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ABSTRACT: Adequate supply of choline, an essential nutrient, is necessary to support proper brain development.
Whether prenatal choline availability plays a role in development of the visual system is currently unknown. In this
study,weaddressed the roleof inutero choline supply for thedevelopment and later functionof the retina in amouse
model. We lowered choline availability in the maternal diet during pregnancy and assessed proliferative and dif-
ferentiationpropertiesof retinalprogenitor cells (RPCs) in thedevelopingprenatal retina, aswell asvisual function in
adult offspring. We report that low choline availability during retinogenesis leads to persistent retinal cytoarchi-
tectural defects, ranging from focal lesions with displacement of retinal neurons into subretinal space to severe
hypocellularity and ultrastructural defects in photoreceptor organization. We further show that low choline avail-
ability impairs timely differentiation of retinal neuronal cells, such that the densities of early-born retinal ganglion
cells, amacrine and horizontal cells, as well as cone photoreceptor precursors, are reduced in low choline
embryonic d 17.5 retinas.Maintenance of higher proportions of RPCs that fail to exit the cell cycle underlies aberrant
neuronal differentiation in low choline embryos. Increased RPC cell cycle length, and associated reduction in neu-
rofibromin 2/Merlin protein, an upstream regulator of theHippo signaling pathway, at least in part, explain aberrant
neurogenesis in low choline retinas. Furthermore, we find that animals exposed to low choline diet in utero exhibit a
significantdegreeof intraindividualvariation invision, characterizedbymarked functionaldiscrepancybetween the
2 eyes in individual animals. Together, our findings demonstrate, for the first time, that choline availability plays an
essential role in the regulation of temporal progression of retinogenesis and provide evidence for the importance of
adequate supply of choline for proper development of the visual system.—Trujillo-Gonzalez, I., Friday, W. B.,
Munson,C.A., Bachleda,A.,Weiss, E.R.,Alam,N.M., Sha,W., Zeisel, S.H., Surzenko,N. Lowavailability of choline
in utero disrupts development and function of the retina. FASEB J. 33, 9194–9209 (2019). www.fasebj.org
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Choline is an essential nutrient and is vital for multiple
cellular functions (1). Choline is a precursor for acetyl-
choline, a neurotransmitter, as well as for phosphatidyl-
choline, a major constituent of cellular membranes (2, 3).
Importantly, choline is also a methyl group donor.

S-adenosylmethionine is produced through the choline
metabolism pathway, among others, and is an essential
substrate in DNA, RNA, and protein methylation reac-
tions (4). Through itsmultiple roles, including regulation
of gene and protein expression via DNA and histone
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methylation, choline availability serves tomodulate tissue
growth and homeostasis (1).

Dietary intake of choline in humans varies greatly,with
only 7% of women in the developed countries, and even
fewer in the developing countries, achieving the recom-
mended levels of choline intake (1, 5–9). In addition, single
nucleotide polymorphisms affecting choline metabolism
genes, such as phosphatidyl-N-methyltransferase, are
prevalent among women (10, 11). Together with in-
sufficient dietary intake, single nucleotide polymorphisms
in choline metabolism genes may lead to less than ade-
quate supply of choline to the developing fetus during
pregnancy, possibly affecting the critical early steps of
CNS development and consequently later cognitive
function.

In the developing rodent brain, adequate choline
availability is necessary for themaintenance of a sufficient
pool of neural progenitor cells (NPCs) to sustain neuro-
genesis (12–14). When choline levels in the maternal diet
are low, NPC self-renewal capacity in the fetal brain is
compromised, leading to precocious NPC differentiation.
In the developing mouse cerebral cortex, low availability
of cholinebetweend11and17ofgestationmanifests in the
reduction in cortical NPCs, radial glia, and intermediate
progenitor cells specifically (12). Consistent with pre-
mature differentiation and depletion of cortical NPCs due
to low choline availability, production of the early born,
lower layer (layer VI) cortical neurons is increased,
whereas genesis of the later born, upper layer neurons
(layers II–IV) is reduced in low choline embryonic brains.
Conversely, ifmaternal dietary intakeof choline in rodents
during pregnancy is increased above adequate, the off-
spring perform better on spatial and visual memory tests
throughout life (15–18). In humans, a significant en-
hancement in an infant’s information processing speed at
4–13 mo of age was observed in children whose mothers
were supplemented with choline chloride (930 mg/d of
choline equivalents vs. 480 mg/d during pregnancy) (19),
whereashigherdietary choline intake inpregnantmothers
was associated with better cognitive performance in their
children at 7 yr of age (5). Yet, the long-term consequences
of low supply of choline for the development of the visual
system are unknown.

Developing retina is a sensitive model system, which
can be used to study the impact of environmental factors,
such as dietary nutrients, on neurogenesis. Retina is de-
rived from the neuroepithelium of the ventral di-
encephalon and thus shares its origin with the rest of the
brain (20). The temporal progression of retinal neuronal
cell differentiation is well understood and is conserved
among vertebrates (21, 22). In the mouse, retinogenesis
begins at embryonic day (E) 11.5 and continues through
postnatal day (P) 10. Retinal ganglion cells (RGCs) are the
first neurons that begin differentiation in the retina, fol-
lowed by cone photoreceptors, horizontal cells, and ama-
crine cells, the majority of which are born during
embryonic stages of mouse retinal development. Rod
photoreceptors, bipolar cells, andMüller glia, on the other
hand, are born predominantly postnatally. Importantly,
retinal progenitor cell (RPC) proliferative and differentia-
tion properties rely on precise temporal regulation of key

signaling pathways and transcription factors that control
RPCfate, but theycanalsobe influencedbyenvironmental
factors (23, 24).

In this study,we addressed the role of choline supply in
prenatal mouse retinal development. We hypothesized
that similarly to the developing cerebral cortex (12), cho-
line availability may be required to regulate proliferative
and differentiation properties of RPCs in the developing
retina. We found that low availability of choline during
prenatal mouse retinogenesis inhibits RPC cell cycle exit
and neuronal differentiation, leading to long-lasting
changes in retinal cytoarchitecture and function. Thus,
our data suggest that adequate availability of dietary
choline to the embryo is essential for proper development
and later function of the visual system.

MATERIALS AND METHODS

Animals

Animal experiments were performed in accordance with the
protocols approved by David H. Murdock Research Institute
Institutional Animal Care and Use Committee. NestinCFPnuc
animals were a gift from Dr. Enikolopov (Renaissance School of
Medicine, Stony Brook University, Stony Brook, NY, USA) (25).
Nestin-CreERT2 (stock number: 016261) (26), Ai9 (stock number:
007909) (27) and C57BL/6J (stock number: 000664) mouse lines
were obtained from The Jackson Laboratory (Bar Harbor, ME,
USA); NestinCFPnuc, Nestin-CreERT2, and Ai9 lines were main-
tained on C57BL/6J background. Genotyping was performed
according to published protocols (25–27) and those used at
The Jackson Laboratory. Genotyping of NestinCFPnuc animals
was performed using the following primers detecting cyan
fluorescent protein (CFP):NestinCFPnucF 59-ATCACATGGTC-
CTGCTGGAGTTC-39, NestinCFPnuc R 59-GGAGCTGCACA-
CAACCCATTGCC-39. Genotyping of Nestin-CreERT2 animals
was performed using the following set of primers: NestinCre
F 59-GCGGTCTGGCAGTAAAAACTATC-39; NestinCre R 59-
GTGAAACAGCATTGCTGTCACTT-39; Positive control F 59-
CTAGGCCACAGAATTGAAAGATCT-39; Positive control R
59-GTAGGTGGAAATTCTAGCATCATCC-39. Genotyping of
Ai9 animals was performed using the following set of primers
for Rosa26 locus and the knock-in reporter allele: Ai9WT-F
59-AAGGGAGCTGCAGTGGAGTA-39; Ai9WT-R 59-CCGAAA-
ATCTGTGGGAAGTC-39; Ai9KI-F 59-GGCATTAAAGCAGCG-
TATCC-39; Ai9KI-R 59-CTGTTCCTGTACGGCATGG-39. Timed
mating was used to generate litters for analyses, and day of plug
detection was considered d 0.5 of gestation.

