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dams expressed fat-1 and all were fed the SFO diet before
conception, only the pups expressing fat-1 were able to
synthesize n3 PUFA. This allowed the development of a
model in which membrane PUFA content could be
manipulated in littermates fed the same diet thus reducing
variability due to differences in diet and genetic background.
Figure 1 and Figure 2 show the fatty acid compositions of the
total phospholipids from plasma and liver, respectively, while
Figure 3 shows the fatty acid composition of the total lipid
extract from retina. In general, the mice expressing far-1 had
higher percentages of 22:6n-3 (p<0.001) and lower
percentages of 20:4n-6 (p<0.05 to approximately 0.01),
22:4n-6 (p<0.001), and 22:5n-6 (p<<0.001); 20:5n-3 could not
be detected in the fat-1 negative mice. These differences were
already established by 4 weeks of age and did not change
appreciably over the ensuing 12 weeks. The expression of the
TG2 transgene did not affect the fatty acid composition of any
of the three tissues that were examined.

The levels of retinal DHA in the fat-1 negative mice were
roughly half of that in fat-1 expressing mice (Figure 3). As
reported previously by many laboratories, reduction in DHA
in the retina was accompanied by a near-equivalent increase
in22:5n6[11,18,19,33-35]. Even though the dams were fed a

Figure 2. Liver fatty acid composition. Relative mole percentage
(xSD) of n3 and n6 polyunsaturated fatty acids are from total
phospholipids of plasma of Fat1+/TG2+, Fat1-/TG2+, Fat1+/TG2—,
and Fat1-/TG2— mice at age of 4 weeks (A; n=4-5) and 16 weeks
(B; n=4-7). Single (*), double (**), and triple (***) asterisks indicate
p<0.05, p<0.01, and p<0.001 for faz-1 positive versus faz-1 negative
values Single asterisk (*) indicates a p<0.05 faz-1 positive versus
fat-1negative. Double asterisk (**) represents a p<0.01 faz- 1 positive
versus fat-1 negative. Triple asterisk (***) indicates a p<0.001 faz-1
positive versus fat-1 negative.
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SFO diet before conception, the retinas of the fat-1 negative
mice still contained relatively high levels of n3 PUFA. This
is not surprising, since neural tissues accumulate n3 PUFA
from their mothers in utero and during the 3-week nursing
period before weaning. Maintenance of these levels of n3
PUFA at 16 weeks of age is consistent with earlier studies
showing that the retina has an efficient mechanism of
conserving n3 PUFA by recycling from the retinal pigment
epithelium [25].

Effect of DHA levels on retinal structure: Retinal structure
was examined along the vertical meridian from inferior to
superior ora serrata; representative sections from central
superior retina are shown in Figure 4. At 4 weeks of age, there
was a slight loss of rod photoreceptors in 7G2 positive (T%)
mice that also expressed fat-1 (F*; Figure 4A). By 16 weeks
of age, there was a significant thinning of the ONL of both
T"groups compared to the T-groups. The presence of higher

Figure 3. Retina Fatty Acid Composition. Relative mole percentage
(£SD) of n3 and n6 polyunsaturated fatty acids are from total
phospholipids of plasma of Fat1+/TG2+, Fat1-/TG2+, Fat1+/TG2—,
and Fat1-/TG2— mice at age of 4 weeks (A; n=3-5) and 16 weeks
(B; n=5-6). Single (*), double (**), and triple (***) asterisks indicate
p<0.05, p<0.01, and p<0.001 for fat-1 positive versus fat-1 negative
values.
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Figure 4. Retinal structure in transgenic
mice. Representative photomicrographs
are from the central superior retina of
Fatl+/TG2+, Fatl-/TG2+, Fatl+/
TG2—, and Fat1—/TG2— mice at 4 weeks
(A-D) and 16 weeks of age (E-H).

levels of DHA in the T*/F* group (Figure 4A,E) had no effect
on rod photoreceptor survival.

