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ARTICLE INFO ABSTRACT
Article history: In glaucoma, lowered intraocular pressure (IOP) confers neuroprotection. Elevated IOP characterizes
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meshwork (TM), a filter-like structure essential to regulate AH outflow, may result in the impaired
outflow. Flow through the 360° circumference of TM structures may be non-uniform, divided into high
and low flow regions, termed as segmental. After flowing through the TM, AH enters Schlemm's canal
(SC), which expresses both blood and lymphatic markers; AH then passes into collector channel en-
trances (CCE) along the SC external well. From the CCE, AH enters a deep scleral plexus (DSP) of vessels

gﬂﬂi that typically run parallel to SC. From the DSP, intrascleral collector vessels run radially to the scleral
Trabecular meshwork surface to connect with AH containing vessels called aqueous veins to discharge AH to blood-containing
Segmental outflow episcleral veins. However, the molecular mechanisms that maintain homeostatic properties of endo-
schlemm’s canal thelial cells along the pathways are not well understood. How these molecular events change during
Collector channels aging and in glaucoma pathology remain unresolved. In this review, we propose mechanistic possibilities
Deep scleral plexus to explain the continuum of AH outflow control, which originates at the TM and extends through col-
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lector channels to the episcleral veins.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Contents
1. Introduction . PPN ¢ [0
11 Glaucomaandaqueoushumoroutﬂow Ovemew PP 0 [
1.2, AQUeous hUMOT fUNCLIONS ... ...ttt ettt ettt et e et et e e et ettt e e e e e e e e e et e ettt e e ettt e ie e e 00
1.3. Pathways through the AH oUtfloW SYSEEIM .. ... iututn ettt ettt ie e et iee e tiee e eiiaeeenineeennneeenan. .. 00
14. Article goals .. PP 0 [
2. TrackmgpulsatlleaqueousﬂowfromtheTMtotheeplscleralvems PR 0 [
2.1.  Pulsatile aqueous outflow patterns ........... PR 00
2.2 0C1'1magmgofTMandCCEwallmotlonprowdespulsatlleﬂowcorrelates PP 0 [
3. Pulsatile aqueous outflow and tissue motion: implications for IOP regulation ............ ..ottt 00
3.1. Pulsatile flow requirement fulfilled by the outflow system .............oouiiiiiiiiiiii it s ittt e i, 00
3.2, Valve-like INIetS £0 SC ...ttt ettt e e e eea.. 00
3.3, Valve-like outlets from SC ... ...ttt et et e e e e e, 00

* Corresponding author. Department of Ophthalmology & Bascom Palmer Eye
Institute, 1638 NW, 10th Avenue, Room 707A, University of Miami, 33136 Miami,
USA.

E-mail address: sbhattacharya@med.miami.edu (S.K. Bhattacharya).

http://dx.doi.org/10.1016/j.preteyeres.2016.12.004
1350-9462/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Please cite this article in press as: Carreon, T., et al., Aqueous outflow - A continuum from trabecular meshwork to episcleral veins, Progress in
Retinal and Eye Research (2016), http://dx.doi.org/10.1016/j.preteyeres.2016.12.004



http://creativecommons.org/licenses/by/4.0/
mailto:sbhattacharya@med.miami.edu
www.sciencedirect.com/science/journal/13509462
http://www.elsevier.com/locate/prer
http://dx.doi.org/10.1016/j.preteyeres.2016.12.004
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.preteyeres.2016.12.004
http://dx.doi.org/10.1016/j.preteyeres.2016.12.004