Diets

Experimental animals were acclimated to defined diets at least
1wkprior tomatingandmaintainedondefineddiets throughout
experiments. Pregnant dams (multiple batches of 3–5 dams per
group)wererandomlyassigned to either adequateor lowcholine
group; low choline diet was administered starting at d 11.5 of
pregnancy.Main reported findings (retinal structuraldysgenesis,
retinogenesis defects, and cone photoreceptor ultrastructure)
were studied in animals raised on a modified AIN93G diet
(M-AIN93G) (D16040706N and D16040705; Research Diets,
New Brunswick, NJ, USA; and 103186 and 103187; Dyets,
Bethlehem, PA, USA), and on AIN76A diet (110098 and 118853;
Dyets). Structural dysgenesis results were also confirmed in an-
imals raised on Open Source defined chow diet (D11112201 and
D13090101-02; ResearchDiets) (also see Supplemental Table S1).
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Low choline diet contained 0 g/kg diet of choline chloride
(AIN93G and AIN76A) or choline bitartrate (Open Source de-
fined chow).Adequate cholinediet contained 1.4 g/kgof choline
chloride (M-AIN93G), 1.2 g/kg of choline chloride (AIN76A),
and 2 g/kg of choline bitartrate (Open Source defined chow).
Animals raised on chow 6F 5K52 (The Jackson Laboratory) were
used to establish conditions for spatial visual function
measurements.

Electroretinography

C57BL/6J mice, ranging in age from P35 to 4 mo, which were
exposed to adequate or low choline diets during development
weredark-adapted for14h.Electroretinography(ERG) recordings
were performed in anesthetized animals essentially as described
by Phillips et al. (28) using an Espion E2 system and ColorDome
Ganzfeld Stimulator (Diagnosys, Lowell, MA, USA). Recordings
were performed using an intensity/response series of 12 4 ms
flashes ranging from 0.001 to 100 cd.s/m2 in intensity (29, 30).

Test of spatial visual function

Spatial frequency (sf) thresholds for opto-kinetic tracking of a
sine-wave grating were measured in C57BL/6J 4-mo-old off-
spring using a virtual optokinetic system (OptoMotry; Cerebral
Mechanics, Medicine Hat, AB, Canada) (31, 32). A vertical sine-
wave grating moving at 12°/s or gray of the same mean lumi-
nance were projected on 4 monitors as a virtual cylinder that
surrounded anunrestrainedmouse standing on aplatformat the
epicenter. The hub of the cylinder was continually centered be-
tween the eyes of themouse to precisely set the sf of the grating at
themouse’s viewing position as it shifted its body position. Gray
was projected while the mouse was moving, but when move-
ment ceased, the gray was replaced with the grating. Grating
rotationelicited reflexive trackingbehavior,whichwas scoredvia
live video image using a method of limits staircase procedure
with a yes/no criterion. Sf thresholds were determined for each
eye independently by changing the direction of grating move-
ment: clockwisemovement (left eye) and counterclockwise (right
eye) (32). Obtained sf thresholdsweremanually confirmed at the
end of the testing period. The investigator conducting the testing
was blinded to the animal’s experimental group.

Tissue collection

Embryosweredecapitated,brainswere removed,andembryonic
headswere fixed in 4%paraformaldehyde/1 time PBS overnight
at 4°C. For histology and immunohistochemistry in adult ani-
mals, eyeballswere collected fromanimals euthanizedusingCO2
and fixed in 4% paraformaldehyde/1 time PBS overnight at 4°C.
Tissues were dehydrated in sucrose/1 time PBS solution at 4°C,
with increasing sucrose concentrations (10–30%) over 48 h. Tis-
suesweremounted inOCT compound (ThermoFisher Scientific,
Waltham, MA, USA), frozen on dry ice, and stored at 280°C.
Embryonic heads were cryosectioned coronally at 20 mm such
that each consecutive section was adhered to one of the consec-
utive slides in a series of 7, equally distributing tissues of each
sample over a series of 7 slides. Slides were stored at220°C.

Histology

Hematoxylin and eosin staining was performed on 20-mm-thick
retinal frozen sections. Briefly, slides were dried at room temper-
ature for at least 1 h and rinsed in 2 changes of running tapwater.
Gills hematoxylin was added to slides for 3.5 min, followed by 2

rinses in running tap water. Slides were dipped 3–4 times in lith-
iumcarbonateandrinsed in tapwater. Slidesweredipped10 times
in 95% ethanol. Eosin was applied for 30 s, followed by 2 rinses in
95% ethanol, 2 rinses in 100% ethanol, and 3 rinses in xylene.

Toluidine blue staining and transmission
electron microscopy

Mouseeyeswere immersion-fixed in2%paraformaldehyde/2.5%
glutaraldehyde/0.1 M sodium cacodylate, pH 7.4, and stored at
4°C for severaldaysbeforeenucleation.Theeyecupswerewashed
3 3 10 min with 0.1 M sodium cacodylate buffer followed by
postfixation in 1% osmium tetroxide/0.1 M sodium cacodylate
buffer, pH 7.4, for 1 h. After washing with deionized water (33
15min), the eyecupswere stained en blocwith 2% aqueous uranyl
acetate for 30 min, rinsed in water, and dehydrated with in-
creasing concentrations of ethanol (30, 50, 75, 90, 100, and 100% at
15 min each). Following two 15-min changes of propylene oxide,
the samples were infiltrated overnight with a 1:1 mixture of pro-
pylene oxide and PolyBed 812/Spurr’s epoxy resin (Polysciences,
Warrington, PA, USA). After 2 changes in 100% PolyBed 812/
Spurr’s resin (8 h, then overnight), the eyecupswere embedded in
fresh resin and blocks were polymerized overnight at 60°C. The
eyecups were sectioned transversely close to midline (from optic
nerve tocornea)withadiamondknife at 1mmthickness,mounted
onslides, andstainedwith1%toluidineblue in1%sodiumborate.
Slideswere examinedandphotographedwith anOlympusBX-61
microscope (Olympus America, Center Valley, PA, USA)
equipped with a Retiga 4000R CCD camera (Teledyne
QImaging, Surrey, BC, Canada) and Volocity v6.3 software
(PerkinElmer, Waltham, MA, USA). Comparable regions of
interest were selected, and ultrathin sections (70–80 nm) were
cut with a diamond knife, mounted on 200 mesh copper grids
followedby stainingwith 4%aqueousuranyl acetate for 12min
andReynolds’ lead citrate for 8min.Gridswere observed using
a JEOL JEM-1230 transmission electron microscope operating
at 80 kV (Jeol USA, Peabody, MA, USA) and images were ac-
quiredwith aGatanOriusSC1000CCDDigitalCameraandGatan
Microscopy Suite 3.0 software (Gatan, Pleasanton, CA, USA).

