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Abstract

Stargardt type 3 macular degeneration is dependent on a dominant defect in a single gene, 

ELOVL4 (elongase of very long chain fatty acids 4). The encoded enzyme, ELOVL4, is required 

for the synthesis of very long chain polyunsaturated fatty acids (VLC-PUFAs), a rare class of > 

C24 lipids. In vitro expression studies suggest that mutated ELOVL4STGD3 proteins fold 

improperly, resulting in ER stress and formation of cytosolic aggresomes of wild type and mutant 

ELOVL4. Although a number of mouse models have been developed to determine whether 

photoreceptor cell loss in STGD3 results from depletion of VLC-PUFAs, aggresome-dependent 

cell stress or a combination of these two factors, none of these models adequately recapitulates the 

disease phenotype in humans. Thus, the precise molecular mechanism by which ELOVL4 
mutation causes photoreceptor degeneration in mice and in human patients remains to be 

characterized. This mini review compares and evaluates current STGD3 mouse models and 

determines what conclusions can be drawn from past work.
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19.1 Introduction

Stargardt 3 is an early onset macular degeneration characterized by a progressive loss of 

central vision (McMahon and Kedzierski 2010; Zhang et al. 2001; Bernstein et al. 2001). 

Similarly to the more prevalent Stargardt 1 disease, the STGD3 phenotype has been 

associated with defects in a single gene (Bernstein et al. 2001; Zhang et al. 2001), the 

elongase of very long chain fatty acids 4 (ELOVL4). Mutations found in STGD3 patients 

affect the C-terminal end of the ELOVL4 protein that contains a di-lysine motif thought to 

regulate protein retention within the endoplasmic reticulum (ER) (Vasireddy et al. 2010). 

This is believed to derail proper localization of the protein to the ER, where very long chain 

fatty acid (VLC-FA) synthesis takes place and to suppress the biosynthetic capacity of the 

wild type ELOVL4 enzyme by removing it as well from the ER (Agbaga et al. 2008; Guillou 

et al. 2010; Logan et al. 2013). Because ELOVL4 expression in adult vertebrate eyes is 

limited to the photoreceptor layer (Zhang et al. 2003; Agbaga et al. 2008), its VLC-PUFA 

products are likely to play specific but yet to be defined, functions in cones and rods 

(Zemski Berry et al. 2014). It has been hypothesized that these lipids provide superior 

fluidity and stabilizing highly curved regions of cell membranes and might therefore play a 

function in phototransduction, outer segment maintenance and/or formation and release of 

synaptic vesicles (SanGiovanni and Chew 2005; Guillou et al. 2010; McMahon and 

Kedzierski 2010; Bennett et al. 2014b).

19.2 Cell Culture Studies

The leading hypotheses of STGD3 pathomechanisms are based on studies of transgenic cell 

cultures where ELOVL4 was expressed alone and/or in combination with the STGD3-

causing mutant ELOVL4 gene (Karan et al. 2005; Logan et al. 2013). These studies showed 

that the mutant protein aggregates with the wild type version and translocates it from the ER 

to the cytoplasm, possibly forming aggresomes (Ambasudhan et al. 2004; Karan et al. 2005; 

Grayson and Molday 2005). The impaired trafficking hypothesis provides a plausible 

mechanism for the dominant inheritance of the disease in STGD3 patients. It also predicts 

that photoreceptor cells expressing mutated ELOVL4 face ER stress and unfolded protein 

response (Lin et al. 2008) in parallel to the lost ELOVL4 function and depletion of VLC-

PUFAs. Thus, it would be important to determine whether STDG3 is primarily mediated by 

loss of function due to mutated ELOVL4 or, as observed in other degenerative diseases of 

photoreceptor cells (Lin and Lavail 2010), as a result of protein misfolding and ER stress.

While misrouting is sufficient to induce loss of enzyme function (Logan et al. 2014), recent 

studies also established that the mutant ELOVL4 protein’s loss of function and dominant 

negative effect is not necessarily driven by insufficient ER retention (Logan et al. 2013). In 
vivo analysis in the transgenic Xenopus model showed that the mutant protein is trafficked 

to the photoreceptor outer segment, but it does not impede the normal compartmentalization 

of wild type ELOVL4 (Agbaga et al. 2014). Thus, whether and to what extent information 

from in vitro studies can be applied to understand the human STGD3 disease process 

remains an open question.
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19.3 Mouse Models: Knock-IN and Knock-OUT Strains

An overarching aim of STGD3 animal model development has been to unveil the causal 

connection between the genotype and early-onset progressive cone degeneration observed in 

humans. The early studies were stymied by the discovery that global homozygous Elovl4 
knockout and knock-in of the human mutation into the mouse Elovl4 gene are perinatally 

lethal due to loss of skin acylceramides, required to maintain the water barrier function 

(Vasireddy et al. 2007). Heterozygotes of both strains are viable but Elovl4+/− mice show no 

detectable phenotype (Raz-Prag et al. 2006; Li et al. 2007), suggesting that Elovl4 
haploinsufficiency and decreased function does not result in degeneration in the mouse. 

Further questions were raised by the observation that knock-in (KI) heterozygote mice, 

which represent the closest genetic approximation to the human condition, do not exhibit 

early-onset cone degeneration. Rather, late onset (8–15 months) and conflicting 

physiological changes were reported for KI animals: maximal scotopic ERG b-wave 

amplitudes were increased (Vasireddy et al. 2006) in one, decreased in a different study 

(McMahon et al. 2007). Consistent with other reports (McMahon et al. 2007; Mandal et al. 

