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Introduction

The programmed elimination of cytoplasmic organelles occurs during terminal differentiation
of erythrocytes, keratinocytes and lens fiber cells. In each case, the process is relatively well
understood phenomenologically, but the underlying molecular mechanisms have been
surprisingly slow to emerge. This brief review considers the particular case of the lens where,
in addition to their specialized physiological roles, organelles represent potential sources of
light scattering. The article describes how the elimination of organelles from lens cells located
on the visual axis contributes to the transparency of lens tissue. Classic anatomical studies of
lens organelle degradation are discussed, along with more contemporary work utilizing
confocal microscopy and other imaging modalities. Finally, recent data on the biochemistry
of organelle degradation are reviewed. Several review articles on lens organelle degradation
are available (Wride 1996; Wride 2000; Bassnett 2002; Dahm 2004) and readers are directed
to these for a comprehensive discussion of the earlier literature on this topic.

Organelles and light scatter

A substance is transparent if it neither absorbs nor scatters light. In the visible range most
biological molecules do not absorb light strongly. The principal reason then, that biological
structures are not transparent is that they scatter a significant fraction of the incident light.

Living cells contain varying proportions and concentrations of lipids, proteins and other
organic molecules, each with its own characteristic refractive index (n). As a result of variation
in refractive index between and within cells, light is invariably scattered (i.e. caused to deviate
from its original trajectory) as it passes through living tissue. The size of potential scattering
centers in tissues varies enormously, from individual protein molecules to the cells themselves,
but light scatter is generally dominated by cells and the organelles they contain (Beauvoit et
al. 1994).

The familiar concepts of geometric optics (the laws that govern refraction by lenses and
reflection by mirrors) do not adequately describe the interactions of light with sub-cellular
particles, such as organelles, that are comparable in size to the wavelength of light. Gustav
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Mie, studying light scattering by colloidal solutions, provided a complete analytical solution
of Maxwell’s equations for the scattering of light by isotropic spheres embedded in a
homogeneous medium (Mie 1908). Today, Mie scattering theory is used to explain the
appearance of common materials such as milk or latex paint. In biology, Mie theory is used to
model light scattering in living tissues (Beauvoit et al. 1994;Mourant et al. 1998;Wilson et al.
2005;Xu et al. 2008) and has been applied to scattering from micrometer-sized multi-lamellar
bodies in cataractous lenses (Costello et al. 2007;Gilliland et al. 2008).

Organelles are distributed within a cytoplasm composed mainly of dissolved salts and proteins.
The refractive index of cytoplasm is ~1.37 (for pure water n=1.33). The refractive index of
organelles is substantially higher (Table 1), in part due to their relatively high lipid content.
Consequently, organelles are major scattering centers. The relationship between the scattering
cross section of a particle, its size, and the angular distribution of scattered light is complex
(Johnsen and Widder 1999). Larger structures (such as the cell nucleus or individual cells in
suspension) scatter light predominantly in the forward direction (i.e. in the same general
direction as the incident light). In some cases, cell light scattering is adequately described by
modeling cells as denser spheres (corresponding to nuclei) embedded in larger, softer spheres
(corresponding to cytoplasm) (Brunsting and Mullaney 1974). However, in many cell types,
organelles other than nuclei make a significant contribution to light scatter, particularly at
higher angles. For example, light scatter from normal and neoplastic tissue has been shown to
be proportional to their mitochondrial content (Beauvoit et al. 1995). In liver, light scattering
has been attributed almost exclusively to mitochondria, which constitute a particularly large
volume fraction in hepatocytes (Beauvoit et al. 1994). Other organelles also contribute
significantly to light scatter. Using a photodynamic ablation technique, Wilson and Foster
(2007) demonstrated that, due to their high refractive index (n=1.6), lysosomes scatter ~14%
of the light from EMT6 cells.

The role of the lens is to focus light on the retina. To do so it must be transparent. The degree
to which lens organelles and other cellular inclusions scatter light depends largely on the
difference in refractive index between the organelle and the surrounding cytoplasm. Organelle
light scatter would be eliminated were the refractive index of the cytoplasm to match that of
the organelles. The cytoplasmic protein content is much higher in cells located in the center of
the lens than in cells located near the periphery. As a result, n varies with depth. In rat lenses,
ray tracing experiments suggest that n varies parabolically, ranging from ~1.36 near the surface
to ~1.50 in the center (Campbell 1984). Similar gradients, although of lesser magnitude
(n=1.37-1.41), are found in the human lens (Kasthurirangan et al. 2008). The gradient index
corrects longitudinal spherical aberration and, at least in the human lens, is adjusted over the
life span (Augusteyn et al. 2008). The implication for lens organelle light scattering is that
there is no stratum of the tissue in which the refractive index of the cytoplasm might
permanently match that of the organelles.

