size increases; when the flow is too slow, vessel lumen size decreases; both responses result
in a return of flow to the homeostatic setpoint. Clinical studies provide extensive evidence of
pulsatile flow into SC, CC, and the aqueous veins from SC; the pulsations in the outflow and
systemic vasculature are synchronous, providing a linkage to shear stress in the systemic
vasculature (Johnstone, 2004; Johnstone et al., 2010; Khatib et al., 2019).

Rodbard’s report was the first to recognize shear stress mechanisms in the systemic
vasculature (Rodbard, 1975). By 2002, textbooks ranging from introductory cardiovascular
physiology to cardiovascular biomechanics contained explanations and illustrations of shear
stress mechanisms (Levick, 2000; Humphrey, 2002). No comparable unifying framework
was present in the outflow literature until the 2004 report describing an aqueous outflow
pump (Johnstone, 2004).

The presence of aqueous flow synchronous with that of the systemic vasculature permitted
the 2004 aqueous outflow pump report to conclude that the outflow system must have shear
stress mechanisms like those in the systemic vasculature, including nitric oxide and
endothelin signaling. The shear stress implications and lumen dimension control were
incorporated as an integral feature of the aqueous pump model of homeostasis and reiterated
in subsequent reports (Johnstone, 2006, 2009, 2014).

Another 2004 report describes the preferential alignment of SC endothelium cells that
correlates with an increase in marginal F-actin in response to shear stress. The authors
conclude through modeling that flow rates like those in the arterial system might be
achievable in SC in the absence of pulsatile outflow mechanisms (Ethier et al., 2004).
Recent laboratory reports support the premise of shear stress dependent nitric oxide
signaling in living murine eyes and ex vivo in the distal pathways of porcine and human eyes
(Stamer et al., 2011; Mcdonnell et al., 2018; Waxman et al., 2018b; Mcdonnell et al., 2020).

5.1.2.1. Conduit-like behavior.: Close to the optimal IOP setpoint, the pump system can
exhibit conduit-like behavior with limited oscillations (Fig. 3) (Vid 3). A similar dual, pump-
conduit behavior is present in the lymphatics (Quick et al., 2007, 2009). Aqueous veins can
exhibit oscillations at the homeostatic set point that involve minimal pulsatile flow. A
progressive increase in 10P elicits larger oscillations in the pulse amplitudes with an
increase in the pulsatile flow until the IOP returns to the previous homoeostatic setpoint, at
which time minimal oscillations are again present (Fig. 3) (Johnstone et al., 2010) (Vid 3).
Medications also induce an increase in stroke volume that persists until IOP decreases to a
new lower medication-dependent setpoint.

5.2. Homeostasis — elastic energy optimization in cells and tissues

5.2.1. Elastance—Elastance is a useful parameter in the eye because the eye is a hollow
organ. Elastance is the ability of a hollow organ to recoil from a distending force; it reflects
the stored 3-D strain energy of the tissues. In contrast, Young’s Modulus describes an
object’s tendency to deform along an axis, its tensile elasticity. Elastance measurements play
an essential role in understanding cardiovascular, pulmonary, and lymphatic physiology
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(Brown and Ditchey, 1988; Gattinoni et al., 2004; Quick et al., 2008). Elastance, also known
as stiffness, plays a central role in the aqueous outflow pump model.

Elastance (E) describes the deformation of the walls of a chamber expressed as a change in
pressure (P) per unit change in volume (V); E = P/V. In an unpressurized hypotonous eye,
aqueous can be infused into the AC until it fills with aqueous, but there is no increase in
pressure on the coats of the eye until that point. The aqueous volume infused before the eye
fills and the coats begin to distend is the unstressed volume V0. Any further volume added
begins to cause distending forces stretching the globe’s walls with a linked rise in IOP. The
volume above VO is the stressed volume (V-V0). SC endothelium behaves as the outer
boundary of such a distensible container, distending, and recoiling in response to 10P
changes (Johnstone and Grant, 1973a). Because the TM lamellae are tethered to the SC
endothelium, they distend and recoil in unison with the endothelium (Hariri et al., 2014).

The volume infused above VO increases the volume of the elastic container defined by the
TM tissues. Within the TM, the TM lamellae’s elastance primarily determines how far the
tissues will distend into SC in response to a pressure increase. Clinical studies demonstrate
that elastance-dependent TM motion is abnormal in glaucoma (82.2.2). Elastance has been
successfully measured in TM tissues by OCT in an ex vivo environment (Fig. 22) (Xin et al.,
2016). Recent PhS-OCT advances permit TM motion measurements in human subjects, a
reflection of elastance, suggesting elastance measurement may be useful in managing
glaucoma.

5.2.2. The equilibrium energy (information) state specifies IOP homeostasis
—An increase in the stressed aqueous volume results in increasing distention of the entire
SC endothelial sheet into SC (Johnstone and Grant, 1973a; Grierson and Lee, 1974a; Lee
and Grierson, 1974; Grierson et al., 1978; Johnstone, 1979). Distention of the sheet results in
the deformation of individual SC endothelial cells and the tethered TM lamellae complex
(Johnstone, 1979). Tissue and cellular deformation are a manifestation of the cell’s storage
of elastic energy, a form of potential energy. At physiologic pressures, the tissues and cells
maintain a pressure-dependent steady-state deformed configuration. When the tissues and
cells experience increased deformation in response to an increase in compartment volume,
they accrue added elastic energy. Tensional integration permits the distending SC
endothelium to activate the TM lamellae’s cytoskeletal linked signaling pathways (Fig. 23);
wall stresses activate integrin-dependent pathways involving cadherins, focal adhesions, and
stress-sensitive ion channels. The stress-induced cellular deformation also causes
rearrangement of the cytoskeletal elements, including the intermediate filaments attached to
the internal surface of the nuclear envelope (Sims et al., 1992).

When IOP increases during pressure oscillations, the TM tissues deform and accrue
increased pressure energy (Fig. 24). As the tissues recoil in response to lower pressure, the
tissues and cells release the accrued elastic energy. The TM lamellae and the sheet of SC
inner wall endothelial are prestressed oscillating around a mean homeostatic physical
position at every instant in the pulse cycle. The tissues simultaneously maintain a vast
information registry, the strain energy in the molecular bonds associated with the elastic
energy-equilibrium setpoint. The setpoint becomes defined in the course of cellular
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differentiation by the evolutionarily determined signaling pathways that specify and
optimize stresses within the cell membrane, cytoskeleton, nuclear envelope, and the
chromatin (Kauffman, 1969a; Mazumder et al., 2008; Mazumder and Shivashankar, 2010).

5.2.3. Instantaneous genomic signaling and responses to IOP changes—The
aqueous outflow system behavior illustrates generalizable behavior present throughout the
vascular system. A hierarchy of tissue, cellular, and chromatin level tensional integration
govern homeostasis in outflow system tissues and cells (Maniotis et al., 1997; Alenghat and
Ingber, 2002; Ingber, 2003a). The nucleus behaves as a load-bearing organelle able to
transmit mechanical clues to the nuclear chromatin by changing its configuration (Dahl et
al., 2008; Snedeker, 2014).

Nuclear intermediate filaments connect the nuclear envelope’s internal surface, the nuclear
lamina, to the nuclear chromatin (Maniotis et al., 1997). The linkage causes the physical
rearrangement of the nuclear chromatin, which it must do when the nuclear envelope
deforms (Dahl et al., 2008), as illustrated by SC endothelium configuration changes (Fig.
25). The connections provide a mechanism to govern genomic regulatory machinery (Sims
etal., 1992).

