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Specific Expression of E–Tmod (Tmod1) in Horizontal Cells: Implications in
Neuronal Cell Mechanics and Glaucomatous Retina

Weijuan Yao∗ and Lanping Amy Sung†

Abstract: Erythrocyte tropomodulin (E-Tmod)
is a tropomyosin-binding and actin capping pro-
tein at the point end of the filaments. It is part of
a molecular ruler that plays an important role in
generating short actin protofilaments critical for
the integrity of the cell membrane. Here, with
the use of E-Tmod+/lacZ mice, we demonstrated
a specific E-Tmod expression in horizontal cells
(HCs) in the retina, and analyzed the stress-strain
relationship of HCs, vertically oriented neurons,
and retinal ganglial cells (RGC) under normal and
high intraocular pressure (IOP). Since their den-
drites are oriented laterally in a plane and form
most complicated synapses with multiple cone
photoreceptors, HCs are subjected to a greater
stress and strain than vertically oriented neurons.
The specific E-Tmod expression suggests its role
in protecting HCs from mechanical damages in
certain eye diseases, such as glaucoma, a neu-
rodegenerative disease of the retina characterized
by an elevated IOP. A stress-strain analysis on ax-
ons of RGC that run horizontally but only anchor
at the optical nerve head suggests that they may
also be subjected to a higher mechanical stress,
which leads to an increase in “cup-to-disc” ratio
in a higher IOP or in glaucoma patients.
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1 Introduction

Erythrocyte tropomodulin (E-Tmod or Tmod 1)
is a tropomyosin (TM)-binding and actin-capping
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protein first isolated from human erythrocytes
(Fowler, 1987) that may play an important role
in maintaining the integrity of the cell membrane
(Chu et al., 2003; Sung and Vera, 2003). cDNA
cloning revealed that human E-Tmod is a 40.6-
kDa protein (Sung et al., 1992) encoded by a gene
composed of 9 coding exons (Chu et al., 2000).
Human and mouse E-Tmod share a 95% homol-
ogy in protein sequences and identical exon or-
ganization. It is transcribed from a downstream
promoter (PE1) 5’ to exon 1 (E1), or an upstream
promoter (PE0) 5’ to an untranslated exon E0 (Chu
et al., 2000). E-Tmod caps the slow-growing
end (pointed end) of TM-coated actin filaments
(Fowler et al., 1993; Gregorio et al., 1995) by
binding to the N-terminus of TM (Sung and Lin,
1994; Vera et al., 2000) and decreases the rate of
actin de-polymerization (Weber et al., 1994; We-
ber et al., 1996).

In erythrocytes, E-Tmod binds to N-terminal end
of the rod-like TM5 or TM5b (Sung et al., 2000)
and forms a molecular “T” ruler to define the
length of actin protofilaments ∼37 nm (Fig. 1)
(Sung and Vera, 2003; Vera et al., 2005). The
actin protofilaments further dictate the number of
spectrin dimers in the junctional complex (JC)
and thus the topology of the membrane network
– “spoked” hexagon. Such organization provides
the elastic deformability of erythrocytes (Vera,
et al., 2005) and supports the mechanical stabil-
ity of the lipid bilayer (Zhu et al., 2007). Even
though only the membrane skeleton in erythro-
cytes has been revealed by transmission elec-
tron microscopy, similar organization may exist
in other cells, as homologs of membrane skele-
tal proteins have been detected in several non-
erythroid cell membranes (Woo and Fowler, 1994;
Almenar-Queralt et al., 1999).
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Figure 1: Schematic drawings of the hexagonal network in the erythrocyte membrane skeleton (A), a junc-
tional complex (B), and an E-Tmod/TM complex (C) (modified from Sung and Vera, 2003) (A) An expanded
hexagonal network, based on electron micrographs of erythrocytes in hypotonic solution; (B) A protofila-
ment of ∼37 nm associated two TM, an E-Tmod and six Sp; and (C) shows an E-Tmod/TM complex as
a molecular ruler for the protofilament. JC, junctional complex; SC, suspension complex; and TM5/5b,
tropomyosin isoform 5 and 5b homo- or heterodimer.