Several strategies appear to have been selected for in the lens that minimize potential light
scatter from cytoplasmic organelles. The first and most obvious is that organelles are degraded
in the course of lens fiber cell differentiation, such that the majority of the fiber cells situated
in the light path completely lack organelles. The mechanisms by which this is accomplished
are discussed in detail in the following sections. One organelle which is present throughout the
lens volume is the plasma membrane. Interestingly, its refractive index closely matches that
of the cytosol for cells located on the visual axis (Michael et al. 2003). Those (relatively few)
fiber cells in the adult lens that contain cytoplasmic organelles are restricted to the periphery,
where they lie in the shadow of the iris (Bassnett and Beebe 1992). Organelle-containing cells
located on the visual axis, such as those in the central lens epithelium, constitute a very thin
layer. Light scattering is proportional to path length. Consequently, the scattering from
organelles in the lens epithelium is negligible. Keratocytes in the corneal stroma are also
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flattened along their anterior/posterior axis, presumably for the same reason. Even in organelle-
containing fiber cells near the lens equator, the density of organelles is unusually low. As
discussed earlier, nuclei are important sources of forward scatter, but due to the extremely
elongated morphology of lens fiber cells, the volume fraction of nuclei is low. Therefore, their
contribution to the overall light scatter is negligible.

The anatomy of organelle breakdown

Due to its unusual growth pattern, in which newly-formed fiber cells are layered onto existing
fibers, the lens contains cells at all stages of terminal differentiation. Early anatomical studies
of the lens noted the absence of nuclei from the innermost (oldest) fiber cells (Rabl 1899).
Fiber cell nuclei appear to pass through distinct morphological stages during terminal
differentiation. In the superficial fiber cells, nuclei are ovoid but they assume a more spherical
shape prior to their disintegration. The change in nuclear shape may be secondary to
dismantling of the nuclear lamina which, according to studies in bovine (Dahm et al. 1998)
and chicken (Bassnett and Mataic 1997) lenses, occurs before frank disintegration of the
chromatin commences.

Fiber cells are transcriptionally active until quite late in differentiation, as evidenced by their
ability to transcribe novel mMRNAS, such as those encoding lengsin (Vasiliev et al. 2007; Wyatt
et al. 2008) and hop (Vasiliev et al. 2007). Microinjection of expression plasmids into fiber
cells located at various depths from the lens surface has confirmed that the majority of nucleated
fiber cells are transcriptionally competent (Shestopalov and Bassnett 1999). However, it is
likely that transcription is shut down in lens fiber cells sometime prior to remodeling of the
nuclear lamina and subsequent nuclear disintegration. Confocal microscopic studies have
demonstrated changes in the distribution of fibrillarin and coilin within the nucleus of cells
bordering the central, organelle-free zone (OFZ) of the lens (Dahm et al. 1998). Similarly,
NuMA, a nuclear matrix component, associates with the Cajal body and nuclear speckle
compartments in the fiber cell nuclei prior to their dissolution (Gribbon et al. 2002). These
changes have been interpreted as signifying the loss of transcriptional capacity in fiber nuclei
shortly before their degradation.