The nuclear chromatin experiences continuous prestress, providing a mechanism for
instantaneous responses to force-induced changes in cellular configuration. Upon
experiencing new deforming forces on the nuclear membrane, the nuclear scaffold
repositions the chromatin, thereby affecting nuclear prestress resulting in gene activation
within milliseconds. Thus, pressure changes provide an instantaneous contemporaneous
hard-wired signal to the cytoplasm and nucleus of cells throughout the aqueous outflow
system. No iterative signaling mechanism is required. In contrast, chemical signaling caused
by motor-based translocation either along cytoskeletal filaments or by diffusion of activated
regulatory factors takes a few seconds (Hu et al., 2005; Mazumder et al., 2008; Mazumder
and Shivashankar, 2010; Snedeker, 2014).

OCT studies demonstrate that changes in the entire TM-SC endothelium tethered complex’s
configuration occur in milliseconds (Li et al., 2012; Hariri et al., 2014; Xin et al., 2016,
2018). Profound deformation of both the cytoplasm and nucleus of endothelial cells of the
aqueous outflow system occurs in response to such pressure change (Figs. 23 and 24)
(Johnstone and Grant, 1973a; Grierson and Lee, 1975a; Johnstone, 1979). Since cellular
systems elsewhere provide instant, contemporaneous, tissue-wide recognition and response
to cellular deformation, we may reasonably expect the same responses in the aqueous
outflow system, which may be an ideal model for such studies (Fig. 26).

5.2.4. Mechanostat setpoints, boolean networks, boolean attractors, and IOP
—Tissue-wide coordination of motion-dependent responses achieves the complex task of
maintaining orientation, geometry, and composition in three-dimensional space (Ingber,
2003b). In the outflow system, cellular-based connections, tensional integration, and
prestress set the stage for using regulatory mechanisms like those in other tissues (Ingber,
1993; Wang et al., 1993). Cells differentiate to establish an intrinsic cellular tension, a
mechanostat setpoint (Snedeker, 2014). However, the loss of homeostatic strain in tendon-
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like tissue such as the TM lamellae alters the mechanostat setpoint (Arnoczky et al., 2008).
For example, age-related changes in ciliary muscle geometry and contractile properties can
alter the stresses experienced by the TM lamellae (Litjen-Drecoll et al., 1988; Strenk et al.,
2010).

Boolean networks are widely used models for the description of gene regulatory networks
(Kauffman, 1969b). Evolutionary optimized genomic relationships govern setpoints
(Kauffman, 1993). Boolean attractors are basins of attraction that converge to a self-
stabilizing state space representing an optimized condition (Samuelsson and Troein, 2003;
Hopfensitz et al., 2013). A hierarchy of attractors starts with those that maintain the basal
vegetative functions of the cells that connect to higher-dimension trajectories responding to
the environment, eventually converging on an optimized final state directing the overall
behavior of the cell (Huang et al., 2005).

In the outflow system, a combination of wall and shear stress signals can serve as high-
dimensional attractor states (Fig. 26). Elastic energy is a form of potential energy
representing the ability to induce motion (Fung, 1993). All cells maintain internal stresses
that together define the cell’s elastic energy equilibrium. The stresses together define an
intrinsic, massively parallel, massively nested information and communication network
within each cell (Ingber, 1993, 2003a; Wang et al., 1993; Maniotis et al., 1997); such
internal stresses are apparent in SC endothelial cells (Fig. 26) (Johnstone, 1979).

Cells also experience external stresses involving tension resulting from interaction with their
substrate or other cells (Fung and Liu, 1993; Fung, 1993). External stresses are apparent in
cytoplasmic and nuclear deformation at cytoplasmic processes origins of SC endothelial and
juxtacanalicular cells (Figs. 23 and 24) (Johnstone, 1979). When external stresses cause the
elastic energy state to change in a tensionally integrated cellular network, every cell’s
prestressed genome instantaneously updates (Kauffman, 1993; Maniotis et al., 1997,
Pomerance et al., 2009). Genomic mechanisms specify cellular elaboration of ECM material
that permits outside-in signaling between cell adhesions molecules and cytoskeletal
networks (Wang et al., 1993; Geiger et al., 2001; Ingber, 2002, 2003b). The ECM interaction
with the cytoskeleton feeds back to the nuclear membrane and adjusts chromatin prestress
and genomic regulation, providing an iterative mechanism to maintain the tensional
integration of cellular and ECM components.

The elastic energy state space can serve as a Boolean attractor organizing high-level control
of vascular behavior. In contrast to linear electrical and chemical means of communication
provided by neural connections, mechanical communication of stress-related information is
instantaneous, massively parallel, continuously updating, and specifies a tissue-wide
information state. Maintenance of 1OP in a narrow range may provide an example of how a
genomically controlled elastic energy state acts as an organizing framework for homeostasis.
Changes in elastic energy are measurable by assessing elastance curves, which high-
resolution OCT can now generate in the aqueous outflow system (Xin et al., 2016).
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6. Future directions and summary

The study of the integrated machinery of the aqueous outflow pump requires a
multidisciplinary approach assembling expertise in tissue morphology, physiology, systems
and cell biology, pharmacology, as well as tissue and cellular biomechanics. Signaling
pathways linking sensory and motor behavior are essential to a deeper understanding of
regulation. The conceptual model we propose places the aqueous outflow pump within the
systemic vascular framework, where it is subject to known considerations of cardiovascular
and lymphatic physiology.

How does the aqueous outflow pump malfunction in glaucoma? New techniques that can
identify and monitor abnormalities of aqueous outflow pump motion in glaucoma can be
expected to yield worthwhile insights. Identification of previously unknown I0P control
mechanisms and new therapeutic targets offers the possibility of new medications and laser
interventions. Surgical innovations can shift from removing or bypassing the TM to
restoring pump function without damaging the eye’s natural machinery for regulating
aqueous outflow.

The ciliary muscle is a crucial regulator of resistance to aqueous outflow. Studies in eyes
retaining intact TM-ciliary muscle relationships may reveal how medications affect
synchronous behavior beyond what is known from studying the tissues in isolation. In vivo
observations in human subjects in the context of a functioning cardiovascular system in
healthy and glaucomatous eyes will be valuable next steps. Such studies are likely to yield
insights into physiology, pathology, and medication effects that may be missed or
misinterpreted by studying the tissues in isolation.

Nocturnal IOP elevation may result from reduced stroke volume due to reduced nighttime
blood pressure and the absence of transients such as blinking and eye movements. Episcleral
venous pressure, as well as ciliary body and choroidal volume differences, may affect the
pulse amplitude and effective stroke volume in the supine position. PhS-OCT studies may be
useful to study differences in pulsatile motion in the supine and upright positions.

A world of anatomy, physiology, and biomechanical properties is unveiled by techniques
that dilate SC revealing the SC inlet and outlet valves and their synchronous motion. SEM
following viscoelastic dilation of the canal provides unparalleled views of the aqueous
outflow pump apparatus, allowing direct observation of the effects of surgical manipulations
and medications. SC cannulation with experimentally controlled changes in SC pressure can
be done while simultaneously imaging with PhS-OCT. The approach permits real-time
investigation of the aqueous drainage system’s synchronous motion under the influence of
medications or following surgical manipulations of the TM and ciliary muscle.

We suspect that the septa overlying the CDSP subserve a valve-like function. Their position
is controlled by a balance between SC pressure gradients and their attachments to the TM.
When pressure gradients favor compression of the CDSP lumen by the septa, aqueous
cannot pass through the CC to the CDSP or leave the CDSP via the more distal radial
channels. However, their role warrants further study. The role of the septa and CDSP can be
elucidated by microscopy in fresh tissue, SEM after SC dilation by viscoelastic, and

Prog Retin Eye Res. Author manuscript; available in PMC 2021 July 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Johnstone et al.

Page 48

microvascular casting with clarification. Real-time studies of the distal system can be done
in the laboratory with high-resolution SD and in the clinic with PhS-OCT.