2014), our own analysis shows ~ 50 % decrease of C30-C36 VLC-PUFA levels in retinas of 

KI mice (53.7 ± 8.8 % of control). However, this decrease in VLC-PUFA content was not 

sufficient to induce a behavioral phenotype. As shown in Fig. 19.1, the KI strain exhibits no 

visual acuity defect, as measured by their optomotor tracking behavior.

19.4 Mouse Models: Transgenic and Cell Specific Knockout Mice

Other STGD3 mouse models include transgenic mice that express either human wild type or 

mutant ELOVL4 (Karan et al. 2005; Kuny et al. 2010, 2012; Barabas et al. 2013) or cell 

specific knockdowns where mouse Elovl4 was knocked out specifically from cones 

(Harkewicz et al. 2012; Barabas et al. 2013) or rods (Harkewicz et al. 2012; Barabas et al. 

2013; Marchette et al. 2014) or the entire retina (Bennett et al. 2014a, 2014b). Unexpectedly, 

only the transgenic strains show early onset photoreceptor degeneration (Karan et al. 2005; 

Kuny et al. 2010, 2012) with onset time and severity depending on transgene expression 

level. A major discrepancy with regard to the human disease is that degeneration in 

transgenic animals starts with a massive loss of rods only secondarily followed by cone 

degeneration (Kuny et al. 2012; Barabas et al. 2013).

Pan-retinal Elovl4 KOs were characterized by decreased synaptic vesicle size & number in 

rod terminals, formation of ectopic rod-bipolar synapses associated with sprouting of bipolar 

dendrites and a reduction in scotopic ERG causing late (after 12 months) degeneration of 

rods (Bennett et al. 2014a, 2014b). Interestingly, the phenotype was not associated with 

changes in the postsynaptic excitatory response (Bennett et al. 2014b).

Conditional elimination of ELOVL4 from a single photoreceptor cell class gave discrepant 

results. The first study indicated a reduction in VLC-PUFA content and loss of rod and cone 

function in rod and cone conditional knockout (cKO) animals, respectively (Harkewicz et al. 

2012). However, the subsequent two studies found no effect on rod (Barabas et al. 2013; 

Marchette et al. 2014) or cone function and survival (Barabas et al. 2013). Differences 

between cre expression and knockdown efficiency do not account for these discrepancies as 
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the same cre system with approximately 60–80 % efficiency (Le et al. 2006; Barabas et al. 

2013) was used in all of these studies. The latter studies (Barabas et al. 2013; Marchette et 

al. 2014) observed no effect on scotopic or photopic ERGs or visual behavior even when the 

highly efficient iCre-75 was used to cause a massive (98 %) reduction in retinal VLC-PUFA 

content (Barabas et al. 2013). Major distinguishing factors in these studies were the use of 

different controls (C57B/6 mice in the Harkewicz et al. study, and congenic controls in the 

Barabas et al and Marchette et al studies), as well as the ages of the mice varied.

The important conclusion from knockdown studies is that deletion of Elovl4 from 

photoreceptor cells does indeed deplete retinal > C30 VLC-PUFA levels (Barabas et al. 

2013; Bennett et al. 2014a). Selective and highly efficacious elimination of the gene 

(together with near total loss of VLC-PUFAs from the mouse retina) shows a late-onset rod 

phenotype but no single KO or cKO strains has so far replicated the early cone loss 

phenotype seen in STGD3 patients.

19.5 Open Questions

Taken together, many open questions remain with respect to the pathophysiology of STGD3. 

Among the fundamental unresolved issues are (1) what is the function of VLC-PUFAs in 

photoreceptors? (2) What is the actual cause of the autosomal dominance of ELOVL4? And 

(3) Why does STGD3 affect cones in humans, are macular cones more sensitive to loss of 

VLC-PUFAs? The mild-to-none phenotypes of knock-in heterozygotes (McMahon et al. 

2007; Vasireddy et al. 2006), knock-out heterozygotes (Raz-Prag et al. 2006; Li et al. 2007), 

and cell-specific homozygote knockout mice (Barabas et al. 2013; Marchette et al. 2014) 

and the late-onset rod-specific phenotype of total retinal knockdowns (Bennett et al. 2014a, 

2014b) suggest that significant loss of VLC-PUFA levels is not sufficient to cause early 

onset cone degeneration in the mouse retina. It is possible that residual VLC-PUFAs (~ 2 % 

of control) are sufficient to maintain mouse photoreceptors, especially given that normal 

levels of VLC-PUFAs in mice are approximately 10 times higher compared to human (post 
mortem) retinal tissue (Liu et al. 2013). This may confer resistance to mouse photoreceptors 

in the form of VLC-PUFA “buffering”. Indeed, clinical and biochemical studies indicate that 

the human retina may be more sensitive to VLC-PUFA depletion. An inverse association 

was found between the severity of STGD3 and dietary intake of VLC-PUFA precursors 

(Hubbard et al. 2006) and loss of VLC-PUFAs was exacerbated in AMD patient eyes 

compared to age matched controls (Liu et al. 2010). The above data give an impetus to 

mouse studies, which will need to endow the mouse retina with at least some features of the 

human macula, establish the relative importance of loss of VLC-PUFAs and presence of the 

mutated protein and unveil the function of VLC-PUFAs in the healthy retina.
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Fig. 19.1. 
Visual performance was measured in Knock-IN heterozygous mice and wild type strain 

controls using their optomotor reflex to establish a spatial frequency threshold (OptoMotry, 

Cerebral Mechanics). Each symbol represents the visual acuity for the test of a single mouse 

at the specified age. No significant difference between the groups was detected
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