Disintegrating fiber cell nuclei are sometimes described as “pyknotic”, an expression that dates
to the end of the 19t century (Arnheim 1890) and denotes chromatin shrinkage and
hyperchromatia. In fact, there is considerable species variation in the appearance of
disintegrating lens nuclei. In bovine lenses, for example, following reorganization of the
lamina, the chromatin condenses into clumps of material within the nucleus. At the nuclear
margins, the condensed chromatin associates with nuclear pore clusters (Dahm and Prescott
2002). The clumps of chromatin are readily labeled using the TUNEL technique, which detects
free 3'-OH ends in the DNA and is used to monitor the integrity of the DNA. Eventually, the
chromatin coalesces into a single condensed, TUNEL-positive remnant, which persists in the
cytoplasm for a period before finally disappearing (Dahm et al. 1998; De Maria and Arruti
2004). In chicken lenses, condensed chromatin, stripped of the nuclear membrane, persists for
a few days before becoming TUNEL-positive and disappearing (Bassnett and Mataic 1997).
Primate lens denucleation appears to involve the disintegration of the nucleus (karyorhexis)
and release of particulate, TUNEL-positive material which perdures in the cytoplasm (Bassnett
1997). In contrast, mouse lens denucleation involves karyolysis (nuclear fading), in which a
cloud of TUNEL-positive material is released into the cytoplasm without prior condensation
or marginalization of the chromatin (Kuwabara and Imaizumi 1974; De Maria and Bassnett
2007). These different morphological presentations probably reflect species differences in the
identity and/or role of the nucleases and proteases active during denucleation.
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Although organelle breakdown might be ascribed simply to aging (cells in the lens core are
among the oldest in the body) it is clear that denucleation is a developmentally programmed
event which commences during embryonic development. In the chicken lens, for example, all
fiber cells are nucleated until day 12 (E12) of embryonic development, at which time nuclei
begin to disappear from the innermost cells (Bassnett and Beebe 1992). In rats (He et al.
1998) and mice (Vrensen et al. 1991), this process begins at E17. In all cases, denucleation
occurs simultaneously in a cluster of primary fiber cells and, subsequently, on a cell-by-cell
basis, in the secondary fiber cells. It has been suggested that the degradation process differs
between primary and secondary fiber cells (Vrensen et al. 1991) but, if a difference exists, its
mechanistic basis is obscure.

Once nuclear degradation is complete, the capacity for transcription is lost. In situ hybridization
studies in chicken lenses suggest that, following nuclear breakdown, extant RNA decays quite
rapidly in the fiber cell cytoplasm (Faulkner-Jones et al. 2003). Ribosomal RNA disappears
with an estimated half life of 2.5 days, a decrease paralleled by the loss of morphologically
identifiable polysomes and ribosomes from the cytoplasm. Polyadenylated RNA is
undetectable within a few cell layers of the last intact nucleus, suggesting the rapid degradation
of most or all mMRNAs. Quantitative PCR studies have shown that mMRNAs encoding
housekeeping genes, such as GAPDH, disappear from the cytoplasm of anucleated fibers with
a half-life of 3—4 days. In contrast, crystallin mRNAs are detectable several weeks after nuclear
disintegration (Treton et al. 1982) but this may reflect the extraordinary initial abundance of
those transcripts rather than unusual stability (Faulkner-Jones et al. 2003).

One striking and consistent feature of nuclear breakdown is that it is invariably accompanied
by the rapid loss of all other organelles including mitochondria (Bassnett 1992; Bassnett and
Beebe 1992; Dahm et al. 1998) and endoplasmic reticulum (Basshett 1995). The simultaneous
disappearance of organelles raises the question of whether the breakdown of one class of
organelle is required to trigger the destruction of another. In some instances, fiber cell
denucleation is inhibited (Nishimoto et al. 2003) but, in such cases the integrity of other
organelles is not similarly preserved. This suggests that organelle breakdown may occurs
through multiple independent pathways.

Compared to denucleation, which can be a relatively protracted process, disintegration of
mitochondria appears to be quite rapid. In cells bordering the OFZ, mitochondria become
swollen and fragmented, losing their ability to accumulate rhodamine 123 (Bassnett and Beebe
1992). Mitochondrial markers such as BAP 37, prohibitin, (Dahm et al. 1998), succinic
dehyrogenase, (Bassnett and Beebe 1992) and succinate-ubiquinone oxidoreductase (Zandy
and Bassnett 2007) are no longer detectable by immunofluorescence or immunoblot. Some
studies indicate that changes in the mitochondria are initiated relatively early in differentiation.
In the embryonic chicken lens, for example, depolarized mitochondria are present in newly
differentiating fiber cells and cytochrome C, a critical modulator of apoptosis, redistributes
from the mitochondria into the cytoplasm in cells located near the periphery (Weber and Menko
2005).