PhS-OCT captures the TM lamellae’s motion, a biomechanical property we propose is
responsible for maintaining 1OP homeostasis. Cross-sectional clinical studies are needed to
determine how effectively PhS-OCT can differentiate normal from glaucomatous TM
motion. Longitudinal studies are also needed to see how effectively OCT can track
progressive deterioration of motion that may indicate a need for therapy escalation. The
ability of PhS-OCT to assess medication effectiveness warrants study, especially since
several outflow medications restore pulsatile flow within an hour. The rapid pharmacologic
response suggests that same-day test-retest results with PhS-OCT may identify medication-
induced TM motion changes indicating a meaningful pharmacologic response.

Cataract surgery lowers IOP while altering TM-ciliary body geometric relationships and
vector forces, as revealed by high-resolution MRI. This effect on the ciliary muscle is like
that of pilocarpine, a drug that alters ciliary muscle geometric relationships and tension; at
the same time, the drug restores pulsatile flow and lowers IOP within the duration of its
action. These observations offer clues into ways to stent and modulate tension on the
capsular bag/zonular system to increase ciliary muscle tension and improve outflow. A novel
surgical approach could take the form of spring-loaded split ring capsular implants designed
to adhere to the peripheral capsular bag. Once the rings were adherent, heat shrinkage of the
spring-loaded region with a laser could adjust zonular tension and vector forces on the
ciliary muscle. Scleral expansion approaches and new surgical techniques to tension the
ciliary muscle are also possible.

Micropulse laser cyclophotocoagulation can alter TM-ciliary muscle tension. Video of
Micropulse Effects (Vid8) 1-s2.0-S1350946220300896-mmc8.mp4 It would be a welcome
addition to the therapeutic armamentarium if the transcleral laser procedure could achieve
modest but persistent tissue shrinkage without pilocarpine-like side effects. Systematic
clinical and laboratory studies are needed to optimize delivery parameters involving the
general approach (e.g., sweeping vs. static applications) and device design (e.g., probe tip
focusing properties, duration, wavelength, duty cycle, and the relationship between power
and duration). Controlled laboratory studies may be valuable for establishing useful clinical
parameters.

In summary, this article reviews evidence that the aqueous outflow system functions as a
pump-conduit system to regulate aqueous outflow by mechanisms like those in the
cardiovascular and lymphatic systems. Clinical evidence includes direct observation of
pulsatile flow into SC, collector channels, and aqueous veins. Laboratory evidence includes
pressure-dependent TM motion that changes the dimensions of SC, and direct conduits from
the TM into SC that functionally behave as SC inlet valves. Hinged flaps or leaflets at CC
entrances connected to the pressure-responsive TM can act as outlet valves and respond to
IOP changes.

In the proposed pump model, a hierarchy of structural elements acts synchronously,
providing an exquisite mechanism to control IOP. This model is different from the proposal
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of regulation of flow by passage through a filtering system. The concept of an aqueous
outflow pump is not new, however. Instead, aspects of the model have been in the scientific
literature for decades. This perspective aims to revisit the idea in the light of more recent
data that extends the model’s framework. We trust that our proposed general construct will
provide fresh perspectives and new realms of exploration pertinent to our shared quest to
understand, diagnose, and treat glaucoma.
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AC Anterior Chamber

AVP Aqueous Vein Pressure

CAS Cylindrical Attachment Structures (a)
CB Ciliary Body

CcC Collector Channel

CCE Collector Channel Entrance (b)

CCO Collector Channel Ostia (b)

CD31 Vascular Endothelial Cell Label
CDSP Circumferentially Oriented Deep Scleral Plexus
CLP Conduit-like Pathway (a)
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Schlemm’s Canal Inlet Valve (a)
Schlemm’s Canal Outlet Valve (c)
Scleral Spur

Transmission Electron Microscopy
TM Lamellae Cytoplasmic Processes

Trabecular Meshwork
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(@), (b), (c), (d), (e) Synonyms used in different publications during evolution of concepts.
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Fig. 1. Cardiac-induced pulsatile agueous outflow mechanisms.
Cardiac source of (a) pulsatile aqueous outflow and (b) resultant pulsatile flow into the

aqueous veins. During systole, the left ventricle contracts, which initiates a pulse wave that
causes the choroidal volume to expand, thus increasing intraocular pressure (I0OP). Increased
I0P causes the trabecular meshwork (TM) to move into the lumen of Schlemm’s canal (SC),
narrowing it. TM movement that narrows the SC lumen increases pressure in SC. Reduced
space and increased pressure in SC favor the pulsatile flow of aqueous from SC into aqueous
and episcleral veins (ESV). Movement creates an aqueous pulse wave and increases aqueous
vein pressure (AVP) during systole. During diastole, choroidal volume decreases, and I0P
falls. The TM recoils, releasing the potential energy stored during systole. TM recoil reduces
pressure in SC, favoring aqueous flow from the AC into SC through SC inlet valves, (b)
Various manifestations of oscillatory pulsatile flow into the episcleral veins are synchronous
with the ocular pulse. Pressure in the aqueous veins falls as SC pressure decreases during
diastole. Episcleral venous pressure (EVP) is then transiently higher than aqueous vein
pressure (AVP) resulting in oscillatory blood entry into aqueous veins. The next systolic
wave causes the AVP to be higher than EVP. From: Johnstone M, Aqueous Veins, The
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Glaucoma Book. New York: Springer, 2010:65-78. Video - Pulsatile Aqueous Vein Flow 1-
$2.0-S1350946220300896-mmc1.mp4).
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Fig. 2. Path of aqueous flow from the anterior chamber to collector channels.
The blue arrows depict the passage of aqueous from the anterior chamber through passages

within the trabecular lamellae that lead into the juxtacanalicular space. From the
juxtacanalicular space, aqueous passes through the lumen of the Schlemm’s canal (SC) inlet
valves, where it flows into SC. From SC, aqueous enters a collector channel (CC) entrance
through an open SC inlet valve. SC endothelium (SCE) is continuous with the SC inlet
valve. The SC inlet valve connections link the TM to the hinged, mobile SC outlet valve.
Ilustration conceived and developed by Antonio Moreno-Valladares (University Hospital of
Albacete, Spain) and Manuel Romera (www.ilustracionmedica.es). Video — SC Inlet Valve
Aqueous Flow 1-s2.0-S1350946220300896-mmc2.mp4).
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Fig. 3. Aqueous pulse wave distance and velocity profile vs. intraocular pressure.
Fig. 1 demonstrates the source of the oscillatory pulse waves found in the aqueous veins.

Aqueous veins show oscillatory aqueous discharge into episcleral veins. Increased stroke
volume increases aqueous outflow, (a, b, ¢, d) Stroke volume responses in a 59-year-old
Caucasian male after an increase in intraocular pressure (IOP) following a water-drinking
test. Outflow medications that reduce IOP have a similar initial increase in the pulsatile flow
until 1OP falls to a new lower setpoint, (a) Baseline IOP: velocity (V) is low. The aqueous
pulse wave travels a short distance (D) with each stroke. Oscillation of a standing transverse
wave results in a systolic discharge of aqueous fluid into a small venous tributary (ST), (b)
Increased distance traveled by the oscillatory aqueous pulse wave, (c) A further increase in
velocity and travel of the aqueous pulse wave. At each systole, a lamina of clear aqueous
discharges into an episcleral vein, (d) Additional velocity increase and increased travel of
the pulse wave. Continuous oscillating laminar flow now occurs in a more distal episcleral
vein. Two hours after drinking water, IOP was again 10 mm Hg, and stroke volume returned
to the appearance in (a). Illustrations from: Johnstone M, The Glaucoma Book. New York:
Springer, 2010:65-78. Vessel Images from Johnstone M, Aqueous Veins, J Glaucoma 13,