An exon 1 knockout (KO) and lacZ knock-in (KI)
E-Tmod mouse model has been established in
our lab (Chu et al., 2003) followed by an exon
2 KO/KI model in other labs (Fritz-Six et al.,
2003). E-Tmod is highly expressed in several
types of terminally differentiated cells, in which
actin filament organization is critical for cell func-
tions. These cells include erythrocytes, cardiomy-
ocytes, skeletal muscle cells, lens fiber cells, and
neurons in brain (Fowler, 1990; Sussman et al.,
1994; Woo and Fowler, 1994; Almenar-Queralt et
al., 1999; Yao et al., 2007). The E-Tmod null mu-
tation results in mechanical weakness of erythroid
cells during deformation as determined by mi-
cropipette aspiration technique (Chu et al., 2003).

We took advantage of our E-Tmod KO mouse
model that also has a lacZ gene knocked in down-
stream from the PE1 promoter to study the ex-
pression pattern of E-Tmod in the retina. The
retina is a layered structure consisting of several
kinds of neural cells that line the back of the eye.
As shown in Fig. 2A, there are three layers of
nerve cell bodies and two layers of synapses (Fu
et al., 2006). The outer nuclear layer (ONL) con-
tains cell bodies of photoreceptor cells (cones and
rods). The inner nuclear layer (INL) contains cell
bodies of the horizontal, bipolar, and amacrine
cells. The inner most layer is the ganglion cell

layer (GCL) that contains cell bodies of ganglion
cells and some displaced amacrine cells. Dividing
these nerve cell bodies are the two plexiform lay-
ers (i.e., outer and inner plexiforms) where synap-
tic contacts occur. Between the retina and the
sclera is the choroid coat, the vascular layer, with
a thickness about 0.5 mm. On the other side, the
retina is separated from the inside vitreous hu-
mour by the basal lamina.

In the retina, the axons and dendrites of most
neurons, including photoreceptor cells and bipo-
lar cells are parallel to the direction of light (or the
axis of eyeball). Horizontal cells are major excep-
tions. Horizontal cells have laterally oriented den-
drites and stratify within a very thin outer plexi-
form layer (OPL), where they make contact with
the pedicles of cone photoreceptors. Structurally,
the dendrites of adjacent horizontal cells over-
lap one another, so that multiple horizontal cells
converge upon individual pedicles, the most com-
plex synapses in the central neural system (CNS).
Functionally, horizontal cells at OPL play an im-
portant role in integrating and modifying pho-
toreceptor signals: when photoreceptor hyperpo-
larizes and reduces glutamate release as light is
shined on it, horizontal cells reduce the release
of gamma-mainobutyric acid (GABA), leading to
the depolarization of photoreceptors (Yang et al.,
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Figure 2: Layered organization of mouse retina and its expression pattern of E-Tmod. In retina (A) (modified
from Fu et al., 2006), pigmented epithelium (PE) is at the outer most layer (1); Rod and cone photoreceptor
cells are within the outer nuclear layer (ONL, 2); Intermediate neurons, such as horizontal cells, bipolar
cells, and amacrine cells are within the inner nuclear layer (INL, 4). Retinal ganglion cells are within the
ganglion cell layer (GCL, 6), whose axons form optic nerve. OPL (3) and IPL (5) are outer plexiform
and inner plexiform layers, respectively. The choroid and sclera layer, which are outside of the retina, and
the vitreous humour, which is separated from retina by the basal lamina, are also labeled. In (B) and (C),
the expression pattern of E-Tmod in an E-Tmod KO/KI mouse retina was revealed by X-gal staining. The
transverse section (B) shows the lacZ positive horizontal cells at OPL, and a mosaic pattern in whole mount
retina (C). The layers labeled in (B) are the same as in (A); the view direction in (C) is indicated (hollow
arrows) in (A) and (B). Bars = 80 μm.

1999).