2 T. Carreon et al. / Progress in Retinal and Eye Research xxx (2016) 1-26
3.4. Pulsatile flow similarities between lymph and aqUeoUS . ............iininiii ittt it et i, 00
4, Sites of resistance regulate AH flOW . ... ..ot ittt et e e e e e 00
4.1.  Proximal and distal resistance ................. .. 00
4.2. Distal resistance: distal to the TM or SC? . e . 00
4.3. Experimental perfusion studies 1dent1fyr351stance 51tes PP 0 [ 0]
431. Chamber deepening during perfusion ........ . 00
43.2. Experimental removal of the TM orSCexternalwall followed byperfusmn PP ¢ [0
44. Evidence indicates distal resistance occurs within the inner third of the sclera .................ccoiiiiiiiii i, 00
4.5. CCE geometry, mobility and questions of resistance/regulation
4.6. Collagen-encased ISCC as @ TeSISTANCE SItE . ... ...uttter ettt e e et et et e et et e e e et et ettt e it e et ittt ie e
5.  Visible outflow system abnormalities in glaucoma patlents
5.1. Pulsatile flow abnormalities .............ooiuiiiiiii i e
5.2.  TM motion abnormalities in glaucoma.. ..
5.2.1. Histology studies following in vivo ﬁxatlon w1th IOP < EVP .. 00
5.2.2. Gonioscopy studies when EVP is greater than IOP in vivo in normal humans . 00
5.2.3. TM movement when EVP is greater than IOP in normal and glaucoma subjects PP ¢ [0
6. ECM of the TM determines TM motion and stiffness . RO ... 00
6.1. ECM composition, turnover and alterations in glaucoma . e .. 00
6.2. Insights and gaps in knowledge related to ECM regulation mechamsms . 00
6.2.1. Proteases .........
6.2.2.  Glycoproteins and proteoglycans ........
6.3. The juxtacanalicular space, ECM and glaucoma
6.4. Implications of ECM abnormalities that alter tissue stiffness in glaucoma e e
6.5. ECM interactions in pathways across SC endothelium: funneling and pores..............cccoiiiiiiiiiiiins viiiiiiiiieeinenneen..... 00
6.6. Segmental flow through the TM . .. e .. 00
7. Mechanosensory structural components oftheAH outﬂowsystem PP 0 [ 0]
7.1. Basement membrane importance in the aqueous outﬂowsystem PP 0 [0
7.2. Basement membrane dynamics and angiogenesis
7.3. Basement membrane changes in glaucoma ........ e
7.4. Basement membrane composition and mechanosensmg
7.5. Down-regulation of basement membrane degradation in glaucoma .................c.ciiiiiiiiin...
7.6. Mechanosensing in aqueous outflow and vascular PAathwWays .. ......c.oiiui it i e e,
7.6.1.  Cochlin multimerization induced by mechanotransduction ................coovevuiinenannn.
7.6.2. vWFA multimerization determines mechanoSeNSOIY FESPOMSES ... .. .. tuen e et enenenenenenen e e e et n e ee e ennenn
7.7.  Integrating mechanotransduction into AH outflow models ...............................
7.8. Implications of the shared SC vascular and lymphatic characteristics .....................
7.9. Distal CCE distribution and flow patterns may underlie segmentalTM 101
8.  Surgical insights into outflow system resistance . . e
8.1.  Experimental microsurgery: a guide to 1dent1fy re51stance s1tes [P .
8.1.1.  Evidence IOP regulation resides in the AH outflow rather than the mﬂow system PPN 00
8.1.2. Experimental microsurgery does not find the TM to be the 1° site of resistance ................coviviee vivviineeenneenn... 00
8.2. Operating room surgery as a guide to identify resistance sites ...........................
8.2.1.  Glaucoma procedures involving the full thickness of the eye wall
8.3.  Surgicalprocedures that remove either SC internal or external wall ......................
8.4. Opening or removal of the SC external Wall . ... ...ttt ettt ettt et e ettt et et
8.5.  Opening of the inner wall of SC . ..
8.6. Devices that provide the AH d1rect access to SC
8.7. Insights from provocative tests in the operating room ...............ccooviiiinininnen...
8.8.  Research directions suggested by provocative tests .............ccviriiiiiiiiininranananns
8.9. Reduced intraocularpressure following partial thickness ProCedUIES ... ... ....ouerinin ittt e it ettt e ettt et
LS €10} U 1T o) o P
Acknowledgements
3S] (] () 1 Lo/

1. Introduction
1.1. Glaucoma and aqueous humor outflow: Overview

Glaucoma is a group of diseases leading to irreversible blind-
ness. The diseases are characterized by a pressure sensitive optic
neuropathy (Coleman, 1999) with progressive retinal ganglion cell
(RGC) death and visual field loss (Coleman, 2003). Worldwide, the
resultant silent, painless progressive loss of sight affects over 60.5
million people. This number of people affected continues to in-
crease thereby rendering glaucoma a sight threatening public

health problem of broad significance (Quigley and Broman, 2006).

The disease occurs predominantly later in life and typically
progresses; however, dysgenesis of the outflow system at times
occurs early in life. Manifestations of dysgenesis are present in
congenital and juvenile forms of glaucoma but are often not as
readily apparent in other glaucoma conditions (Grover et al., 2015).
Primary open angle glaucoma (POAG) is the most common form of
glaucoma and frequently occurs with elevated intraocular pressure
(IOP) (Anderson, 1989; Morrison and Acott, 2003).

Lowering IOP remains a proven intervention, even in normal
tension glaucoma (NTG) where IOP remains in the normal range
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