421 438, 2004. Video — Stroke VVolume Control of IOP 1-s2.0-S1350946220300896-

mmc3.mp4.
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Fig. 4. Pulsatile agueous flow from Schiemm’s canal into collector channels.
Pulsatile aqueous flow from SC into collector channels and more distal intrascleral channels

in a human subject. Parallel white lines above the trabecular meshwork depict the course of
the flow of blood-tinged aqueous (white arrows). A-C are sequential video frames
encompassing one systolic pulse wave. (Gonioscopic video courtesy of R. Stegmann) From
Grehn, H., Stamper, R., Essentials in Ophthalmology: Glaucoma Il. Springer, Heidelberg,
2006.
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Fig. 5. Pulsatile aqueous flow from the anterior chamber into Schiemm’s canal.
Pulsatile aqueous flow through a Schiemm’s canal (SC) inlet valve in synchrony with the

ocular pulse. Blood reflux into SC creates a red background that is visible through the
transparent trabecular meshwork (TM). The stable background of blood contrasts with the
propagating wave of clear aqueous moving through the SC inlet valve with each cardiac
pulse wave. The aqueous always moves along a constrained path, indicating that the
surrounding tissues determine the course of flow. Dimensions of the aqueous-defined
pathway correspond to those of the aqueous inlet valves seen in laboratory studies. Cyclic
enlargement of the aqueous filled funnel (F) then proceeds to collapse of the funnel as the
propagating aqueous wave moves into the enlarging cylindrical region (C). The propagation
of the pulse wave into the tube-area continues, followed by the closure of the tube-like area
as a stream of clear aqueous is propelled into SC. Ejection of the propagating aqueous
stream into SC results in swirling eddies of aqueous and blood mixing (M) in SC.
(Gonioscopic video courtesy of R. Stegmann) From Johnstone M, An Aqueous Outflow
Pump and its failure in glaucoma, Essentials in Ophthalmology: Glaucoma Il. Springer,
Heidelberg, 2006. Video Flow to SC Through SC Inlet Valves 1-s2.0-S1350946220300896-
mmc2.mp4).
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Fig. 6. Synchrony of color-encoded trabecular meshwork and cardiac pulse.

(A) Representative structural image captured by OCT. (B) Heartbeat signals obtained from a
digital pulsimeter shows the frequency domain positions (red markings). The trabecular
meshwork (TM) motion signal is the filtered frequency domain TM motion (black trace,
synchronized with the heartbeat signal. (C) Color-encoded instantaneous velocity is overlaid
on the structural image. Red indicates anterior tissue movement toward the probe above the
scleral surface. Blue indicates posterior tissue movement toward the anterior chamber.
Tissue source: Human subject. From Xin C, Pulse-dependent TM motion in normal humans

using phase-sensitive OCT. Invest Ophthalmol Vis Sci 59, 3675-3681, 2018.
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Fig. 7. Cataract surgery changes outflow system vector forces, favoring improved outflow.
(A) High-resolution MRI of a 74-year-old. The crystalline lens is present in the right image,

but in the fellow eye of the left image, an artificial lens replaces the crystalline lens. Note the
posterior shift of the ciliary body after cataract surgery. The haptic is perpendicular to the
image and appears black. (B) In vivo composite image showing that life-long lens growth
displaces the uvea anteriorly. Backward movement of the ciliary body induces vector forces
pulling the scleral spur both posteriorly and inward. (C) Intraocular pressure (I0P) before
and after cataract surgery in the Ocular Hypertension Treatment Study. Month 0 is the study
visit that the participant reported cataract surgery, or a randomly selected, corresponding
date in the control group. Error bars are + two standard errors of the mean. (D) Final 10P
changes in combined postoperative years following cataract surgery grouped by presurgical
I0OP (PO is postoperative) (The 8th, 9th, and 10th year pooled data represents the 144
patients.) (A), (B) and (D) from Poley B, 10P after cataract surgery in open-angle glaucoma.
J Cataract Refract Surg 35,1946-1955, 2009, (C) from Mansberger S, IOP after cataract
surgery, Ophthalmology 119, 1826-1831, 2012.
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I10P.= 25
EVP~ 8

Fig. 8. Pressure-dependent configuration of the trabecular meshwork, and scleral spur.
Images (A), (B), (C) depict the tissue configuration with intraocular pressure (I0P) &

episcleral venous pressure (EVP) as indicated. (D) Primate eye fixed in vivo at IOP of 25
mm Hg and normal EVP. (E) Fellow eye of (D) fixed in vivo with an IOP of 0 mm Hg and
normal EVP. White arrow in (E) indicates the SC inlet valve suspended in the canal with the
valve connections to the TM and external wall identified in serial sections. These
experiments were the first to recognize 10P as the cause of “giant vacuoles” that deform not
only SC inner wall endothelial cells but also the trabecular meshwork (TM) lamellae. The
scleral spur (SS) and ciliary body (CB) undergo marked changes in configuration, moving
outward as IOP increases. Cellular connections, depicted in (A) between the TM,
juxtaeanalieular cells, and SC endothelium, provide tethering of SC inner wall to prevent it
from collapsing into SC. Tissue source of (D) and (E): Primate, Macaca mulatto. Adapted
from Johnstone M and Grant M, Pressure-dependent changes in structure of the aqueous
outflow system. Am. J. Ophthalmol 75, 365-383, 1973.
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Fig. 9. Connections attach the Schlemm’s inner wall to the trabecular lamellae.
(A) Cytoplasmic processes (black arrows) of juxtaeanalieular cells (asterisks) in the

juxtaeanalieular space (JCS) link Schlemm’s canal endothelium (SCE) to the underlying
trabecular beams of the trabecular meshwork (TM). (B) Arrows depict the source of the
pressure gradient originating from the anterior chamber (AC). SCE cell cytoplasmic
processes attach to juxtaeanalieular cell processes. Juxtaeanalieular cell processes also attach
to cytoplasmic processes arising from the endothelium covering the trabecular lamellae. This
arrangement provides a mechanism anchoring the inner wall endothelium of Schlemm’s
canal to the lamellae. Intertrabecular cytoplasmic processes also maintain contact between
adjacent lamellae. The continuous pressure gradient between the AC and SC permits the
cytoplasmic attachments to tensionally integrate the structural elements of the trabecular
meshwork, providing tissue and cellular prestress. (A) Tissue source: Human. From
Johnstone M. The aqueous outflow system as a mechanical pump: evidence from
examination of tissue and agueous movement in human and non-human primates. From: (A)
J Glaucoma 13, 421-438.
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Fig. 10. Outflow system response to ciliary muscle tension: Motion observations.
Ciliary body tension on outflow pathways in a radial limbal segment (~2 mm thickness).

Forceps tension moves the ciliary body (CB) posteriorly to simulate ciliary muscle
contraction on the scleral spur (SS), and trabecular meshwork (TM). Green arrows indicate
A) no CB tension, B) moderate CB tension, and C) increased CB tension. Concurrent
phenomena demonstrate a highly interconnected system with structures moving in
synchrony. As tension increases, the CB-TM tendon interface moves posteriorly, (dotted red
outline). The scleral spur also rotates posteriorly and inward toward the AC. TM lamellae
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attached to both the scleral spur and the ciliary body move posteriorly and elongate (double-
headed red arrows). The TM lamellae are anchored anteriorly to Schwalbe’s line. The
lamellae move inward with a fan-like motion enlarging the more posterior intertrabecular
spaces with minimal movement near SL (double-headed green arrows). Intertrabecular
spaces between the parallel layers of the TM lamellae communicate directly with the face of
the ciliary muscle and the TM-CB tendons. Oscillatory TM lamellar excursions, more
substantial in the posterior than anterior spaces of the lamellae, will ensure constant
oscillatory aqueous movement toward and away from the ciliary tendons and muscle.
Translucent cylindrical structures, the SC inlet valves, arise from SC inner wall and cross SC
(white arrowheads) to a septum at the SC external wall (red arrow). As CB tension increases,
the septum moves toward SC, becoming progressively more curved (green arrow). The
septum movement enlarges the lumen of a circumferentially oriented deep scleral plexus
(CDSP) (black arrow). The release of forceps tension results in a rapid recoil from the
configuration in C to that of A. Ciliary body tendinous attachments to the trabecular
lamellae cause them to elongate and remain in a constant state of tensional prestress in vivo.
Tension on the SC inlet valves also places tension on the septa and flaps at CDSP. The
ciliary body tension maintains prestress of trabecular lamellae, SC inlet valves and septa.
The prestress determines the lumen size of SC, CC, and CDSP. The optimized stresses and
lumen size permit the TM to distend and recoil, enabling changes in stroke volume in
response to ocular transients. Normal ciliary muscle tone and loading forces are absent in ex
Vvivo preparations. — Tissue source: primate, Macaca nemestina. From Johnstone M,
Intraocular pressure control through linked trabecular meshwork and collector channel
motion. Glaucoma Research and Clinical Advances: 2016 to 2018. Kugler Publications,
Amsterdam 2016. Ciliary Muscle Effect on Outflow Pathways 1-s2.0-S1350946220300896-
mmc6.mp4.
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Fig. 11. Conduits cross Schlemm’s canal to hinged collector channel flaps.
(A) Scanning electron microscopy image after Schlemm’s canal (SC) dilation with