Immunohistochemistry

Slides were dried at room temperature for 1 h, hydrated in 1 time
PBS, and incubated in blocking solution containing 2% goat or
donkey serum (Thermo Fisher Scientific) and 0.01% Triton X-100
(MilliporeSigma, Burlington, MA, USA) in 1 time PBS for 1 h. An-
tigen retrieval for immunostaining against bromodeoxyuridine
(BrdU), iododeoxyuridine (IdU),Ki67,andphosphohistone3 (PH3)
was performed by steaming the slides in a solution containing
10mMsodium citrate, 0.05%Tween 20 (pH 6.0) for 20min prior to
the incubation in blocking solution. Slides were incubated in
blocking solution containing primary antibodies overnight at 4°C.
The following antibodies and dilutions were used: rat anti-BrdU
(1:100, ab6326; Abcam, Cambridge,MA,USA),mouse anti-BrdU/
IdU (1:100, 347580; BDBiosciences, San Jose, CA,USA), rabbit anti-
Calbindin (1:1000, ab11426; Abcam), rabbit anti-Calretinin (1:1000,
MAB1568; Thermo Fisher Scientific), rabbit anti-cleaved Caspase 3
(1:50, 9579; Cell Signaling Technology, Danvers, MA, USA), goat
anti-ChAT(1:30,AB144P;MilliporeSigma), rabbitanti-conearrestin
(1:250, AB15282; MilliporeSigma), chicken anti-EGFP (1:1000,
ab290; Abcam), mouse anti-ISL LIM Homeobox 1 (Islet1) (1:50,
40.3A4; Developmental Studies Hybridoma Bank, Iowa City, IA,
USA); rabbit anti-Ki67 (1:500, ab15580; Abcam),mouse anti-Nestin
(1:150, 14-5843-82; Thermo Fisher Scientific), goat anti-Otx2 (1:500,
1979; R&D Systems, Minneapolis, MN, USA), rabbit anti-PH3
(1:1000, 05-636; MilliporeSigma), rabbit anti-red/green opsin
(1:300, AB5405; MilliporeSigma) rabbit anti-spalt-like transcription
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factor 3 (Sall3) (1:250, HPA016656; MilliporeSigma), Click-It EdU
Detection Kit (C10337; Thermo Fisher Scientific) was used
to detect 5-ethynyl-2’-deoxyuridine (EdU). Lectin PNAAlexa647
(1:250, B-1075; Vector Laboratories, Burlingame, CA, USA) was
used to detect cone outer segments. The following secondary
antibodieswere used: goat anti-chickenAlexa 647 (1:500; Jackson
ImmunoResearchLaboratories,WestGrove,PA,USA), goat anti-
mouse Alexa 488 (1:1000; Jackson ImmunoResearch Laborato-
ries), goat anti-rabbit CY3 (1:250; Jackson ImmunoResearch
Laboratories) goat anti-rat Alexa 488 (1:2000; Thermo Fisher
Scientific), goat anti-mouse Alexa 555 (1:2000; Thermo Fisher
Scientific), donkey anti-goat Alexa 488 (1:1000; Jackson
ImmunoResearch Laboratories). DAPI (1:4000; MilliporeSigma)
was used to label cell nuclei. Images were acquired using an
LSM710 laser scanning confocal microscope (Carl Zeiss, Oberko-
chen, Germany). Z stacks with 5–7 optical slices through 14–20
mm were obtained from tissue sections or whole-mounted
retinas. Image analysis was performed using ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

Cell quantification

For embryonic studies, both retinas from at least 3 embryos and
at least 3 distinct litters were used for analyses. Cells were man-
ually counted on z-stacks collected at 20 or 40 times from 20 mm
sections using ImageJ software. The following regions of interest
were used: oligodendrocyte transcription factor 2 (Olig2) E17.5
100mm3 100mm;Olig2 E14.5 170mm3 170mm;Otx2 70mm3
70 mm; PH3, EdU/Ki67, Islet1, Sall3, Calbindin, 100 mm 3
100 mm; peanut agglutinin (PNA) 2003 200mm.Quantification
of retinal thickness was performed on immunofluorescent im-
ages of comparable central regions of adequate choline and low
choline retinas and in central retinal regionsonhistologic images
of adequate and low choline retinas.

Cell cycle analysis

Pregnantdams (d14.5ofpregnancy)were injected intraperitoneally
with IdU (120mg/kg bodyweight) at time 0 (T0). At T1 = 1.5 h,
damswere injectedwith BrdU (100mg/kgbodyweight; Sigma
B5002; MilliporeSigma). At T2 = 2 h, dams were culled and
embryonic heads were fixed in cold 4% PFA. Mouse antibody
against IdU and BrdU was used to detect both thymidine an-
alogs, and a rat antibody specific to BrdU (Bio-Rad, Hercules,
CA,USA)was used to detect BrdUalone (33, 34). The following
formulas were used to calculate the lengths of the S-phase (TS)
and the entire cell cycle (TC):

TS ¼ T1
�ðIdU1;BrdU2cells=IdU2;BrdU1 cells

�

TC ¼ TS
�ðIdU2;BrdU1 cells=Ki671 cells

�

Western blot

Retinas were collected from E17.5 embryos and lysed on ice in
RIPA buffer supplemented with protease inhibitor cocktail
(Roche, Basel, Switzerland) using sonication. Total protein con-
centration for all samples was quantified using the BCA assay
(Bio-Rad). Proteinswere loaded into SDS-PAGEgels and blotted
onPVDFmembranes. Immunolabelingwas accomplished using
the following antibodies: Yes-associated protein (YAP)/tafazzin
(TAZ) (8418; Cell Signaling Technology), PAK1 (2602; Cell Sig-
naling Technology), and NF2 (MABN1786; MilliporeSigma,
Burlington,MA,USA). The secondary antibodieswere goat anti-
rabbit 800CW(925–32211; Li-CorBiosciences, Lincoln,NE,USA)
andgoat anti-mouse600RD (925–68070; Li-CorBiosciences). The
membranes were imaged in Li-Cor Odyssey imaging system.

Statistical analyses

Data were analyzed with respect to normal distribution and
presence of outliers using Prism 6 software (GraphPad Soft-
ware, La Jolla, CA, USA). Cell densities were compared using
2-tailed Student’s t test; cell proportions were compared by
Mann-Whitney test. For the ERG data, we calculated the av-
erage amplitude between the 2 eyes and the difference in the
amplitudes between the 2 eyes. The average and difference
data were analyzed separately using a mixed linear model
followed by pairwise comparison between the 2 treatments
(low choline vs. adequate choline) at each light intensity level.
Pairwise comparison was performed using Student’s t test.
The distribution of the data was examined for normality and
equal variance assumptions. Log transformation was per-
formed for the difference data to meet the normality as-
sumption. Levene’s test was used to examine the equal
variance assumption; when P value was significant, Welch
t test was used to replace Student’s t test. Benjamini-Hochberg
procedure for false discovery rate control (35) was used to correct
the P values frommultiple tests. Data setswithmore than 1 group
were analyzed using 1-wayANOVA.Data are shown asmeans6
SEM unless specified otherwise in figure legends.