Thus, within the space of a few cell layers, corresponding to a period of as little as 2—4 hours
(Bassnett and Beebe 1992), lens fiber cells lose the capacity for de novo protein synthesis,
oxidative phosphorylation, intracellular membrane trafficking and the host of other cellular
functions normally carried out by cytoplasmic organelles. Fiber cells in the lens OFZ are
essentially membrane clad bags of protein with a more than passing resemblance to
hemoglobin-filled erythrocytes in the blood or keratin-rich keratinocytes in the stratum
corneum of the epidermis, the other cell types that undergo organelle degradation during their
terminal differentiation.
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The failure of the organelle degradation program, as evidenced by the abnormal persistence of
nuclei or other organelles in central fiber cells, is a striking feature of many types of cataract
in animal models. In rodents, for example, organelle degradation is apparently inhibited in
animals lacking hsf4 (Min et al. 2004), AP2 alpha (West-Mays et al. 2002), connexin 50 (Graw
et al. 2001), persistently expressing Foxe3 (Landgren et al. 2008), suffering from tryptophan
deficiency (Vrensen et al. 2004) or harboring mutations in BA3/A1 crystallin (Sinha et al.
2005; Sinha et al. 2007), yD crystallin (Wang et al. 2007), or S crystallin (Sinha et al. 2001),
to name but a few. Indeed, it is unusual to find mutations affecting the mouse lens that do not
affect organelle breakdown to some degree (J. Graw, personal communication). It is possible
that some of these mutations impact the organelle breakdown process directly. However, it is
also evident that organelle degradation involves a complex series of interdependent steps and
that any mutation that disturbs lens homeostasis sufficiently has the potential to disrupt the
process.

One knockout mouse model that has provided important insights into organelle breakdown is
the DNase I1B-null mouse. Mammals express two DNases with acidic pH optima: DNase lla
and DNase I1B (aka DLAD). DNAse lla is a lysosomal enzyme with a broad tissue expression
pattern. In macrophages, where it is expressed particularly strongly, it plays an important role
in degrading the DNA of apoptotic cells and DNA contained in nuclei expelled from erythroid
precursors (Nagata 2007). DNase |1 shares 34% sequence homology with DNase lla, but
Northern blot experiments indicate that it is expressed at significant levels only in liver and
lens (Shiokawa and Tanuma 1999; Nishimoto et al. 2003). The DNAse I13-null mouse develops
nuclear cataracts as a result of abnormal retention of undigested DNA in the central fiber cells,
suggesting that DNase 1B plays a critical role in lens denucleation (Nishimoto et al. 2003).
Like DNase lla, DNase 1 cleaves DNA to produce 3'-phosphoryl/5’-hydroxy ends (Shiokawa
and Tanuma 1999). It has been known for many years that 3'-OH ends rather than 5’-OH ends
accumulate during fiber cell denucleation (Modak and Bollum 1972) so the realization that
DNase 11 is the major nuclease responsible for lens chromatin degradation was surprising.
This apparently paradoxical finding may be explained by the presence of endogenous
phosphatases, which rapidly convert 3'-PO,4 ends generated by DNAse 11 digestion into 3'-
OH ends (De Maria and Bassnett 2007).

Quantitative PCR measurements have shown that while transcript levels for DNase lla and
DNase 11p are approximately equivalent in lens epithelial cells, the former is down regulated
during fiber differentiation while the latter is upregulated, resulting in a ratio of DNase
Ila:DNase 11 of 1:8000 in cortical fiber cells (De Maria and Bassnett 2007). Microarray
analysis of laser dissected lens tissue shows a ~ 3-fold increase in DNase 1§ transcript level
in cells bordering the OFZ (Ivanov et al. 2005). Most (De Maria and Bassnett 2007) or all
(Nishimoto et al. 2003) of the acid nuclease activity in the fiber cells can be attributed to DNase
I1B. Furthermore, activity assays on fractionated lens lysates suggest that the majority of DNase
I1B activity in the lens is associated with the membrane fraction, specifically the lysosomal
fraction (De Maria and Bassnett 2007). Immunofluorescence studies indicate that DNase 11§
co-localizes with lysosomal associated membrane protein-1in the lens cortex (Nakahara et al.
2007). Together with its acidic pH optimum and sequence homology to DNase lla, these
biochemical and immunocytochemical findings strongly suggest that DNase 11 is a lysosomal
enzyme in the lens.

The question arises of how a lysosomal enzyme might gain access to the nuclear compartment
during fiber cell differentiation. One possibility is that lysosomes fuse with the nuclear
envelope and thereby deliver their enzymatic cargo. This process might be akin to
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autophagosome formation, although it is important to note that autophagy, per se, is not
implicated in organelle breakdown in the lens (Matsui et al. 2006). DNase I1B-containing
lysosomes have been observed in close association with nuclei at the border of the OFZ and
ultrastructural studies have identified DNase 1B within the nuclear compartment in
degenerating nuclei (Nakahara et al. 2007).