viscoelastic and fixation. The inner wall of SC rests against several layers of adjacent
collapsed trabecular meshwork (TM) lamellae. Nuclear bulges of endothelial cells are
visible along the SC inner wall. A Schlemm’s canal inlet valve arises from SC inner wall
endothelium and crosses SC to the external wall. The lumen of the inlet valve is continuous
with the juxtacanalicular space of the TM. The SC inlet valve lumen thus provides a conduit
for aqueous passage from the juxtacanalicular space to SC. (B) Anterior segment of the eye
perfused with 500 nm green fluorescent microspheres followed by Schlemm’s canal dilation
with viscoelastic. Confocal microscopy labeling is with DAPI (blue) for nuclei and CD31
(red) for vascular endothelium. The CD31 label identifies continuity of SC inner wall and
SC inlet valve endothelial surfaces. Microspheres fill the intertrabecular spaces. A
Schlemm’s canal inlet valve labeled with CD31 originates from SC inner wall endothelium
and crosses SC to a collector channel entrance (CCE). Microspheres fill the SC inlet valve
lumen from its origin at SC inner wall to its attachment at a CCE at SC external wall.
Passage of microspheres provides evidence that the SC inlet valves can function as a conduit
for aqueous. (C) Confocal microscopy - native fluorescence, SC viscoelastic dilation. An SC
inlet valve initially forms a funnel (FNL) arising from the TM, develops a cylindrical
conduit area, then attaches to the tip of a hinged collagen flap (HCF) at SC external wall. A
Schlemm?’ canal inlet valve has a direct opening to SC (OTC). The OTC is adjacent to a
CCE at the entrance to a circumferential deep scleral plexus (CDSP). Tissue source:
Primates, Macaca nemestrina. From Johnstone Glaucoma Lab, University of Washington.
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Fig. 12. Schlemm’s canal inlet valve attachments to SC external wall at collector channel
entrances.

Scanning electron microscopy images (A, B) are from an eye with an IOP of 4 mm Hg
during fixation. An SC inlet valve has a funnel shaped (FNL) region as it joins the trabecular
meshwork (TM). The funnel region leads to a cylindrical area that crosses SC to attach at
collector channel entrances (CCE). The section in (A) bisects the SC inlet valve lumen of the
conduit-like pathway (CLP), revealing the lumen connection between the funnel-shaped
juxtaeanalieular space and collector channel entrance. Internal structural features are like
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those of the juxtaeanalieular space. (B) A view of the funnel region of a Schlemm’s inlet
valve with a plane of section revealing its surface features as it courses across the canal from
the TM to SC external wall at the entrance of a collector channel. (C) Viscoelastic dilated
Schlemm’s canal (SC) before fixation. The image reveals the conduit-like pathway (CLP) of
the Schlemm’s canal inlet valve as it arises from the TM and attaches to a hinged collagen
flap (HCF) at SC external wall. The inlet valve is bisected, revealing an open distal end in
communication with a collector channel entrance (CCE). Aqueous can flow freely into SC
and CCE through the lumen of the conduit-like pathways. Tissue source: Primate, Macaca
nemestrina. From the Johnstone Glaucoma Lab, University of Washington.
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Fig. 13. Schlemm’s canal inlet valves — transient compression between Schlemm’s canal walls.
Left panel. Following in vivo fixation at 25 mm Hg, radial serial sections track a Schlemm’s

(SC) inlet valve as it courses circumferentially in SC over a distance of 70 um. (A)
Ilustration of Schlemm’s canal inlet valve discharging aqueous into the canal adjacent to a
collector channel. (B) Compression of the same valve in regions of its course along SC. The
pressure-dependent trabecular meshwork (TM) comes into proximity with the SC external
wall causing varying degrees of compression and valve lumen closure throughout the valve
length. The lumen of the inlet valve is at times open as in (A-B), and other times closed as in
(C-D). White arrows identify areas of compression. Frequent closure of SC lumen is an
expected finding in vivo as a result of pressures caused by normal ocular transients (Section
3.8.2) Tissue source: Primate, Macaca mulatta. Right Panel (1) Transient IOP increase from
blinking, eye movement, lid squeezing, or experimental in vivo steady-state IOP of 25 mm
Hg results in the configuration of Panel A (C-D). A TM elastance abnormality may result in
persistent SC closure and elevated IOP. (2) Pump-conduit configuration at homeostatic 10P.
(3) Pressure reversal results in SC dilation and blood reflux. 10P: Intraocular Pressure, EVP:
Episcleral Venous Pressure, SC: Schlemm’s Canal, SCE: SC Endothelium, TM: Trabecular
Meshwork, CC: Collector Channel, JCS: Juxtacanalicular Space, SIV: SC Inlet Valve, SOV:
SC Outlet Valve. Left Panel from Poley B J Cataract Refract Surg 35, 1946-1955, 2009.
Right Panel by Antonio Valladares and Manuel Romera. Video — TM Motion Closes SC 1-
$2.0-S1350946220300896-mmc4.mp4.
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Findings: Avian Red Cells Enter Valve From AC

-

A b .
e R/""\” ‘,*.V" "\V"”:, v E

“
1

—
-
—
\

Fig. 14. Red blood cell tracers fill the lumen of Schlemm?’s canal inlet valves.
Avian red blood cells (arbc) introduced into the anterior chamber (AC) as a tracer in living

Macaca mulatto, monkey eye. (1) The arbc enter and fill a Schlemm’s canal (SC) inlet valve.
(2) Gradual reduction of intraocular pressure (IOP) to 0 mm Hg in vivo causes SC to dilate
and blood refluxes into the canal, because IOP is lower than episcleral venous pressure.
Dilation of SC causes straightening and stretching of SC valves between SC walls enabling
single radial sections to capture their full length. (3) Hllustration of serial radial sections
along a Schlemm’s canal inlet valve length. (4) From left to right: (A-D) are representative
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serial histologic sections encompassing the entire width of a Schlemm’s canal inlet valve
depicted in (3). The endothelial lining (ET) of the SC valve is continuous with SC inner wall
endothelium. The SC inlet valve spans across SC to attach to the corneoscleral wall (CSW).
Avian red blood cells are present in the trabecular meshwork, and the juxtacanalicular space.
In a central section through a Schlemm’s canal inlet valve, red cells fill the length of the
lumen, as shown in C. In 4B and 4C, note the two collagenous supporting structures at the
SC valve distal end with a narrow space where they meet. From Johnstone M, The aqueous
outflow system as a mechanical pump, J Glaucoma 13, 421-438, 2004.
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Fig. 15. Schlemm’scanal outlet valve hinged flaps and trabecular meshwork connections.
(a—f) A cannula inserted into the Schlemm’s canal (SC) lumen attaches at its other end to a