Quantification of age-related loss of rod photoreceptors
at each point measured along the vertical meridian is presented
in the “spider” graphs in Figure SA,C. Photoreceptor nuclei
were lost in both inferior and superior regions of the mice
expressing the ELOVL4 transgene compared to controls,
especially at 16 weeks of age. Mean ONL thicknesses taken
from 14 sites along the vertical meridian (7 superior and 7
inferior of the optic nerve head) were calculated for both age
groups. There were no significant differences in ONL
thickness between F*/T* versus F/T" and F*/T~ versus F/T~
mice at4 and 16 weeks of age. However, compared to 4-week-
old T* mice (Figure 5B), ONL thickness was reduced 31% in F
“mice and 32% in F- mice at 16 weeks of age (Figure 5D).

Effect of DHA levels on retinal function: ERG was used to
detect retina function for both age groups. Nine different
intensity flashes, ranging from 0.001 to 2,000 cd.s/m?, were
used (Figure 6A,B,E,F) and ERG responses from both eyes
were recorded and averaged. The amplitudes of mice at
saturating flash intensity, 1,000 cd.s/m?, are shown in Figure
6C,D,G,H. As expected, ERG a-wave responses were reduced
at 16 weeks of age in the mice expressing the ELOVL4
transgene, reflecting the significant degeneration observed by
histology and morphometry. However, we observed no effect
of DHA levels on the response amplitudes of the ERG of T*

or T~ mice. The amplitudes of a-waves in the T* mice were
already slightly lower than those in T~ mice at 4 weeks of age
(Figure 6A,C), although there were no differences in the b-
waves (Figure 6E,G). There was a significant age-related
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Figure 5. Quantification of morphologic changes in transgenic mice.
Measurements of ONL thickness (=SD) were made along the vertical
meridian of the eye in Fatl+/TG2+, Fat1-/TG2+, Fat1+/TG2—, and
Fatl-/TG2- mice maintained in 20 Ix cyclic light (n>8). A, C:
Averages were made of >8 retinas of transgenic mice at 4 and 16
weeks of age. B, D: The histograms are the average ONL thickness
at both age groups.
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reduction in both a-wave and b-wave amplitudes of all four
groups (Figure 6). Interestingly, the a-wave amplitudes, but
not the b-wave amplitudes, of 16-week-old T* mice were
lower than those of T~ mice.

Effect of DHA on rhodopsin levels: Figure 7 shows the levels
of bleachable rhodopsin in the four experimental groups of
mice. There was already some reduction in rhodopsin levels
at 4 weeks of age in the T* mice compared to T~ mice. This
reduction was even more dramatic at 16 weeks of age,
corresponding to the loss of photoreceptors demonstrated by
our ONL thickness measurements (Figure 5). However, as
was the case in our morphometric and functional analyses,
DHA levels had no effect on the rhodopsin content in T* or
T~ mouse retinas.

DISCUSSION

The fat-1 transgene provides the opportunity to significantly
alter the membrane content of n3 and n6 PUFA in animals
derived from the same dam and fed the same diet [29]. In the
current study, we produced mice with dramatically different
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Figure 6. Evaluation of functional changes by electroretinography.
Measurements of ERG a- and b-wave amplitudes (=SD) were made
in Fatl+/TG2+, Fatl—-/TG2+, Fatl+/TG2—, and Fatl-/TG2- mice
maintained in 20 Ix cyclic light (n>10). The a-wave (A, B) and b-
wave (E, F) amplitudes are from nine flash intensities at 4 weeks and
16 weeks. C, D are the average a-wave amplitudes of transgenic mice
at 4 weeks and 16 weeks of age. E, H are b-wave amplitudes.
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retinal DHA levels that also expressed the transgene encoding
one of the ELOVL4 mutations found in patients with STGD3
[6]. Mice expressing the fat-1 transgene, fed an n3-deficient
SFO diet, produced large amounts of n3 PUFA, resulting in
significantly higher levels of DHA in retina, liver, and plasma
as was found in our earlier light damage study [29]. As
expected, retinas showed the highest level of DHA. Mice
without fat-1 expression fed the SFO diet had fatty acid
profiles similar to those reported in other studies of n3 dietary
deficiency [11,18,19,33-35], namely a decrease in DHA that
was offset by an increase in 22:5n6. It is interesting that the
retinas of fat-1 negative mice (wild type) had relatively high
levels of DHA (although still half those of the fat-1 positive
mice), even though their dams had been fed the SFO diet well
before conception. This illustrates the striking ability of the
retina and the retinal pigment epithelium to sequester DHA
from the blood and to conserve it in the retina by a highly
efficient recycling system between the two tissues [25,36].