RESULTS

Low choline availability during gestation
leads to persistent retinal structural defects

Through its role in the regulation of NPC proliferation and
differentiation, choline is important for supporting the
proper temporal progression of neurogenesis in the cerebral
cortex (12, 14). To determine whether low availability of
choline during development also affects the final cellular
organization of the retina, we evaluated retinal gross mor-
phology in low choline and adequate choline offspring at
various ages, ranging from P35 to 1 yr of age (Supplemental
Tables S1 and S2). Histologic examination revealed that the
majority of retinas in animals exposed to low choline diet
between E11.5 and E17.5, or between E11.5 and P3, exhibit
structural abnormalities (Fig. 1A vs. B–D). The most com-
mon defects observed in low choline retinas are lesions
characterized by the focal displacement of retinal neuronal
cells, photoreceptor cells in particular, into subretinal space
and associatedwith regions of retinal thinning (Fig. 1E, large
arrow; Fig. 1F, arrow). In addition, we find that 18% of low
choline retinas that do not exhibit obvious lesions are hypo-
cellular (Fig. 1C andSupplemental Fig. S1 andSupplemental
Table S2). Lesions were not observed in adequate choline
retinas (Supplemental Tables S1 and S2). A longer period of
low choline availability, E11.5-P3, results in severe retinal
disorganization in a subset of animals (4 out of 8 retinas
examined) (Fig. 1D). In addition, immunohistochemical (Fig.
1G, red arrows) and histologic examination (Fig. 1H, black
arrows) reveals the presence of abnormally large blood ves-
sels in low choline compared to adequate choline retinas.
Structural abnormalities in low choline retinas are observed
in animals raised on 3 types of defined diets (see Materials
and Methods), and do not appear to become exacerbated
with age, as 16-mo-old low choline animals examined in this
study still display a single lesion (Supplemental Table S1).
Overall, 68% of low choline retinas exhibit abnormal retinal
structural architecture (summarized in Supplemental Table
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S2). Together, these data show that low maternal intake of
choline during pregnancy results in retinal structural defects
in the offspring, ranging from hypocellularity to lesions oc-
curring due to displacement of retinal neurons into sub-
retinal space.

Abnormal photoreceptor ultrastructure in low
choline retinas

Cone photoreceptor function is essential for daylight vi-
sion (36, 37). To evaluatewhether structural abnormalities
in adult low choline animals are associatedwith abnormal
cone photoreceptor cell organization or morphology, we
first compared the final density of cone photoreceptors
betweenadequate choline and lowcholine adult offspring.
Using lectin PNA staining,we determined that the densities

of cone outer segments are not different between adequate
choline and low choline adult offspring (Supplemental
Fig. S1A, B). However, cone outer segments appeared
disorganized in retinal regions devoid of lesions (Fig. 2A
vs. 2B), and the organization of the entire outer nuclear
layer (ONL)was significantly altered in the regions of low
choline retinas that did display lesions (Fig. 2C, D vs. Fig.
2A, large arrow). Immunostaining of flat-mounted retinas
against red/greenopsin revealedabnormaldistributionof
red/green opsin within cone outer segments in low cho-
line retinas (Fig. 2E, red). Similarly, localization of red/
green opsin in PNA-labeled cone outer segments exam-
ined in retinal sections appeared discontinuous and ir-
regular in low choline compared to adequate choline
animals (Fig. 2F, insets). Localization of cone arrestin in
low choline retinas also exhibited an irregular pattern
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Figure 1. Cytoarchitectural abnormalities in adult low choline retinas. A) Normal retinal gross morphology in adult adequate choline
animals, revealed by hematoxylin and eosin staining. B, C) Cytoarchitectural abnormalities, such as retinal folding [(B), white arrow]
and hypocellularity (C) are observed in retinas of animals exposed to low choline diet between E11.5 and E17.5. D) Extensive
disruption of retinal organization is observed in a subset of low choline animals exposed to low choline diet between E11.5 and P3.
E) Focal displacement of retinal cells into subretinal space, revealed by DAPI staining, is the most commonly observed defect in low
choline retinas (large white arrow) (also see Supplemental Table S1). F) Toluidine blue staining of semithin retinal sections reveals
disorganization of photoreceptor inner and outer segments in the areas of focal dysgenesis in low choline retinas and displacement
of photoreceptor cell bodies into subretinal space (white arrow). G) Immunostaining against PECAM-1 shows presence of abnormally
large blood vessels in low choline compared to adequate choline retinas. H) Example of an abnormally large blood vessel in low
choline retina compared to normal size blood vessels in adequate choline retina (black arrows). INL, inner nuclear layer; IPL, inner
plexiform layer; IS, inner segments; low le, lens; OPL, outer plexiform layer; OS, outer segment; PECAM-1, platelet endothelial cell
adhesion molecule 1; Pr, photoreceptor; R, retina. Scale bars, 750 mm (B), 600 mm (E), 120 mm (F), 120 mm (G), 200 mm (H).
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compared to adequate choline retinas (Fig. 2G, insets).
Finally, ultrastructural examination of photoreceptor
outer segments using transmission electron microscopy
revealed that membrane disks of photoreceptor outer
segments are less tightly organized in low choline com-
pared to adequate choline retinas (Fig. 2H, arrow). These
results demonstrate that low choline availability during
development leads to lasting defects in photoreceptor
outer segment organization and ultrastructure.

Differentiation of retinal neurons is inhibited
due to low supply of choline in utero

To determine the temporal stage atwhich low choline diet
induces structural retinaldisorganization, and thepossible
cause for retinal hypocellularity, we examined retinas of
E17.5 embryos exposed to low choline or adequate choline
maternal diets between E11.5 and E17.5 using immuno-
histochemistry (Fig. 3).We found thatonly a small fraction
of low choline E17.5 embryos (4 out of .20) exhibited
displacement of retinal cells into subretinal space

(Supplemental Fig. S2), suggesting that the structural de-
fects and lesions that we observe in adult low choline
retinas arise predominantly during postnatal develop-
ment. We next examined the densities of retinal neurons
born during prenatal stages of retinogenesis (Fig. 3A):
RGCs and a subset of amacrine cells marked by the ex-
pression of Islet1, horizontal cells marked by Sall3, and
cone photoreceptor precursors marked by Otx2 expres-
sion, inadequate cholineand lowcholineE17.5 retinas.We
found that the densities of Islet1-expressing cells in the
presumptive ganglion cell layer (GCL) are reduced in low
choline vs. adequate choline retinas (Fig. 3B vs. 3C, D; P =
0.0002 by Student’s t test). Similarly, densities of Sall3-
expressing differentiating horizontal cells (Fig. 3E–G;
P = 0.03 by Student’s t test) and Otx2-expressing cone
photoreceptor precursors in the outer neuroblastic cell
layer (NBL) (Fig. 3H–J;P, 0.0001 by Student’s t test) are
reduced in low choline (Fig. 3F, I) vs. adequate choline
(Fig. 3E, H) E17.5 retinas. Consistent with the reduction
in the densities of amacrine and horizontal cells, ex-
pression of calbindin, another marker of differentiating

Figure 2. Photoreceptor outer segment integrity is compromised in adult animals exposed to low choline availability between
E11.5 and E17.5. A, B) Compared to cone photoreceptor outer segments, labeled by PNA, in 4-mo-old adequate choline animals
(A), cone outer segments in low choline retinas (regions devoid of structural defects) appear disorganized (B). C, D) Retinal
folding and protrusion of photoreceptors into subretinal space in low choline retinas compromises outer segment organization
(C) and ONL integrity ((D), large arrow). E) Immunostaining against red/green opsin (red) and lectin PNA (green) in flat-
mounted adequate and low choline retinas (3-dimensional rendering) shows enlarged areas of red/green opsin
immunoreactivity in low choline cone outer segments. F) Aberrant red/green opsin localization is observed in lectin PNA-
labeled cone outer segments in cross sections of low choline compared to adequate choline retinas (insets). G) Aberrant
localization of cone arrestin is detected in lectin PNA-labeled cone outer segments of low choline compared to adequate choline
retinas. H) Transmission electron microscopy images reveal that organization of photoreceptor outer segment membrane discs is
less compact in low choline compared to adequate choline retinas (black arrows) (n = 2 males and 2 females per group). INL,
inner nuclear layer; IPL, inner plexiform layer; IS, inner segments; OPL, outer plexiform layer; OS, outer segment. Scale bars,
70 mm (C), 160 mm (D), 70 mm (E), 70 mm (F), 70 mm (G), 0.5 mm (H).
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amacrine and horizontal cells, is also reduced in low
choline compared to adequate choline retinas at E17.5
(Supplemental Fig. S3A, B). Importantly, we did not
detect appreciable numbers of activated caspase 3–
positive apoptotic cells in low choline or adequate
choline E17.5 retinas that would warrant cell quantifi-
cation (Supplemental Fig. S3C–F), nor did we observe
appreciable numbers of pyknotic nuclei, suggesting
that cell death may not be the principle reason for the
reduction in differentiating neurons in E17.5 low cho-
line retinas. Together, these results demonstrate that
differentiation of retinal neurons born during embry-
onic period of retinal development is inhibited due to
low supply of choline in maternal diet, whereas the
onset of structural dysgenesis in the majority of low
choline retinas occurs later than E17.5.