reservoir controlling hydrostatic pressure within the lumen. A laboratory-developed high-
resolution SD-OCT system permits a detailed examination of the TM, SC, and collector
channels (CC). Images result from orienting the tissue volume to optimally view the hinged
collagen flaps (red asterisks) at the CC entrances. A reservoir maintains a height providing
SC lumen with a steady-state pressure of 50 mm Hg. The hinged collagen flaps provide
mobile valved leaflets at the collector channels entrances. The hinged flaps attach to the TM
by the SC inlet valve appearing as thin cylindrical attachment structures (CAS) (black
arrows) spanning SC. Note that despite SC dilation, the oblique orientation of the SC inlet
valves persists (black arrows). Some sections through the CAS reveal the Schlemm’s canal
inlet valve lumen (green arrows) consistent with the dual role as conduits and connections
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between the TM and the SC outlet valves. Tissue source: Primate, Macaca nemestrina. From
Xin C, Mechanical Properties of the TM and Collector Channels, PLoS One 11, e0162048,
2016.
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Fig. 16. Synchronous lumen dimension changes of Schlemm’s canal and collector channels.
(A) Representative 3-D reconstruction of the entire length of a limbal Schlemm’s canal (SC)

region obtained from stitching five tangential sections together. The image plane is
perpendicular to the canal circumference. The SC inlet valves appear as structures spanning
between the walls of SC (yellow arrows). Purple and green arrows show collector channel
ostia (CCO). Blue arrows show entrances of circumferentially oriented deep scleral plexus.
Asterisks mark septa that divide SC from the circumferentially oriented deep scleral plexus
(CDSP) parallel to SC. The tilted section shows different levels in the height of SC, thus
exhibiting differing relationships. (B) Representative two-dimensional (2-D) structural OCT
and scanning electron microscopy (SEM) images from the limbal region of an eye. (a) OCT
image with the cannula inside SC (arrow). (b) At a location, ~150 pm away from the
cannula tip before infusion of perfusate to raise pressure. Arrows identify SC as a potential
space with no lumen, (c) shows the maximally dilated appearance at the same location
resulting from a bolus of aqueous. Images (d) and (e) are representative SEM images from
the limbal region. The SEM and OCT images mirror each other in illustrating the structural
features of the outflow system. Original SEM images: 337x magnification. The image in (d)
shows a collector channel entrance or ostia (CCO). A septum present at the CCO is attached
to the TM by a Schlemm?’s canal inlet valve, which is labeled here as a cylindrical crossing
structure (CAS). Image (e) is the adjacent section from the same segment showing the
transition from the region of a CCO in (d) to the circumferentially oriented deep scleral
plexus (CDSP). The CDSP is labeled as a collector channel in (d), (e), (f) because
publication of these figures was before recognition of CDSP as unique entities. The image in
() is a 2x enlargement of (c). CM, ciliary muscle. (C) Enlarged view of (f) in image (B)
identifying the location of measurements in D. (D) Progressive increase in the height of SC,
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CC, and CAS with time during SC filling with a bolus of aqueous from a reservoir. SC
(black curve), CC (red curve), Schlemm’s canal inlet valves (here labeled as CAS) (blue
curve). Tissue source: Primates, Macaca nemestrina. From Hariri S, Pressure dependent TM
motion with high-resolution OCT, J Biomed Opt 19,106013 1-10601311, 2014. Video -
Linked TM and CC Motion 1-s2.0-S1350946220300896-mmc5.mp4.
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> Fig. 17. Schlemm’s canal outlet valves: Pressure-dependent appearance.
=1 In vivo fixation, while maintaining an IOP in (A) of 0 and (B1-B3) of 25 mm Hg. Images in
3 serial sections of (B1-B3) illustrate the transition from a collector channel entrance to a
= circumferentially oriented deep scleral plexus (CDSP). Hinged collagen flaps (HCF) at
g collector entrances (CCE) are free at one end. The HFC can move freely in response to TM
5 movement induced by pressure changes, thus permitting them to have a pressure-dependent
%. valve-like function at CCE. In (B2 and B3), a long septum (S) separates SC from a
- circumferentially oriented deep scleral plexus (CDSP). In (A and C), a HCF is far from the
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corneoscleral wall (CSW) of SC. The next serial section, not shown but depicted in C,
contains a transcanalicular attachment extending from the TM to the tip of the HCF. In
image (B1), the hinged collagen flap at the entrance to a CCE is in apposition (App) to the
CSW. Collagen fibers at the base of the hinge in (B1-B3) are circular running orthogonal to
the plane of section, but are parallel in the hinged septum, providing a pivot point for
motion. Septa dividing SC from CDSP are collagenous structures and differ from the
aqueous valves that are transcanalicular endothelial-lined conduits spanning SC. Features of
images (C and D), derived from (A) and (B), are color-coded as follows: Red, blood, blue,
aqueous; green, hinged collagen flap; yellow, cylindrical attachments connecting to TM.
Note blood in (B1) and (D) distal to the HCF. The apposition of the HCF to SC external wall
prevents blood from entering the canal. (E) Ex vivo fixation of human eye at IOP of 50 mm
Hg with TM distending or herniating into SC at a CC entrance at a fusiform dilation (FD) of
SC external wall. A long HCF is present at the CC entrance. Tissue source: Primate, Macaca
mulatto. From Johnstone, Howe Laboratory of Ophthalmology, Harvard Medical School
1972. Video - CC Open and Close 1-52.0-S1350946220300896-mmc7.mp4.
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Fig. 18. Circumferentially oriented deep scleral plexus visualization.
A microvascular cast of the outflow system. (A). The trabecular meshwork (TM) is between

the black curved line and the orange Schlemm’s canal (SC) cast. White arrows indicate the
location of collector channels (CC) arising from SC and connecting to a circumferentially
oriented deep scleral plexus (CDSP), as is indicated by a thin dashed red line. The CDSP
forms a relatively continuous communicating ring adjacent and parallel to SC. Intraseleral
vessels exit the CDSP and pass through the sclera (blue arrows) to the surface of the eye
where episcleral and aqueous veins are visible. Between SC and CDSP are long, thin layers
of collagenous tissue that appear as septa in histologic and OCT sections. OCT and direct
observation at the dissecting microscope reveal that the thin septa move in response to
ciliary body tension and pressure gradient changes within SC. Septa movement causes the
lumen of the CDSP to open and close, thus functioning as a pressure-dependent
compressible chamber. (B) Schematic illustration from the microscope view through the cut
corneal surface that reveals the uniform angle of exit of the CC from SC. A view of casts
from the surface of the corneoscleral interface does not provide a view perpendicular to the
sites where CC exit SC. The view looking along the axis of the exit sites inadvertently gives
the impression that the collector channels course directly from SC to the episcleral veins. By
looking through the cut corneal surface (C), the view is perpendicular to the CC exit sites as
in (D), which is the orientation shown in the microvascular cast in (A). The orthogonal view
(E) makes the typical CC connections with the CDSP apparent. Tissue Source 78-year-old
Caucasian male. From Johnstone Glaucoma Laboratory, University of Washington. Review
Video in Fig. 16 — CDSP Open and Close 1-52.0-S1350946220300896-mmc5.mp4.
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Fig. 19. Aqueous pump model incorporating valves and compressible chambers.
From the resting state in diastole, systole induces an intraocular pressure (IOP) rise, causing

an ocular pulse wave in the anterior chamber (AC). The trabecular meshwork (TM) distends
as 0P rises. TM distention causes Schlemm?’s canal (SC) to narrow, reducing its volume,
and forcing fluid through the collector channel (CC) entrances into the circumferentially
oriented deep scleral plexus (CDSP). The SC outlet valve entrances close, followed by septa
movement outward forcing aqueous out of the CDSP. During TM recoil in the next diastole,
aqueous flows into the intertrabecular spaces, into SC through the conduits of the SC inlet
valves and into CDSP. The cycle then repeats. The proposed anatomic relationships and
pressure-dependent sequences are provisional and warrant further study. From Johnstone
Glaucoma Laboratory, University of Washington.
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acility.