The retina can be regarded as an elastic mem-
brane or sheet, which stretches and deforms when
a force is applied to it. The bovine retina has a
Young’s modulus of about 0.02 MPa or 20 kPa
(Jones et al., 1992). It is known that there is a cir-
cadian (24-hour) rhythm of intraocular pressure
(IOP) in normal eyes (Liu, 1998). The change
of daytime and nighttime IOP may therefore ren-
der the retina to different levels of stress. Fur-
thermore, glaucoma, a neurodegenerative disease
of the retina, is highly associated with elevated
IOP. As a leading cause of irreversible vision loss
worldwide, it is characterized by progressive reti-
nal ganglion cell death (Gupta and Yücel, 2007).
Indeed, in most glaucoma, an elevated IOP is a

major risk factor.

It is generally accepted that vision loss and dys-
function in elevated IOP induced glaucoma re-
sult from a progressive death, atrophy, and axon
degeneration of retinal ganglion cells (RGCs),
whose axons extend to central visual targets in
the brain (Quigley and Green, 1979; Gupta and
Yücel, 2007). No other neurons in the retina were
visibly affected in glaucoma (Kendell et al., 1995;
Jakobs et al., 2005). The nerve fibres from the
retina leave the eye through pores in the lamina
cribrosa (LC), which is a sieve-like structure in
the optic nerve head (Morgan et al., 1998), form-
ing the optic disc. Blood vessels enter and leave
the eye through the same structure. The nerve fi-
bres form a rim around the edge of the optic herve
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head (neuro-retinal rim), leaving a central inden-
tation without nerve fibres known as the optic cup.
A cup-to-disc ratio over 0.5 increases the likeli-
hood of glaucoma (Danesh-Meyer et al., 2006).

It is important to understand the stress-strain re-
lationship of soft tissues (Fung, 1993). In this
study, different neurons in the retina are analyzed
since the retina may be subjected to mechanical
stress, such as IOP. Our recent studies by X-gal
staining and immunofluroescent staining revealed
that among all cell types in the retina, only hori-
zontal cells express a high level of E-Tmod. This
finding prompted us to model the biomechanics of
horizontal cells, vertically oriented neurons, and
axons of RGCs in healthy and glaucomatous reti-
nas. Here we propose that some neuronal cells
in the retina may undergo more remarkable defor-
mation than others in normal physiology and cer-
tain diseases, depending on their orientations and
their connections with neighbors. Our result sug-
gests that horizontal cells may undergo more me-
chanical stress and strain (deformation) than other
neurons in the retina, and that highly expressed E-
Tmod in the horizontal cells may potentially have
a protective role in maintaining the integrity of the
cell membrane under stress.

2 Materials and Methods

Preparation of the retina sections. The eyes were
isolated from adult E-Tmod +/− mice and fixed
in cold 4% paraformaldehyde and cryoprotected
in 30% sucrose with 2 mM MgCl2 at 4°C be-
fore embedded in Optimal Cutting Temperature
(OCT) compound (Sakura Tissue Tek, Torrance,
CA). Twelve-μm frozen sections were cut on a
cryostat (Leica, Germany).

X-gal staining. X-gal staining was performed fol-
lowing the protocol of Hogen (1986). Briefly,
the sections on slides were post-fixed in 0.1 M
phosphate buffer (PB, pH = 7.3) containing 0.2%
glutaraldehyde. The slides were washed twice
in PBS and transferred to detergent rinse (2 mM
MgCl2, 0.01% sodium deoxycholate, 0.02% NP-
40 in PB) and then incubated in X-gal staining
solution (detergent rinse solution supplemented
with 5 mM postassium ferricyanide, 5 mM postas-
sium ferrocyanide, and 1 mg/ml X-gal) at 37˚C

for 1-3 hours in the dark. The slides were dehy-
drated and counterstained with 1% eosin. Bright
field images were taken from an Olympus micro-
scope.