Low availability of choline increases
the proportion of RPCs compared to
differentiating cells in E17.5 retinas

To confirm our observation that low supply of choline re-
duces RPC differentiation, we determined the relative
proportions of RPCs and differentiating neurons in low
choline vs. adequate choline E17.5 retinas (Fig. 4). To this
end, we used expression of NestinCFP in NestinCFP+/2

transgenic embryos to distinguish between NestinCFP-
expressing RPCs and differentiating neurons, which
down-regulate NestinCFP expression (12, 25). We first con-
firmed that NestinCFP is expressed strictly in RPCs, evi-
denced by its expression in the NBL and not in the

presumptive inner nuclear layer/GCL, marked by the ex-
pression of calretinin and containing differentiating neurons
(Fig. 4A). Next, we dissociated adequate choline and low
choline E17.5 retinas into single cells and determined the
relative proportions of NestinCFP-positive and NestinCFP-
negative cells between the groups (Fig. 4B). We found that
the proportions of NestinCFP- as well as Nestin protein–
expressing RPCs, relative to NestinCFP- and Nestin
protein–negative cells, are increased in low choline com-
pared to adequate choline retinas (Fig. 4C, D). Importantly,
expression of NestinCFP in relation to Nestin protein re-
mains unchanged in low choline vs. adequate choline E17.5
retinas, suggesting that low choline availability does not af-
fect the expression ofNestinCFPnuc transgene itself (Fig. 4E).
These results suggest that a decrease in differentiating neu-
rons in low choline retinas is accompanied by an increase in
the relative proportions of Nestin-expressing RPCs.

During the embryonic period of mouse retinal
development, a subset of RPCs expressing Olig2
transcription factor produce predominantly cone
photoreceptors and horizontal cells (Fig. 4F) (38). We
therefore sought to determine whether, consistent with
an increase in relative RPC proportions, the densities of
Olig2-expressing RPCs may be also increased in low
choline embryos. Using immunostaining against Olig2,
we found that the densities of Olig2-expressing RPCs
remain comparable between low choline and adequate
choline retinas at E14.5 (Fig. 4G, H). However, at E17.5,
Olig2-expressingRPCdensity is increased in low choline
compared to adequate choline retinas (Fig. 4I, J). In
addition, using immunostaining against calbindin to

A DB C

GE F

JH I

Figure 3. Neuronal differentiation is disrupted in E17.5 low choline retinas. A) Schematic diagram illustrating neuronal daughter
cells produced by RPCs during the period of low or adequate choline diet administration between E11.5 and E17.5 and their
spatial organization in the E17.5 retina. B–D) Expression of Islet1, marking RGCs and a subset of amacrine cells, is reduced in the
presumptive GCL of low choline (LC; n = 10) (C) compared to adequate choline (AC; n = 7) (B) E17.5 retinas [(D); P = 0.0002
by Student’s t test]. E–G) Density of Sall3-expressing differentiating horizontal cells in the NBL is reduced in LC (n = 9) (F) vs. AC
(n = 9) (E) E17.5 retinas [(G); P = 0.03 by Student’s t test]. H–J ) Density of Otx2-expressing cone photoreceptor precursors is
reduced in LC (n = 8) (I) compared to AC (n = 8) (H) E17 retinas [(J ); P, 0.0001 by Student’s t test]. Scale bars, 100 mm (C, F),
70 mm (I). ***P , 0.001, *P , 0.05 by Student’s t test.
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identify horizontal cells in the outer plexiform layer, we
determined that the final density of horizontal cells re-
mains reduced in adult low choline compared to ade-
quate choline retinas (Supplemental Fig. S1C, D). These
data show that increased proportions of RPCs in E17.5
low choline retinas are associated with a decrease in
differentiating neurons, suggesting that differentiation
capacity of low choline RPCs may be altered.

Reduced neuronal differentiation in low
choline retinas is accompanied by the
maintenance of RPC identity

Followingcelldivision,RPCdaughter cells eithermaintain
progenitor cell identity and progress through another
round of cell division or exit the cell cycle and acquire
neuronal fate. To determine whether low choline RPC

Figure 4. Relative proportions of RPCs are increased in low choline (LC) compared to adequate choline (AC) E17.5 retinas. A)
Nuclear expression of NestinCFP (purple) in Nestin-CFPnuc+/2 transgenic E17.5 embryos is restricted to the majority of RPCs in the
NBL and is not detected in the presumptive inner nuclear layers/GCLs marked by the expression of calretinin (green). B)
Immunostaining of dissociated E17.5 Nestin-CFPnuc+/2 retinas against NestinCFP (purple) and endogenous Nestin protein (green)
allows for identification of RPCs (arrows) and differentiating neurons that no longer express Nestin (arrowhead). C, D) Proportions
of Nestin-expressing cells [(C); P , 0.0001 by Mann-Whitney test] and NestinCFP-expressing cells [(D), P = 0.05 by Mann-Whitney
test] are increased in LC (n = 18) compared to AC (n = 18) dissociated retinas. E) The ratios of NestinCFP-expressing to Nestin-
expressing cells are not different between AC and LC retinas. F) Schematic diagram illustrating a subset of daughter cells, cone
photoreceptors and horizontal cells, produced by Olig2-expressing RPCs during embryonic mouse retinogenesis. G, H) At E14.5,
the densities of Olig2-expressing RPCs (red) in the NBL of AC (n = 12) and LC (n = 12) retinas (G) are not significantly different
(H). I, J) At E17.5, the density of Olig2-expressing RPCs (I) is increased in LC (n = 12) compared to AC (n = 12) retinas [(G); P ,
0.0001 by Student’s t test]. INL, inner nuclear layer; ns, not significant. Scale bar, 100 mm (I). *P , 0.05, ****P , 0.0001.
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differentiation following cell division could be inhibited,
weused genetic lineage tracing. Specifically,we generated
Nestin-CreERT2+/2; Ai9+/2 double-transgenic embryos, in
which activation of Cre recombinase is regulated by ta-
moxifen (TM) and results in permanent expression of Cre
reporter, tdTomato fluorescent protein, from the Ai9 Cre
reporter allele in NestinCreERT2-expressing RPCs and all
their progeny (Fig. 5A) (14, 26). Next, we activated Cre
recombinase inNestin-CreERT2+/2; Ai9+/2 adequate choline
and low choline pregnant females by a single injection of
TMatE14.5 andanalyzed the resultingprogeny labeledby
the expression of tdTomato at E18.5 (Fig. 5B). Based on cell
morphology, retinal layer position, as well as radial
alignment of clonally related RPCs, described in the liter-
ature (38, 39), we classified single labeled cells and groups
of cells into 4 categories: 1) single neurons (N), 2) groups of
RPCs with fewer than 4 cells (P # 4), 3) groups of RPCs
with more than 4 cells (P. 4), and 4) undefined (U) (Fig.
5C). Analysis of tdTomato labeled cells revealed a larger
proportion of groups of RPCs containingmore than 4 cells
(P. 4) (Fig. 5D, E;P= 0.01 byMann-Whitney test), aswell
as all groups of RPCs (P. 4 andP# 4) (Fig. 5D, F;P= 0.02
by Mann-Whitney test), in low choline vs. adequate cho-
line retinas among all observed recombination events.
These data suggest that a subset of low choline RPCs
maintains progenitor cell identity following cell division,
further confirming that RPC differentiation in low choline
retinas is inhibited.