(A) C);ystalline lens backward movement dilates Schlemm?’s canal (SC) and reduces
resistance. The upper panel is with no lens depression. The trabecular meshwork (TM) is in
extensive apposition to SC external wall (EW), causing the closure of SC lumen (arrow). In
the lower panel, with depression of the crystalline lens, the ciliary body (CB) and scleral
spur (SS) rotate posteriorly, pulling the TM attachments away from SC external wall. The
TM distends, and SC lumen is large. The black arrow demonstrates the SC inlet valve
extending from the TM to a hinged flap at a collector channel entrance. (B) The corneal
perfusion fitting contains a lens-depression device. The CB and SS move backward with lens
depression resulting in the opening of SC. As the lens moves backward, causing CB tension,
resistance falls by over 50%. (C1) No iridectomy. Anterior chamber perfusion forces the
lens backward, resulting in a reverse pupillary block phenomenon. Backward movement
increases zonular tension that transmits to the ciliary body, scleral spur (SS), and TM
tendons. The tension and vector forces cause the scleral spur and TM to move posteriorly
and inward. In (C2) with an iridectomy, pressure gradients equalize between the anterior and
posterior chamber eliminating posterior lens movement, so no tension is exerted on the
ciliary body. (D) Outflow facility experimentally controlled at a series of steady-state
intraocular pressures. The blue curve is outflow facility with no ciliary body tension, as
shown in the C2 protocol. The orange curve is outflow facility with ciliary body tension
resulting from the protocol, as shown in Cl. Pressures in the abscissa need to be adjusted
upward by 8 mm Hg to reflect transtrabecular in vivo pressure gradients because of the lack

Prog Retin Eye Res. Author manuscript; available in PMC 2021 July 21.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Johnstone et al.

Page 90

of episcleral venous pressure in the ex vivo setting. Ellingsen and Grant determined
reduction of outflow resistance from TM removal at each of the pressures noted in the blue
curve of C2. As indicated by the boxed data, an effective IOP of 13, 18, and 33 mm Hg,
trabeculotomy reduces resistance (R) by 14%, 27%, and 75%, respectively. The upward-
pointing blue arrow and asterisk indicate the conditions of Grant’s initial 1958 and 1963
studies. With simulated ciliary muscle tension as in condition C-2, the outflow facility is
initially higher than under condition (C-1). The facility of outflow remains high despite
increasing IOP. The authors conclude that it is an apposition of the TM to SC external wall
that causes increased resistance with pressure. They also reach the conclusion that ciliary
muscle tension prevents SC wall apposition and a decrease in outflow facility. (A) From Van
Buskirk M, Anatomic correlates of changing outflow facility. Invest Ophthalmol Vis Sci 22,
625-632, 1982. (B) From Johnstone, Pump failure in glaucoma. Essentials in
Ophthalmology: Glaucoma Il. Springer, Heidelberg, 2006. C) From Ellingsen and Grant,
IOP and aqueous outflow, Invest Ophthalmol 10: 430-437, 1971.
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Fig. 21. Provisional 2D outflow model for regulation of homeostasis.
(A), (B), and (C) depict cross-sections through the outflow system while (D), (E) and (F)

show global motion in three dimensions (3-D). Aqueous passes through the TM to the
juxtacanalicular space (JCS). From the JCS, aqueous flows through the Schlemm’s canal
(SC) inlet valves into SC. SC outlet valves (SOV), consisting of hinged collagen flaps,
control collector channel entrance (CCE) dimensions. As Intraocular pressure (IOP)
increases from low in (A-D) through the setpoint (B-E) to high in (C-F), the intertrabecular
spaces and JCS enlarge, and SC narrows. In a 3-D view, the SIV, attached both to the TM
and SOV, are oriented circumferentially in SC. Outward movement thus pulls the SOV open.
(B-E) envisions an IOP of 16 mm Hg as an ideal homeostatic setpoint configuration. As IOP
increases in (C-F), the TM moves outward. The SIV experience increased tension, resulting
in increased stress on the SOV, causing it to open the CCE further. The CCE enlargement
causes increased aqueous flow; IOP then falls with an associated inward movement of the
TM, restoring it to the setpoint of (B-E). At a low IOP as in (A-D), the CCE is closed,
reducing flow. Reduced flow increases IOP causing the TM to distend, thereby returning
tension to the setpoint in (B-E). IOP generates forces causing TM tissues to deform and
distend into SC. TM elastance properties balance the distending or loading force of IOP. TM
tissues at the homeostatic setpoint are in an IOP-induced, prestressed, equilibrium state of
deformation. Under homeostatic conditions of IOP > SCP > EVP, gradients favor closure of
the HCF because SCP is higher than EVP. TM tension on the SOV, causes them to enlarge
and optimizes CCE dimensions. Blue arrows in CCE depict changes in the rate of flow.
Black arrow points to CCE. The proposed model is offered for consideration but is
unproven, and its premises are subject to modification or rejection as new evidence emerges.
From Johnstone M, 10P control through linked trabecular meshwork and collector channel
motion. Glaucoma Research and Clinical Advances: 2016 to 2018. Kugler Publications,
Amsterdam.
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Fig. 22. Trabecular meshwork elastance curve.
OCT imaging quantifies the relationship of Schlemm’s canal (SC) pressure and volume over

a range from 0 of 50 mmHg. (a) A composite cross-sectional image permits visualization of
~8 mm of a limbal segment while maintaining a perfusion pressure of 50 mm Hg. The
perfusion pressure dilates SC along its entire length. A cannula is visible in SC at the right
edge of the image. The trabecular meshwork (TM) is superior to the canal. OCT images (b1-
b4) are radial cross-sections through SC. Images demonstrate progressive dilation of the
canal as pressure increases from 0 to 50 mm Hg. (c) Curves represent SC instantaneous
volume and pressure measured at 10 um intervals along the 2 mm limbal segment with
pressures as indicated, (d) Plotting the pressure increase against the SC volume generates an
elastance curve. The curve captures the elastic energy increase resulting from an increase in
SC volume. The increase in potential energy distributes between further TM tissue
deformation and the rise in pressure. The elastance curve provides a means of assessing the
ability of the TM tissues to store elastic energy. Elastance and stiffness are synonymous
terms. Tissue source: Human Eye. From Xin C, Mechanical Properties of the TM and
Collector Channels, PLoS One 11, e0162048, 2016.
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Fig. 23. Synchronous pressure-dependent cytoplasm and nucleus deformation enabled by
tethering.