3 Results

3.1 Specific expression of E-Tmod in horizon-
tal cells

The knocked-in lacZ reporter gene in our E-Tmod
knockout mouse model is under the control of en-
dogenous PE1 promoter (Chu et al., 2003). X-gal,
a substrate of β -galactosidase (β -gal, lacZ gene
product), can be converted to blue precipitates to
signal where E-Tmod is normally expressed. The
mouse retina was sectioned and followed by X-
gal staining. The horizontal cells are found to be
the only major cell type in the retina that specif-
ically expresses lacZ. They align themselves into
one layer in the transverse section of the retina
(Fig. 2B) and show mosaic pattern in the whole
mount retina (Fig. 2C). The density of the hor-
izontal cells in this field is about 700 per mm2.
Immunohistochemistry has shown that E-Tmod is
localized in the dendrites of horizontal cells, es-
pecially concentrated in the pedicle area (Yao and
Sung, in preparation).

3.2 IOP and stress

IOP is determined by the equilibration between
the aqueous humour production and the aque-
ous outflow. The pressure and volume relation
for human eyes has been modeled (Friedenwald,
1937; Silver and Geyer, 2000). The elevated IOP
may increase the intraocular volume of the eyeball
(Fig. 3A) and generate circumferential stresses on
the tissues surrounding the eyeball (Fig. 3E), in-
cluding the retina.

If we consider the retina as a thin-walled sphere,
the stress on the retina can be calculated using Eq.
1 (Higdon, 1985):

σ = P · r
2h

(1)

where σ is stress (kPa); P is IOP (mmHg); r is
the radius of the eyeball (12.5 mm) (Zinn and
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Figure 3: The stress-strain of horizontal cells and bipolar cells in retina as a function of intraocular pressure
(IOP). (A) shows the volume change of eyeball in response to increase of IOP, resulting in the increase
of radius (r), the decrease of thickness (h), and the surface area (A) of retina (grey). L, lens; ONH, optic
nerve head. In (B), bipolar cells (BC), whose axon and dendrite parallel to the radius, undergo uniaxial
deformation. In (C), horizontal cells (HC) with a wide spread dendritic field perpendicular to radius undergo
equibiaxial deformation. The ends of dendrites are drawn as a circular area, emphasizing the connection with
pedicles of photoreceptors and the expression of E-Tmod in this area. In (D), optic nerve head with optic
nerve fibers, disc and cup and pores in lamina cribrosa (LC) are labeled. (E) shows the stress on the retinas
under normal IOP range (10-20 mmHg) and glaucomatous range (25-35 mmHg). (F) shows the stress-strain
(σ −ε) relationship of retina, cornea, sclera, and eyeball. The strains are volumetric strain (V%) except for
the axon (dashed line) which is a linear strain. In (G), ratios of surface area change (ΔA) of HC and BC
relative to their initial areas (A1) are plotted against the volumetric strain of the eyeball.
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Solomon, 1965); and h is the thickness of the hu-
man retina (average 249 ± 22 μm) (Alamouti and
Funk, 2003).

In a recent report, the IOPs in normal subjects and
early-diagnosed, untreated glaucoma patients dur-
ing 24 hours have been measured. At daytime,
their supine IOPs are 20.4 ± 0.4 and 23.1 ± 0.7
mmHg, respectively (Liu et al., 2003). Here we
use a range of 10-20 mmHg for normal human
eyes and 25-35 mmHg for glaucoma in our anal-
ysis. The stress produced by IOP on the retina
of glaucomatous eyes is higher than that of nor-
mal eyes (Fig. 3E). The retina of glaucoma pa-
tients would thus be subjected to higher levels of
stresses than that in normal individuals.

The strain (deformation) of cells and tissues in re-
sponse to a stress is a function of their mechani-
cal properties. Furthermore, individual neurons in
the retina may also undergo different degrees of
strain due to their different orientations and how
their axons and/or dendrites are connected to the
neighboring cells/tissues. The following sections,
therefore, deal with the stress-strain relationships
of the eyeball, its components, and several types
of neurons in the retina with different organization
and orientations.

3.3 Stress and strain of an eyeball and its com-
ponents

An eyeball can be considered as a sphere
and its enclosing membrane is elastic (Clark,
1932). When the eyeball enlarges, its volumetric
strain ΔV

V can be determined by Eq. 2 (Pierscoinek
et al., 2007).