The gene mutation responsible for autosomal dominant
Stargardt macular dystrophy, first described in 2001 [2], was
found to have significant sequence homology to a family of
fatty acid elongases [2], all of which catalyze the condensing
reaction responsible for 2-carbon elongation of fatty acids.
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Figure 7. Rhodopsin content in transgenic mice. Rhodopsin content
was determined in eyes (+SD, n>4) from Fat1+/TG2+, Fat1-/TG2+,
Fat1+/TG2—, and Fat1-/TG2— mice at age of 4 weeks (A) and 16
weeks (B).
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These reactions occur on the endoplasmic reticulum and each
ELOVL enzyme (including ELOVL4) has a C-terminal
endoplasmic reticulum retention motif [7]. The265 mutated
ELOVL4 gene product is truncated and no longer contains the
endoplasmic reticulum signal [37-39], so it is possible that the
effect of the mutation is interference with fatty acid elongation
in the retina and other tissues in which the gene is expressed.
It was suggested that the metabolic defect in STGD3 might be
in the elongation of shorter chain n3 PUFA to DHA [2], since
it is the major fatty acid in the retina and rod outer segments
[9], and numerous studies in animals [10,11,14-19,21,34,40]
and humans [12,13,20] have shown that DHA is essential for
optimal development and function of the retina. We now know
that ELOVL4 is not involved in DHA synthesis, as we
recently showed that it catalyzes the elongation of C26
saturated and polyunsaturated fatty acids to C28-C38 fatty
acids [41]. Nevertheless, it remained to be determined if
retinal DHA also played a role in the retinal degenerative
process that occurs in STGD3, since two studies in patients
had suggested a potentially beneficial role [22,23]. The
current study is also important since the AREDSII clinical trial
has DHA and eicosapentaenoic acid (20:5n3)
supplementation as one of its variables.

There was a significant reduction in the amplitudes of the
a-waves and b-waves of the ERG as a function of age (Figure
6), with the greatest relative reduction occurring in the a-wave.
A similar result was reported by Li et al. [42] in C57BL/6 mice
at ages 2, 6, and 12 months. Although not discussed, there
appeared to be a relatively greater loss of a-wave amplitude
in their study as well. They could not explain the loss, but
suggested that it could be due to decreased resistance as a
function of age. This explanation seems reasonable, since the
ERG is a measure of electrical activity of the retina, and
significant growth occurs between 4 and 16 weeks—the age
of'the mice used in our study. Lee and Flannery [43] also noted
an age-related reduction in ERG amplitudes in heterozygous
rhodopsin knockout mice, with the greatest relative change
occurring in the a-wave. In our study, we fed a special diet
devoid of n3 PUFA. However, our observations of ERG
changes is not likely related to diet, since the observations of
Lietal. [42] and Lee and Flannery [43] were made on animals
fed laboratory chow diets.

The results of our study show that high DHA levels in the
retinas of mice overexpressing the mutated ELOVL4
transgene do not slow or prevent the retinal degeneration.
Although the retinal levels of DHA in the faz-1 positive mice
were twice those of the wild-type animals fed an n3-deficient
diet, there was no effect of DHA on the structure or function
of the retina. We therefore conclude that in the animal model
we used, namely a transgenic mouse overexpressing mutant
human ELOVL4 along with two normal mouse copies, DHA
does not rescue structure or function of rod photoreceptors.
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