Although DNase I is clearly critical for denucleation, it may not be the only nuclease
involved. Progressive changes in chromatin organization occur in the persistent nuclei found
in the center of the DNase I1B-null lens. These changes, which include chromatin fragmentation
and clumping, suggest that the DNA may be subjected to further digestion over time by other
nucleases. Several classes of DNase are known to be present in the lens that could perform
such an ancillary role (Counis et al. 1998).

Proteolytic Mechanisms

Studies of the proteolytic mechanisms underlying organelle breakdown have been strongly
influenced by developments in the field of programmed cell death. The similarities between
organelle breakdown and apoptosis have been noted by numerous authors (Dahm 1999; Wride
2000). Fiber cells express most or all components of the cell death apparatus (Wride et al.
1999) and die by apoptosis in response to sufficiently noxious stimuli (Zandy et al. 2005).
Several studies have further suggested that elements of the cell death machinery are utilized
during organelle breakdown (Sanders and Parker 2003) which, according to this view,
constitutes a form of “attenuated” cell death. In support of this notion, retroviral expression of
Bcl2, an anti-apoptotic molecule, reduces or delays fiber cell denucleation in embryonic
chicken lenses (Sanders and Parker 2003). A similar inhibitory effect on organelle breakdown
was noted in studies utilizing mice expressing a Bcl2 transgene in the lens (Fromm and
Overbeek 1997).

Authentic apoptotic cell death can be triggered in response to extrinsic or intrinsic signals but,
in each case, the cell death pathways converge on a conserved family of cysteine proteases
called caspases. Following receipt of an apoptotic signal, caspases are cleaved from inactive
precursors to active mature forms. Initiator caspases (caspase-2, -8, and -9) generally act
upstream of effector caspases (caspase-3, -6, and -7). The effector caspases in turn cleave
critical regulatory or structural proteins such as poly(ADP-ribose) polymerase, lamins,
spectrin, and DNA fragmentation factor (all of which are cleaved during organelle breakdown).
Western blotting experiments have revealed that several caspases are expressed in the lens
(Wride et al. 1999; Zandy et al. 2005) and it has been suggested that at least one of these,
caspase-3, is directly involved in organelle breakdown (Ishizaki et al. 1998). Lens caspase
activity has been measured using fluorogenic assays. Of the caspase-like activities recovered
from rodent lens lysates, VEIDase activity (caspase-6-like activity) is the most prominent
(Foley et al. 2004; Zandy et al. 2005). Significantly, VEIDase activity peaks during the
developmental period in which organelle degradation commences (Foley et al. 2004),
suggesting that caspase-6, or a caspase-6-like enzyme might be implicated in organelle
breakdown.

If organelle breakdown represents a form of apoptosis, it has been difficult to explain why the
process does not proceed to complete cell death, with all its cytological hallmarks (breakdown
of the cytoskeleton, membrane blebbing, formation of apoptotic bodies, etc.). In other systems,
cell death can be prevented by aB crystallin, a chaperone molecule with the ability to inhibit
the maturation of pro-caspase-3 (Kamradt et al. 2002). Fiber cells contain extraordinarily high
levels of a-crystallin, which has both refractive and chaperone functions in the lens. It has been
proposed that the presence of a-crystallin serves to blunt the apoptotic cascade in cells

undergoing organelle breakdown. In support of this hypothesis, massive apoptotic cell death
ensues in the center of lenses lacking oA and aB crystallin (Morozov and Wawrousek 2006).
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Despite a preponderance of circumstantial evidence supporting the hypothesis that organelle
breakdown in the lens is an apoptosis-like event, recent data have cast doubt on this conclusion.
First, there is no direct evidence for caspase activation in cells bordering the OFZ. Specific
antibodies against activated caspase-3 do not label cells undergoing organelle breakdown,
although the same antibodies label cells in the epithelium undergoing genuine apoptosis (Zandy
etal. 2005). Organelle breakdown is not inhibited in mice lacking caspase-3, -6, -7, (the effector
caspases shown to be expressed in the lens) or a combination of caspase-3 and -6. Although
caspase-like activities can be recovered from lens lysates these are most likely due to the
postglutamyl peptide hydrolyzing (PGPH) domain of the proteasome. Using caspase-null mice
as controls, no evidence was found for the presence of activated caspases in the healthy lens
(Zandy and Bassnett 2007). It is also noteworthy that caspase activated deoxyribonuclease
(CAD), the enzyme that promotes DNA cleavage in apoptotic cells (Enari et al. 1998) is not
required for organelle breakdown in the lens (Zandy 2006), where chromatin degradation
occurs through the action of the unrelated nuclease, DNAse I1B (Nishimoto et al. 2003).