ΔV
V

=
3σ
E

(1−v) (2)

where σ is the stress on the eyeball; E is the
Young’s modulus (3 MPa) (Table 1); and ν is
Poisson’s ratio (0.3 for the eyeball). The stress-
strain relationship of the eyeball as a whole is
plotted in Fig. 3F. At stress of 100 KPa, for ex-
ample, the eyeball will have a 7% of volume in-
crease.

We then consider the major components in the
eyeball, i.e., retina, cornea, and sclera. The
Young’s modulus of bovine retina is 0.02 MPa

(Table 1), which is significantly smaller than that
of the eyeball. If the retina experiences a stress
of 100 KPa without other constrains, its volumet-
ric strain will be 750% according to Eq. 2 (ν =
0.5) (Fig. 3F). Since it is not reasonable physi-
ologically for the retina to have a strain greater
than that of the eyeball, the maximum strain of
the retina would be equal to that of the eyeball.
All the subsequent analyses use the maximal 10%
volume change as an example.

The elastic moduli of the cornea and sclera have
also been estimated (Table 1): They are 0.07-0.29
MPa and 0.2-0.5 MPa, respectively. We used the
average values of 0.18 MPa for the cornea and
0.35 MPa for the sclera and plotted their volumet-
ric strain (V%) against the stress. It is clear that
the eyeball has the smallest strain as compared
to the 3 separate components listed above (Fig.
3F). The apparent Young’s modulus for the base-
ment membrane of the adult mouse retina was
4.07 MPa (Table 1) as measured by atomic force
microscopy (AFM) (Candiell et al., 2007).

3.4 Stress and strain of vertically oriented neu-
rons

We then consider the response of different neu-
rons in the retina. For vertically oriented neurons,
including photoreceptor cells and bipolar cells,
their cell bodies, axons, and dendrites are approx-
imately aligned in the same direction as the radius
of the eyeball. When the radius of the eyeball ex-
pands (e.g., with an increased IOP in disease or
by physical compression), the surface area (A) of
the retina will increase whereas its thickness (h)
will decrease (Fig. 3A). Neurons arranged in the
vertical direction will thus be compressed in the
direction of radius, but thicken in the perpendic-
ular direction. Furthermore since these vertically
oriented cells do not have lateral anchorage points
with neighboring neurons, they may undergo con-
stant area shear deformation (Fig. 3B). Thus, the
stress acting on these cells will likely not result in
membrane damages (Fig. 3G).
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Table 1: The elastic moduli of components in the eye.

Tissues∗ Elastic modulus (MPa) References
Eyeball 3 Zhou et al., 2005
Retina (bovine) 0.02 Jones et al., 1992
Cornea 0.07-0.29 Pierscionek et al., 2007
Sclera 0.2-0.5 Pierscionek et al., 2007
Basement membrane of retina (mouse) 4.07 Candiell et al., 2007
Nerve fibers (mouse) 0.1-1.5 Heradia et al., 2007
Lamina cribrosa 0.14-0.38 Edwards and Good, 2001

∗ Human, unless specified.

3.5 Stress and strain of horizontally oriented
cells

On the contrary, the dendrites of horizontal cells
are distributed in a large field on OPL, a plane that
is parallel to the eyeball surface. In rats, there are
about 815 horizontal cells per mm2 and each hor-
izontal cell may cover about 1/815 mm2= 1,200
μm2 (Chun et al., 1999). Each horizontal cell’s
dendrites form synaptic contacts with several pho-
toreceptors (can not break loose easily), so when
the intraocular volume increases due to an ele-
vated IOP, horizontal cells will have an equibiax-
ial expansion in the plane of OPL (Fig. 3C). Since
the volume of the eyeball isV = 4

3 π · r3, if the eye-
ball expands (ΔV

V ) 10%, the radius ratio ( r2
r1

) will
become 1.0328. Thus, the surface area (A) of hor-
izontal cells or OPL will have an equibiaxial ex-
pansion of 6.56% based on Eq. 3.