Disruption of RPC cell cycle dynamics and
down-regulation of neurofibromin 2
protein in low choline retinas

To determine whether aberrant cell cycle dynamics con-
tributes to the observed reduction in retinal neurons and
increased proportions of RPCs in low choline retinas, we
examined the length of the S-phase and the entire cell cycle
length in adequate choline vs. lowcholineRPCs. To achieve
this, we labeled RPCs undergoing S-phase of the cell cycle
by administering the thymidine analog IdU to E14.5 preg-
nant females at T1 (0 h), followed by the administration of
another thymidine analog BrdU 30 min later at T2 (0.5 h)
and euthanizing animals 1.5 h following BrdU adminis-
tration atT3 (1.5 h) (Fig. 6A) as previously described (38, 39)
(see Materials and Methods). IdU and BrdU can be distin-
guished using antibodies specific to either IdU alone or
recognizing both IdU and BrdU (33, 34). Cells labeled with
IdU alone represent RPCs that have completed the S-phase
of the cell cycle and have moved on to G2 and M phases
(Fig. 6A). In accordancewith interkineticnuclearmigration,
whichplaces cell bodiesofmitoticRPCs strictly at theapical
retinal surface (40), we find that IdU singly-labeled nuclei
are located primarily at the outer retinal boundary in ade-
quate choline retinas (Fig. 6B, arrows). Surprisingly, very
few IdU singly-labeled cells are detected in low choline
retinas (1 cell in each of the 3 out of 12 retinal sections
examined, representing both retinas of 3 embryos from 3
distinct litters) (Fig. 6B). Accordingly, we find that the
lengthof theS-phaseof the cell cycle (TS) (Fig. 6C), aswell as
the entire cell cycle length (TC) (Fig. 6D), are increased in
low choline compared to adequate choline RPCs.These

results suggest that completion ofDNA synthesis during the
S-phaseof thecell cycle in lowcholineRPCs is delayedwhile
the entire cell cycle length is increased.

Consistent with delayed completion of the S-phase,
fewer mitotic RPCs marked by the expression of PH3 are
observed in low choline compared to adequate choline
retinas at E17.5 (Fig. 6E, F; P, 0.0001 by Student’s t test).
To confirm that cell cycle exit of low choline RPCs remains
compromised at E17.5,we labeledRPCs undergoingDNA
synthesis during the S-phase of the cell cycle at E16.5 by
injecting pregnant females with thymidine analog, EdU,
and evaluated the numbers of EdU-positive cells coex-
pressingKi67 24 h later, at E17.5 (Fig. 6G).We found that the
proportion of RPCs that remain in the cell cycle, as de-
termined by the proportion of EdU/Ki67 double-positive
cells among Ki67-expressing cells, is higher in low choline
compared to adequate choline E17.5 retinas (Fig. 6H; P =
0.004 by Mann-Whitney test). These results demonstrate
that the increase in RPC cell cycle lengthmay contribute to
reduced neuronal differentiation in low choline retinas.

Neurofibromin 2 (Nf2)/Merlin protein is an upstream
regulator of the Hippo signaling pathway and couples
regulation of cell cycle progression with cell-cell adhesion
(41, 42). Loss of Nf2 function leads to persistent cell pro-
liferation as well as disruption of adherens junction sta-
bility.We found thatNf2proteinexpression is significantly
reduced in E17.5 low choline compared to adequate cho-
line retinas (Fig. 6I, J; P , 0.0001 by Student’s t test),
whereas the reduction in Nf2 mRNA expression is also
detected in low choline retinas at E14.5 (Fig. 6K; P = 0.007
byStudent’s t test). In addition,wedetect an increase in the
levels of p21-activated kinase 1 (PAK1) protein (Supple-
mental Fig. S4), an important regulator of Hippo signaling
pathway, in low choline E17.5 retinas, whereas protein
levels of Nf2 downstream effectors, YAP/TAZ transcrip-
tional coactivators, remain unchanged (Supplemental Fig.
S4). Together, these data demonstrate that aberrant dif-
ferentiation of low choline RPCs is associated with an in-
crease inRPCcell cycle lengthandalteredexpression levels
of the Hippo signaling pathway regulatory proteins.

Retinal function and visual sensitivity are
altered in mice exposed to low choline diet
during development

To evaluate whether observed retinal hypocellularity
and presence of lesions may compromise visual func-
tion in low choline offspring, we conducted ERG re-
cordings in dark-adapted animals exposed to either
adequate choline or low choline diets between E11.5
and E17.5 using a 12-step protocol. We found that a-
wave amplitudes, reflecting photoreceptor function
(43),were reduced in low choline compared to adequate
choline animals (Fig. 7A and Supplemental Table 3),
whereas b-wave amplitudes, reflecting the function of
secondary retinal neurons (44), changed significantly
only at low light intensities (Fig. 7B and Supple-
mental Table S3). Moreover, longer exposure to low
choline diet (E11.5-P3) further reduced the average
a-wave, as well as b-wave responses, in low choline
compared to adequate choline animals (Fig. 7C, D
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and Supplemental Table S4). Detailed examination of
the data revealed a discrepancy in the a- and b-wave
amplitudes between the left and the right eyes in a subset
of individual low choline animals (Supplemental Fig. S5).
However, the differences in a-wave and b-wave ampli-
tudes between the 2 eyes in individual low choline ani-
malswere overall not significant (Supplemental Tables S3
and S4). Mixed model analysis, on the other hand,
revealed a significant or close to significant overall diet
effect in animals exposed to low choline diet between

E11.5 and E17.5 (P = 0.013 for a-wave, and P = 0.068 for b-
wave) and inanimals exposed to lowcholinediet between
E11.5 and P3 (P = 0.054 for a-wave, P = 0.024 for b-wave).

To address whether altered retinal function in animals
exposed to low choline diets between E11.5 and E17.5 is
associated with aberrant visuo-motor behavior, we ex-
amined optokinetic tracking capacity and compared sf
thresholds between low choline and adequate choline
animals. We first ensured that animals raised on defined
diet used in our study (M-AIN93G) reach the average sf