Although the contribution of caspases to lens organelle degradation is still unresolved, recent
data suggest an important role for the ubiquitin proteasome pathway (UPP). The UPP is the
major non-lysosomal protein degradation system in cells. Through it, proteins are first tagged
for destruction via covalent attachment of a polyubiquitin chain. The chain is added by the
coordinated activity of three classes of enzyme: a ubiquitin activating enzyme (E1), a ubiquitin
conjugating enzyme (E2) and a ubiquitin ligase (E3). The ubiquitinated substrate is targeted
to the 26S proteasome for destruction. Lens fiber cells express a fully function UPP (Pereira
et al. 2003) and it has been demonstrated that core components of the UPP redistribute during
fiber cell differentiation, many accumulating in the nuclear compartment (Girao et al. 2005)
consistent with a role in organelle breakdown.

In the developing chicken lens, mitochondria and other organelles are degraded in the central
fiber cells on or about E12 (Bassnett and Beebe 1992). Western blotting experiments have
demonstrated that the mitochondrial marker protein, succinate-ubiquinone oxidoreductase
(part of complex Il of the oxidative phosphorylation pathway and a component of the inner
mitochondrial membrane), disappears from the central cells in the period E9-E13. In vivo
application of the UPP inhibitor lactacystin prevents the clearance of succinate-ubiquinone
oxidoreductase from the central fiber cells during this period (Zandy and Bassnett 2007)
providing the first direct evidence that the UPP is involved in the elimination of organelle
components from differentiating lens fiber cells. These studies need to be extended to determine
whether all organelle components are ultimately cleared from the cell through the UPP.

Future perspectives

Much has been learned about the process of lens organelle degradation in the past five years,
but many important questions are unresolved. A striking feature of organelle breakdown is the
sharp transition between cells than contain organelles and those that do not but little is known
about the spatial cues that trigger organelle degradation in cells located a specific depth from
the lens surface. Standing gradients of oxygen are established within the lens (McNulty et al.
2004) and it is possible that these constitute both a spatial cue and a physiological trigger for
organelle breakdown (Bassnett and McNulty 2003). It has also been proposed that in both
erythrocytes and lens fiber cells, an initial stage in the organelle breakdown process might be
the specific permeabilization of organelle membranes through incorporation of the enzyme 15-
lipoxgenase (van Leyen et al. 1998). This intriguing hypothesis is supported by studies
indicating that inhibitors of 15-lipoxygenase block mitochondrial degradation in reticulocytes
(Grullich et al. 2001) and that ectopic expression of 15-lipoxygenase collapses the
mitochondrial pH gradient in non-erythroid cells (Vijayvergiya et al. 2004). However,
erythrocyte maturation is not impaired in mice deficient in 12-lipoxygenase, the mouse
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equivalent of human and rabbit 15-lipoxygenase (Sun and Funk 1996), and no ocular defects
have been noted, suggesting that if 15-lipoxygenase has a role in organelle breakdown it may
not be indispensable.

It seems likely that cell signaling pathways may operate during organelle degradation but the
nature and role of such pathways is currently a matter of speculation. Mitochondria and
endoplasmic reticulum are major cellular calcium stores and it is expected that with their
dissolution calcium will be released into the cytosol. Interestingly, free calcium levels are
elevated in the cytoplasm of central, organelle-free cells compared to organelle-containing
cells near the periphery (Gao et al. 2004). The gradient is relatively steep (300 — 700 nM) but
it is not known whether it arises as a consequence of organelle breakdown. Whatever its origin,
calcium-dependent signaling pathways might be activated as cells traverse the calcium gradient
during their differentiation. Similarly, calcium dependent proteases (calpains), which have
been studied intensively in the lens due to their possible involvement in cataract formation
(Biswas et al. 2004), might be differentially activated across the radial calcium gradient and
thereby have a role in organelle degradation or other aspects of fiber cell differentiation.
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Refractive index of cytoplasmic organelles

Table 1

Organelle Table Refractive Index (n) Reference

Extracellular Fluid 1.35-1.36 (Beauvoit et al. 1994)
Cytoplasm 1.37 (Brunsting and Mullaney 1974)
Nucleus 1.39 (Brunsting and Mullaney 1974)
Mitochondria 14 (Wilson et al. 2007)

Lysosome 1.6 (Wilson and Foster 2007)

Lens membranes 1.42-1.47 (Michael et al. 2003)
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