(A) Images are from transmission electron microscopy following in vivo fixation at an
intraocular pressure (I0OP) of 25 mm Hg with normal episcleral venous pressure (EVP).
Schlemm’s canal (SC) endothelial cell cytoplasmic projections (arrowheads) join
cytoplasmic processes of subendothelial cells (sec) bodies in the subendothelial space (SES).
The terms subendothelial cell and juxtacanalicular cell are synonyms. The terms
subendothelial space and juxtacanalicular space are also synonyms. Nuclei and cytoplasm of
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the SC endothelial cells distend into the SC lumen. The periphery of these distended,
flattened nuclei taper (arrows). Nuclei frequently deform into a hollow-hemisphere shape
and are tilted into many planes, resulting in frontal sections as illustrated by the plane
through AB in the lower-left panel. A corresponding section (AB) in the upper right panel is
a cylindrical nuclear profile surrounding the subendothelial space. The hollow circular
nuclear profile is analogous to the appearance in the areas of cytoplasm that are referred to
as “giant vacuoles.” Cytoplasmic processes originating beneath the nucleus of the
endothelial cells join cone-shaped nuclear projections that appear as an inverted triangle in
cross-sections (np). A cytoplasmic process from an endothelial cell (cpe) traverses the
subendothelial space to join a cytoplasmic process (cps) of a subendothelial cell. f. 4650.)
Tissue source: Primate, Macaca mulatto. (B) SC inner wall endothelial lining mirrors the
appearance seen in the lower panel of (A). It illustrates the cytoplasmic processes that tether
SC endothelium to the trabecular lamellae (TL) through cytoplasmic process connections of
subendothelial cells. (A) from Johnstone M, Pressure-dependent changes in Nuclei,
Ophthalmol. & Vis. Sci. 18, 44-51, 1979. lllustration from Johnstone Glaucoma Lab,
University of Washington.
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Fig. 24. Tethering of Schlemm’s canal endothelium to the meshwork permits cell deformation.
Images from non-human primate eyes following in vivo fixation. Image (A) and (C)
represent the configuration with a positive IOP of 2525 mm Hg. Image group in (B) is the
configuration with zero I0P but normal episcleral venous pressure. The reversed
transtrabecular pressure gradient of 8 mm Hg results in TM collapse, Schlemm’s canal (SC)

> dilation, and altered cellular configuration. (A) Light microscopy. Upper image. Nuclei of

% Schlemm’s canal (SC) inner wall endothelium are flattened and elongated, tapering

Q peripherally toward cytoplasmic elongations. At the origins of endothelial cell cytoplasmic

< processes (cp), the cytoplasm and nucleus (np) of the lining deform toward the

g subendothelial space (SES), creating a triangular projection in the two-dimensional image.

@ The SES and juxtacanalicular space are synonyms. In the lower-left and right images of (A),

g- elongated nuclei (n) have the same shape as the cytoplasm, forming a partial circular profile.

- Distal ends of the nuclei taper, resulting in crescent-shaped structures in section. Sections
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through portions of the distended cells that do not include the nucleus result in cytoplasmic
vacuole-like (V) structures. Triangular-shaped cytoplasmic processes of SC inner wall
endothelial cells extend into the subendothelial space (SES). Depressions are present on the
cytoplastic surface facing Schlemm?’s canal (asterisk) opposite the origin of cytoplasmic
processes consistent with tension exerted on the cell walls at cytoplasmic process attachment
sites. A subendothelial cell (sec) is also known as a juxtacanalicular cell, (scale bar = 5 pm;
ah x2000.) In image (C), left panel, scanning electron microscopy demonstrates an
endothelial cell (e), forming a hemispherical profile. A cytoplasmic process (fe) originates
from the endothelial cell and attaches to a subendothelial cell. A second process (ft) arises
from another surface of the same subendothelial cell and joins a trabecular lamella (tl). In
image (C) right panel, a cone-shaped area (cp) of the undersurface of the endothelial cell
becomes a cylindrical cytoplasmic process (fe) as it extends to the subendothelial cell, (scale
bar = 0.5 um; left panel (x10,000); right panel, (x12,000). (B) Reversed transtrabecular
pressure gradient of ~8 mm Hg. Transmission electron microscopy. Nuclei of the endothelial
cells (ec) are rounded and bulge prominently into Schlemm’s canal lumen. Subendothelial
cells are generally round. The nuclei have many deep nuclear folds (nf) and notches (nn);
Endothelial cell junction (cj). (scale bar = 2 pm; x4650.) (D) Schematic illustration of an
endothelial cell (ec) lining Schlemm’s canal. The SC endothelial cell with its cytoplasmic
processes attaches to a subendothelial cell (sec), which in turn attaches to a trabecular
lamella (tl) via cytoplasmic processes. From Invest. From Johnstone M, Pressure-dependent
changes in Nuclei, Ophthalmol. & Vis. Sci. 18, 44-51, 1979.
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Resisting Fssue responses to I0P-induced tssua loading forces

Fig. 25. Tethering enables sensory signaling through cell deformation.
Cellular connections link the structural elements of the trabecular meshwork (TM). The

cytoplasmic process tethering function permits Schlemm’s canal endothelial cell
deformation. Left Panel Schlemm’s canal endothelial cells (SCE) have processes (SCP) that
project into the juxtacanalicular space and attach to juxtacanalicular cell processes (JCP).
JCP attach to trabecular lamellae endothelial cell processes (TIP), linking SCE to the
trabecular lamellae. Trabecular lamellae endothelial cell cytoplasmic processes connect to
adjacent trabecular lamellae cell processes. SC endothelial cell bodies, nuclei, and
cytoplasmic processes undergo progressive deformation in response to progressive IOP-
induced loading forces. The tethered trabecular lamellae limit SC inner wall endothelium
distention by countering IOP-induced SCE loading forces. Spaces between the resisting
trabecular tissues progressively increase as IOP increases. At physiologic pressures (baseline
IOP), tensional integration is present throughout the trabecular tissues. 10P loading forces
presented to SCE distribute throughout the TM lamellae as a result of the tethering
cytoplasmic processes. The tensioned network allows finely graded responses to transient
increases in IOP. Such force-dependent mechanotransduction mechanisms are like those
elsewhere in the vasculature. Right Panel Detail of SC inner wall endothelium shown in
panel one. The images in (A), (B), (C) depict alterations in cell surface membranes,
organelles, nuclear envelope, nuclear intermediate filaments, and chromatin resulting from
physiologic changes in IOP. The prestressed, tensionally-integrated chromatin permits
instantaneous sensing of IOP changes at the genomic level. Pressure-dependent deformation
of the cytoplasm, nucleus, and chromatin thus provides mechanotransduction signals to
restore homeostatic setpoints (Section 5). The left panel is from “Aqueous Outflow

Prog Retin Eye Res. Author manuscript; available in PMC 2021 July 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Johnstone et al.

Page 98

Overview, Diagnosis and Therapy of the Glaucomas. Mosby, St. Louis, 22-46, 2009”. Right
panel from Johnstone Glaucoma Lab, University of Washington.
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Fig. 26. Elastic energy equilibrium: Focal point for vascular homeostasis.
During differentiation, each cell type establishes unique, evolutionally optimized cellular

stresses that determine internal structure and responses to external stimuli. The stresses
establish and define an optimized elastic energy setpoint or equilibrium (Section 5.). The
elastic energy setpoint provides a governing framework for the way the twin sensory stimuli
of cellular deformation and shear stress interact, thus coordinating mechanotransduction
events that maintain homeostasis. (A) Vascular endothelial cells sense changes in their
lumen volume by force-induced deformation of their shape; (B) the same cells sense flow
changes by monitoring shear stress on their walls. The aqueous outflow system behavior
illustrates how cell deformation and shear stress provide feedback loops in the vasculature
that maintain volume and flow homeostasis. Increased pressure induces instantaneous
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increases in cellular deformation that act as a sensory signal. Cellular deformation or strain
causes the cell membrane, cytoskeletal elements, organelles, nuclear membrane, nuclear
intermediate filaments, and attached chromatin to all alter their configuration. Cell and tissue
constituents respond to the signal by adjusting the tissue and cellular elastance. The altered
elastance restores the elastic energy equilibrium that ensures appropriate tissue distension
and recoil. Shear stress detects flow. With a constant volume flowing through a vessel,
narrowing of the lumen increases flow, resulting in higher shear stress; the increase initiates
responses in cells, contiguous extracellular matrix, and muscle in the vessel walls that lead
to enlargement of the lumen. Lumen enlargement restores the lumen dimensions and linked
shear stress to an equilibrium. Volume changes that induce cell wall deformation and shear
responses work in unison to achieve the same homeostatic cell and vessel wall endpoint.
From Johnstone Glaucoma Lab, University of Washington, Adapted from Johnstone M, The
aqueous outflow system as a mechanical pump: J Glaucoma 13, 421-438.
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