Figure 5. Increase in RPCs among daughter cells of NestinCreERT2-expressing RPCs in low choline (LC) retinas. A) Schematic
diagram illustrating genetic strategy of labeling daughter cells produced by RPCs with Nestin-CreERT2 transgene expression
history in Nestin-CreERT2+/2; Ai9+/2 embryos following administration of TM. Cre-mediated recombination of LoxP sites results in
deletion of the stop-codon and expression of tdTomato fluorescent protein. B) Schematic diagram illustrating tdTomato-labeled
daughter cells, including groups of radially-aligned RPCs and individual differentiating neurons, resulting from activation of Cre
recombinase by TM at E14.5. C) Examples of tdTomato-expressing progeny in retinas exposed to adequate or LC availability
between E11.5 and E18.5 following activation of Cre recombinase at E14.5. Increase in radially aligned groups of RPCs (P) is
observed in LC retinas. D) Venn diagrams illustrating distribution of proportions of observed groups of tdTomato-expressing
RPCs and individual neurons in adequate choline (AC; n = 7) and LC (n = 7) embryos. E, F) Increase in the proportions of RPC
groups with more than 4 cells (P . 4) [(E); P = 0.01 by Mann-Whitney test], as well as all RPC groups (P = 0.02 by Mann-Whitney
test), is observed in LC compared to adequate choline E18.5 retinas. CAG, cytomegalovirus (CMV) early enhancer/chicken b
actin (promoter); N, neurons; P, RPCs. Scale bar, 70 mm (C). *P , 0.05 by Mann-Whitney test.
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threshold of 0.4 cycles per degree (c/d) observed in ani-
mals raised on chowdiets and reported by others (Fig. 8A)
(31). Next, we compared overall sf distribution between
adequate and low choline animals raised on MAIN93G
diet and found that although the average sf thresholds
were not different between the groups, a subset of low
choline animals exhibited a notable discrepancy in sf
threshold between the 2 eyes (Fig. 8B, red and green data
points represent left and right eye sf thresholds in 2 indi-
vidual animals). The average difference in sf thresholds
between the left and the right eyes in individual animals is
not significantly different between the groups (Fig. 8C).
However, using an arbitrary sf threshold difference of 0.02
c/d,we found that 85%of lowcholineanimals exhibited sf
difference above 0.02 c/d between the 2 eyes, whereas
such difference was observed in only 62% of adequate
choline animals. We next analyzed sf threshold data by
separating eyeswith higher or lower sf thresholds reached
in individual adequate choline and low choline animals
(Fig. 8D). When we compared the average higher and
lower sf thresholds, we found a significant difference in
low choline male (Fig. 8D; P , 0.01 by 1-way ANOVA)

and female (Fig. 8D; P , 0.01 by 1-way ANOVA) off-
spring, butnot in adequatecholinegroups.Together, these
data demonstrate that retinal function is altered in low
choline compared to adequate choline animals, whereas
visuo-motor behavior analysis shows a notable discrep-
ancy in spatial visual sensitivity between the 2 eyes in low
choline offspring.

DISCUSSION

The importance of choline for brain development has been
well established (1, 4, 19). However, to date, the role of
choline availability in visual system development has not
been directly examined. In this study, we addressed the
requirement for choline during retinogenesis in a mouse
model and determined that retinal structural integrity
and function rely on adequate supply of choline during
development.

Genetic loss-of-function studies in mouse models have
unraveled many genes and proteins that affect develop-
ment of the retina (23, 45). However, fewer environmental
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Figure 6. Increase in RPC cell cycle length in low choline (LC) E17.5 retinas is accompanied by down-regulation of Nf2/Merlin protein.
A) Schematic diagram illustrating labeling of cycling RPCs by consecutive IdU and BrdU pulses. B) IdU singly labeled RPCs (green;
arrows) are observed at the apical retinal boundary in adequate choline (AC) E14.5 embryos, whereas RPCs labeled with IdU alone are not
observed in LC retinas. C) Calculated length of the S-phase of the cell cycle (TS) (also see Materials and Methods) is increased in LC (n =
3) compared to AC (n = 14) E14.5 embryos. D) Calculated length of the cell cycle (TC) (also seeMaterials andMethods) is increased in LC
compared to AC E14.5 embryos. E, F) The density of mitotic RPCs expressing PH3 (red) (E) is reduced in LC (n = 14) compared to AC
(n = 12) E17.5 retinas [(F); P, 0.0001 by Student’s t test]. G, H ) The proportion of RPCs that have incorporated EdU (green) between
E16.5 and E17.5 among all RPCs expressing Ki67 (red) (G) is increased in LC (n = 7) vs. AC (n = 8) E17.5 embryos [(H ); P = 0.004 by
Mann-Whitney test]. I–K) Expression of Nf2/Merlin protein is reduced in LC (n = 7) compared to AC (n = 7) E17.5 retinas, revealed by
immunostaining (I) and Western blot analyses [(J); P , 0.0001 by Student’s t test]. K) Reduced levels of Nf2 mRNA are detected in LC
(n = 5) vs. AC (n = 5) E14.5 retinas (P = 0.007 by Student’s t test). Scale bars, 55 mm (B), 70 mm (E), 70 mm (G), 25 mm (I).
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factors, such asnutrients,were examined for their possible
impact on retinal cytoarchitecture and function [i.e., vita-
min A, docosahexaenoic acid (46)]. Here, we report that
low availability of choline during pregnancy results in
persistent retinal structural defects. Lesions observed in
low choline retinas are characterized by the displacement
of retinal cells into subretinal space, form predominantly
after E17.5 and are consistent with spontaneous, focal
disruption of retinal outer limiting membrane (OLM).
OLM is created through tight and adherens junctions be-
tween the photoreceptor cell inner segments and the end
feet of Müller glial cells and is necessary to preserve the
integrity of the ONL (47). Abnormal development of reti-
nal Müller glia and rod photoreceptor cells, which arise
during mouse postnatal development, was reported to
lead to OLMdefects (29, 48, 49). In addition, disruption of
cell-cell adhesion complexes results in focal disruption of
the OLM and consequent displacement and degeneration
of photoreceptor cells (50–52). Although in this study we
did not directly address differentiation of Müller glia and
rod photoreceptors, we found that prolonged exposure to
low choline availability, encompassing postnatal devel-
opment until P3, exacerbates both retinal dysgenesis and
function in low choline offspring. In addition, we de-
tected a decrease in Nf2 protein levels in low choline
E17.5 retinas. Nf2 is a tumor suppressor, can directly
impact the assembly of cell-cell adhesion protein com-
plexes, and regulates contact-dependent cell pro-
liferation (53, 54). Nf2 loss of function mutations lead
to optic fissure and neural tube closure defects (55),

whereas partial Nf2 loss of function is also sufficient to
cause polyneuropathies, retinal hamartomas, epiretinal
membranes, and cataracts (56–58). Whether Nf2 ex-
pression remains reduced during the postnatal period
of retinal development in the offspring exposed to low
choline diet in utero and can underlie focal disruption of
the OLM and occurrence of lesions in low choline ret-
inas remains to be addressed.

Development of photoreceptor cell outer segments, as
well as formation of retinal vasculature, also occur post-
natally in themouse retina (59–62). Despite the increase in
maternal dietary intake of choline to adequate at E17.5,
after a period of low choline diet between E11.5 and E17.5,
we find that photoreceptor outer segment ultrastructure
in adult low choline offspring remains compromised,
whereas retinal blood vessels appear abnormally large.
This suggests that despite the restored choline levels in the
maternal diet, postnatal development of photoreceptors
and retinal vasculature are affected by prenatal low cho-
line availability. In the developing brain, choline was
shown to regulate progenitor cell properties through epi-
genetic mechanisms linked to its role as a methyl-group
donor (63–65). Changes in gene expression due to altered
DNA and protein methylation, as well as aberrant ex-
pression of microRNAs, are examples of the mechanisms
that can contribute to long-lasting changes in cell homeo-
stasis due to low choline availability during development.
Metabolic imprinting is a term used to characterize the
long-term functional consequences of low or high choline
availability during brain development (17). Furthermore,

Figure 7. Retinal function in adult low choline offspring is altered. A, B) Amplitudes of the a-wave (A) and b-wave (B) were
recorded by ERG from dark-adapted adequate choline (black circles; n = 8) and low choline (red squares; n = 9) 2-mo-old mice
exposed to low choline diet between E11.5 and E17.5. C, D) Amplitudes of the a-wave in A and b-wave in B were recorded by ERG
from dark-adapted adequate choline (black circles; n = 8) and low choline (red squares; n = 10) 2-mo-old mice exposed to low
choline diet between E11.5 and P3. *P , 0.05, determined by multiple t test (see Supplemental Tables S3 and S4).
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retinal photoreceptor outer segments are composed of
tightly packed membrane disks that contain phosphati-
dylcholine and are renewed throughout life (66, 67).
Choline from the extracellular environment is rapidly ac-
cumulated in photoreceptor outer segments as phospha-
tidylcholine, whereas inhibition of this process leads to
photoreceptor outer segment degeneration (68, 69).
Whether aberrant cone photoreceptor organization and
development of retinal vasculature in low choline off-
spring are driven by persistent epigenetic changes af-
fecting neuronal and endothelial cell types, or by lasting
changes in cholinemetabolism, remains to be elucidated.