ΔA
A1

=
4π · r2

2 −4π · r2
1

4π · r2
1

=
(

r2

r1

)2

−1 = 0.0656

(3)

where A is surface area, and the surface area
change vs. volumetric strain is plotted in Fig.
3G. This analysis suggests that laterally oriented
cells that have multiple anchorage points would
undergo significantly higher strain in surface area
change in response to the stress as compared to
the vertically oriented cells (see above).

3.6 Stress and strain of RGCs

Interestingly, RGCs arrange their axons perpen-
dicular to the radius of the eyeball but their den-
drites in the same direction of the radius. Their

axons, therefore, will undergo circumferential ex-
tension when intraocular volume changes, but re-
stricted by the anchorage in the optic nerve head
(ONH). The elastic modulus of nerve fibers has
been measured by AFM (Heradia et al., 2007).
While myelinated axons have elastic modulus of
0.1-1.5 MPa, demyelinated axons have slightly
lower but similar modulus (Table 1). We thus
use the average value of 0.9 MPa for the axons
of RGCs. Their stress and strain relationship is
plotted (dashed line in Fig. 3E) following Eq. 4:

ε = σ/E (4)

where ε is the strain; σ is the stress; and E is
elastic modulus. As we calculated in last section,
if the eyeball expands 10% in volume, axons of
RGCs will have a linear strain of 3.28% as the
circumference increases. The increase of circum-
ference is the same as the increase of the radius
since Δl

l1
= 2π·r2−2π·r1

2π·r1
= Δr

r1
, where l is the circum-

ference that equals to the length of the axon.

Anatomically, the ONH is the beginning of the
optic nerve in the retina or where the axons of
RGCs exit the eye to form the optic nerve. There
are approximately 1.1 million nerve cells in each
optic nerve. In glaucoma, the nerve fibers are
usually damaged and the loss of these fibers re-
sults in the increase of cup-to-disc ratio. Lam-
ina cribrosa (LC), which nerve fibers pass through
and consists of a series of collagenous plates, has
an elastic modulus of 0.14-0.38 MPa (Table 1).
When IOP increases, LC, cup and disc are ex-
pected to increase their areas due to the equibiax-
ial extension of the local tissues (Fig. 3D). How-
ever, since nerve fibers are coming from the whole
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retina in the back of the eye, and they all enter LC
from all directions, the fibers may also pull LC
in a radial fashion against the disc, thus increase
the cup-to-disc ratio. The further the RGCs are
located from the disc, the greater the stress their
axons may generate. Therefore the stress-strain of
LC may not be homogeneous. Some of the nerve
fibers may be damaged by the resistance of defor-
mation in the LC, considering that the mean pore
size is 0.004±0.001 mm2 (Jonas et al., 1991) and
single nerve fiber has a diameter of 1 μm (Jonas
and Hayreh, 1999). This may be one of the rea-
sons that glaucoma patients lose their peripheral
visions.

It has been modeled that when IOP increases,
the ONH is subjected simultaneously to various
modes of strain, including compression, exten-
sion and shearing (Sigal et al., 2007). Finite el-
ement modeling (Sigal et al., 2004) showed that
LC could have an averaged strain (fractional elon-
gation) of 4-5.5%, which is considered biologi-
cally significant and capable of contributing to the
development of glaucomatous optic neuropathy.

4 Discussion

In this study we found that horizontal cells are the
major cell type in the retina that specifically ex-
pressed E-Tmod. We followed by analyzing the
stress-strain relationship of the retina and reveals
that compared with vertically oriented neurons,
horizontal cells may undergo higher stress and
strain. Horizontal cells, however, appear resis-
tant to degenerative processes induced by a high
IOP in the retina. A previous study has showed
that the density of horizontal cells remained un-
changed after ischemia reperfusion (in which IOP
increased to 90-120 mmHg by perfusion for 1
hour) even though the thickness of the retina be-
came progressively thinner (Chun et al., 1999).
Interestingly, the study by Janssen et al. 1996
revealed that the mean horizontal cell soma (cell
body) size was significantly increased (26%) in
the glaucomatous retina, while the dendritic field
size was not affected. The increase in soma size
is thought to be indicative of horizontal cell’s hy-
pertrophy responses to the elevated IOP. We in-
terpret that such hypertropic adaptation may help

reduce the cell surface area change induced by the
volumetric increase. For example, if the cell size
(diameter) increases by 26%, at 10% of volumet-
ric expansion ΔV

V1
, the surface expansion ΔA

A1
will be

reduced by 37% from 6.56% to 4.13%. This may
help minimizes their membrane damages in hori-
zontal cells.