In the developing cerebral cortex, low choline avail-
ability leads to premature depletion of NPCs through cell
cycle exit and differentiation (12, 14). This results in
changes in cortical cell type composition and reduced
cortical thickness. One of the underlying molecular
mechanisms for these effects is up-regulation of a micro-
RNA,miR-129-5p, inNPCs,which inhibits the synthesis of
the epidermal growth factor receptor (EGFR) protein (14).
EGFR signaling pathway, in turn, is important for the
maintenance of NPC self-renewal capacity (14, 70, 71).
Here we report that RPC differentiation in low choline
retinas is inhibited, possibly explaining hypocellularity
observed inasubsetofadult lowcholine retinas.However,
EGFRprotein expression in thedevelopingmouse retina is
not detecteduntil late prenatal/early postnatal stages (72).
In this study, we found that increased RPC cell cycle
length, combined with maintenance of RPC fate and
inhibited neuronal differentiation in low choline em-
bryos, occur during prenatal development, E14.5–E17.5,
suggesting that prenatal RPCs employ a different mo-
lecular mechanism in response to choline availability.

Reduced Nf2 protein levels observed in low choline
embryonic retinas are consistent with inhibition of neu-
ronal differentiation. Nf2 loss of function in RPCs leads to
their expansion through persistent cell cycle progression,
albeit at a slowrate (73). Importantly,Nf2 function inRPCs
is mediated by YAP/TAZ transcriptional coregulators,
which in the absence of Nf2 translocate to the nucleus and
mediate transcription of multiple target genes (42, 73–75).
Consistent with this, loss of YAP function in the retina
leads to acceleratedRPCcell cycle progression (76), further
supporting a hypothesis that increase in YAP/TAZ ac-
tivity due to partial loss of Nf2 function may explain per-
sistent slow proliferation of low choline RPCs. In this
study, we did not detect changes in total YAP/TAZ pro-
tein levels between adequate choline and low choline ret-
inas. However, we found that down-regulation of Nf2 is
accompanied by the up-regulation of PAK1 (an important
regulator of the Hippo signaling pathway), cell cycle pro-
gression, and vasculature development (77–79). Detailed
analyses of Nf2, YAP/TAZ, and PAK1 phosphorylation
status, subcellular localization, and function are necessary
to elucidate the links between choline availability and
regulation of the Hippo signaling pathway in the retina.

A range of retinal cytoarchitectural defects observed in
adult low choline animals suggests that retinal function,
and consequently spatial visual sensitivity,may be altered
in the offspring exposed to low choline diet during de-
velopment. Indeed, we found that photoreceptor cell-
driven responses, reflected by a-wave amplitudes, are
reduced in the offspring exposed to low choline diet pre-
natally (E11.5–E17.5) or throughP3 compared to adequate
choline offspring. Interestingly, with shorter exposure to
low choline diet (E11.5–E17.5), b-wave amplitudes,

Figure 8. Assessment of spatial
visual function in adult ade-
quate choline and low choline
animals by measuring optoki-
netic tracking reflex. A) Aver-
age sf thresholds are not
different between animals
raised on chow diets at the
University of North Carolina
Nutrition Research Institute
(NRI) or at The Jackson Lab-
oratory, and animals raised
on m-AIN93G at the NRI. B)
Analysis of the distribution of
the sf thresholds in low cho-
line animals (n = 13) reveals a
subset of animals with a dis-
crepancy in sf thresholds be-
tween the right and the left
eyes (green and red data
points represent 2 individual
animals), compared to ade-
quate choline group (n =
11). C ) Average sf threshold
differences between the left
and the right eyes are not
different between adequate
choline and low choline
groups. D) Average sf thresholds for eyes with higher vs. low visual sensitivity are different in low choline males (**P , 0.01
by 1-way ANOVA) and in low choline females (**P , 0.01 by 1-way ANOVA).
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reflecting cumulative responses of the rest of the retinal
neurons, are reduced significantly only at low light in-
tensities, suggesting that the input of rod photoreceptors
specifically, which are responsible for dim-light and night
vision, may not be properly transmitted in low choline
retinas. With longer exposure to low choline diet (E11.5-
P3), b-wave amplitudes are significantly reduced across
light intensities, suggesting that both rod and cone pho-
toreceptor inputs are not translated properly by retinal
neurons. Interestingly, we detect that a subset of low
choline animals exhibits pronounced discrepancy of
nearly 2-fold in a- and b-wave amplitudes between the 2
eyes, suggesting a marked difference in retinal function
within the sameanimals. Reduction in b-wave amplitudes
can result from aberrant development ofMüller glial cells,
which are essential for the maturation of retinal neuronal
circuitry (29). Similarly, possible defects in the develop-
ment of bipolar cells (44, 80), which arise postnatally, can
explain a pronounced decrease in b-wave amplitudes in
low choline retinas. Addressing how prenatal and post-
natal low choline availability impacts the development of
retinal circuitrywill help corroborate our current findings.

Unlike ERG, optokinetic tracking reflex is influenced
by many factors, including the integrity of the circuitry
within the visual cortex, and the ability to focus on the
image and stabilize head movements (81, 82). Impor-
tantly, measurements of visuo-motor behavior using op-
tokinetic tracking system allows for detection of the
discrepancies in visual sensitivity between the 2 eyes in
the same animal only if the stimulus (grating) is presented
within the monocular field of view, with sf thresholds
remaining unchanged when the stimulus is presented
within the binocular field. In this study, we detected that
low choline animals exhibit a discrepancy in visual sen-
sitivity between the left and the right eyes, whereas the
average optokinetic motor tracking sf thresholds
remained unchanged between the adequate choline and
the low choline groups. This suggests a possibility that
unequal functional output from individual eyes, driven
by retinal cytoarchitectural abnormalities, may underlie
activity-dependent establishment of ocular dominance in
the visual cortices of low choline animals, causing a con-
dition known as amblyopia (83). Importantly, although
affecting 1–5% of all children, amblyopia is more preva-
lent in developing countries (84), with prenatal and
postnatal nutritional status being an important factor in
the occurrence of this disorder (85, 86). Although choline
status during gestation has not yet been linked to ocular
and vision abnormalities in children, none of the systemic
health deficits that could potentially result from low
choline availability during development and possibly
affect vision have been reported.

In humans, development of photoreceptor outer seg-
ments and establishment of retinal circuitry are initiated
prenatally, with the full complement of retinal cells pro-
duced by weeks 19–21 of pregnancy (87). Demand for
choline is especially high during pregnancy, whereas the
proportion of women obtaining adequate levels of dietary
choline intake remains low (1, 88). The results of our study
suggest that in the context of genetic and environmental
insults leading to retinal disease, low choline availability

during pregnancy, manifesting in retinal hypocellularity
and a range of cytoarchitectural defects, may exacerbate
both theonset and theprogressionof thedisease, aswell as
contribute to conditions compromising visual perception.
Together, ourdata show that low supply of choline during
retinogenesis alters proper temporal progression of neu-
ronal differentiation in the embryonic mouse retina
through the regulation of RPC cell cycle exit and cell
cycle length dynamics. These findings demonstrate, for
the first time, that in addition to its requirement for brain
development, adequate supply of choline is also neces-
sary for the development of the visual system.
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