It is known that erythrocytes with a flexible mem-
brane skeleton, governed by E-Tmod and its asso-
ciated proteins (Sung and Vera, 2003), are able to
maintain the membrane integrity during cell de-
formation in circulation. Membrane skeletal pro-
tein, spectrin (240/235E), is present in the retina,
especially concentrated in OPL (where horizon-
tal cells are located) and IPL (Isayama et al.,
1991). Filamentous actin (F-actin) was found
heavily distributed where horizontal cells make
contacts (Vaughan and Lasater, 1990). The pres-
ence of TM isoforms in CNS has also been re-
ported (Schevzov et al., 1997; Vrhovski et al.,
2003). The presence of E-Tmod and its associated
proteins (or their isoforms) may allow some neu-
rons to form a membrane skeletal network similar
to that in erythrocytes (see Fig. 1). Such simi-
lar structure if exists may protect the horizontal
cell membranes from being damaged when they
undergo mild daily deformations in normal physi-
ology and larger deformations in certain diseases,
e.g., glaucoma.

Laterally oriented axons of RGCs may also be
subjected to a higher stress, but their anchorage
pattern is different from that of the horizontal
cells. They do not express detectable level of
E-Tmod, and show distinct sensitivities to me-
chanical stress. In glaucoma patients the dam-
ages may be resulted from the elongation of ax-
ons and the resistance by LC at ONH (reflected
by an increase of the cup-to-disc ratio), leading
to axon degeneration, optic nerve loss, and apop-
tosis of RGCs. There are, however, other stud-
ies indicate that RGCs can also be directly af-
fected by the elevated IOP alone in glaucoma-
tous retina. Agar and colleagues (2006) found that
apoptosis is increased in cultured RGCs subjected
to hydrostatic pressures mimicking conditions in
acute (100 mmHg) and chronic (30 mmHg) glau-
coma. Liu et al. (2007) demonstrated that oxida-
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tive stress is an early event in hydrostatic pressure
induced RGC damage. Furthermore, elevated hy-
drostatic pressure can trigger mitochondrial fis-
sion and decrease cellular ATP in differentiated
RGC-5 cells (28).

It is worth noting that dendrites of amacrine cells
are also oriented on a plane (IPL) parallel to the
eyeball surface. The functions of amacrine cells
are not fully understood. There are many types
of amacrine cells and they differ greatly in size.
Some have processes extending less than 100 μm
but some have processes spreading 1,000 μm or
more (for review, see Oyster, (34)). Depending
on the cell types, dendrites are either laterally ori-
ented (e.g., starburst) or vertically oriented (e.g.,
AII) within IPL, which is 35 μm thick, much
thicker than OPL (12 μm) in C57Bl/6J mice (38)
(see Fig. 2A). They receive signal inputs from
rod photoreceptors and form synapses with bipo-
lar cells and RGCs. Thus the interactions medi-
ated by amacrine cells can be made over short
and long distances, which modify the informa-
tion flow and adjust the sensitivity of information
transmission (34). The level of E-Tmod expres-
sion in the retina may be critically linked to stress
and strain, which may be determined by the me-
chanical properties of the cells, the orientation of
dendrites/axons and how they are connected with
other neighboring neurons or tissues. The find-
ing that the expression of E-Tmod by the lacZ re-
porter gene is not detectable in amacrine cells sug-
gests they may experience a lower level of stress
than that of horizontal cells, which is in agree-
ment with that no change has been reported for
amacrine cells in the studies of higher IOP or in
glaucoma patients.
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