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L ecith in -retinol acy ltran sferase (LRAT), an  enzym e  
p resen t m ain ly  in  th e re tin a l p igm en ted  ep ith e lia l ce lls  
and liver, con verts all-fraras-retinol in to  all-fraras-retinyl 
esters. In the re tin a l p igm en ted  ep ith eliu m , LRAT p lays  
a k ey  ro le  in  th e re tin o id  cycle , a tw o-cell recy c lin g  
system  that rep len ish es th e ll-c is -r e t in a l chrom ophore  
o f rh od op sin  and con e p igm ents. We d isrupted  m ouse  
Lrat g en e  exp ression  by targeted  recom b in ation  and  
gen era ted  a hom ozygous Lrat knock-out (Lrat—/ —) 
m ouse. D esp ite  th e exp ression  o f  LRAT in  m u ltip le t is ­
su es, th e Lrat—I— m ouse d evelop s norm ally. The h isto ­
log ica l an a lysis  and electron  m icroscop y o f  th e retin a  
for 6 -8 -w eek -o ld  Lrat—I— m ice revea led  that th e rod  
ou ter  segm en ts are —35% sh orter  than  th ose o f  Lrat+I+ 
m ice, w h ereas o th er n eu ron al layers appear norm al. 
Lrat—I— m ice h ave trace le v e ls  o f  all-fraras-retinyl es ters  
in  the liver, lung, eye , an d  b lood, w h ereas th e c ircu la t­
in g  all-fraras-retinol is  red u ced  on ly  sligh tly . Scotop ic  
and p hotop ic e lectroretin ogram s as w e ll a s  p up illary  
con stric tion  an a lyses revea led  that rod  and con e v isu a l 
fu n ction s are severe ly  a tten u ated  a t an  early  age. We 
con clud e that Lrat—I— m ice m ay serve as an  anim al 
m odel w ith  early  on set severe re tin a l d ystroph y and  
severe re tin y l es ter  d ep rivation .

L ecith in-retinol acy ltran sfe rase  (LRAT)1 converts a ll-trans­
retinol (v itam in  A) to all-iraras-retinyl es te rs  in  several tissues,
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includ ing  th e  liver, lung, pancreas, in te stin e , tes tis , and  th e  
re tin a l p igm ented  ep ithe lium  (R P E ) (1-5). LRAT activ ity  in  th e  
RPE h as  been stud ied  for m ore th a n  60 y ea rs  (6), b u t the 
enzym e w as only recen tly  iden tified  on th e  m olecular level as a 
25-kD a in teg ra l m em brane p ro te in  (7). A ll-iraras-retinyl este rs  
are  in te rm ed ia te  com pounds in  a m etabolic pa th w ay  (“visual 
cycle” or “re tino id  cycle” ) th a t  recycles ll-c is -re tin a l, th e  chro­
m ophore of rhodopsin  and  cone p igm en ts (for review , see Refs. 
8 -10 ). In  th is  cycle, a ll-ftw is-re tina l d issociates from rhodop­
sin  and  cone p igm ents a fte r  photobleaching. In  the  photo­
recep tors, a ll-ftw is-re tina l is reduced  to all-ircm s-retinol and  
subsequen tly  exported  to the  ad jacen t RPE. In  th e  R PE, all- 
tra n s -retinol is esterified  by LRAT and  stored. A ll-ircm s-retiny] 
es te rs  have been suggested  to be th e  su b s tra te  for a  p u ta tiv e  
isom erohydrolase in  the  R PE (11) and  for a re tiny l e s te r  h y ­
drolase th a t  p roduces a ll-ftw is-retino l, a  su b s tra te  for th e  p u ­
ta tiv e  isom erase (for review , see Ref. 12). U ltim ate ly , l l -c is -  
retinol is produced, oxidized to ll-c is -re tin a l, and  exported  to 
th e  photoreceptors. In  th e  rod and  cone photoreceptor ou ter 
segm ents, ll-c is -re tin a l recom bines w ith  opsins to form rh o ­
dopsin and  cone p igm en ts (for review , see Ref. 8).

H um an  LRAT cDNA w as cloned from a re tina l-R P E  cDNA 
lib ra ry  (7) an d  ro d en t L ra t cDNA from liver and  o ther tissues 
(13-15). L ra t mRNA w as show n to be a  5.0-kb species ex­
p ressed  in  the  R PE, and  th e  m ultip le  tran sc rip ts  based  on 
d ifferential po lyadenylation  w ere detec ted  in  several o th er t is ­
sues know n for th e  h ig h es t LRAT activ ity  (13). The hu m an  
LRAT polypeptide consisted  o f230 am ino acids and  is  predicted  
to be an in teg ra l m em brane p ro tein  w ith  two tran sm em b ran e  
dom ains. B ased on th e  p rim ary  sequence, LRAT is  a  m em ber of 
a large N lpC /P 60  superfam ily  involved in  m u re in  degradation , 
am ide hydrolysis, and  acyl tran sfe r (16). E ukaryo tic  m em bers 
of th is  fam ily include th e  class II tu m o r suppresso r genes and  
th e  nem atode developm ental reg u la to r Egl-26 (17). S ite-spe­
cific m u tagenesis  of recom binan t h u m an  LRAT revealed  th a t  of 
four Cys residues, C ys161 is  a  nucleophile crea ting  a thioacyl- 
enzym e in te rm ed ia te , w hich is th en  tran sfe rred  to all-ftw is- 
retinol (18, 19). F u r th e r  m u tag en esis  experim en ts identified  
two H is res idues essen tia l for LRAT cata ly tic  activ ity  (19).

The hu m an  L R A T  gene consists of th ree  exons and  is located 
as a single copy on chrom osom e 4q31.2 (20). B ecause of its  key 
role in  th e  re tino id  cycle, defects in  th e  L R A T  gene a re  p re ­
dicted to have severe consequences on vision and  re tino id  m e­
tabolism . Screen ing  of 267 re tin a l dystrophy  p a tie n ts  identified

performance liquid chromatography; PIPES, 1,4-piperazinediethane- 
sulfonic acid; PLR, pupillary light response(s); ROS, rod outer seg­
ments); RPE, retinal pigmented epithelium; Rpe65, gene for 65-kDa 
retinal pigment epithelium cell protein; WT, wild-type.
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two d isease-associated  m u ta tio n s in h e rited  recessively (2 1 ). 
T he m issense m u ta tio n  S175R an d  a  fram esh ift m u ta tio n  
396delAA inac tiva ted  LRAT. P a tie n ts  carry ing  th e  S175R 
L R A T  nu ll gene developed norm ally , suggesting  th a t  th e  lack  of 
LRAT in th e  liver an d  o th e r tissues h ad  no dele terious effects. 
H ow ever, th e ir  v isual functions a re  severely  a tten u a ted , caus­
ing  early  onset severe re tin a l dystrophy. To characterize  fu r­
th e r  th e  consequences o f de le ting  th e  L R A T  gene, w e genera ted  
L ra t+  /  — an d  L r a t—/ — m ice by th e  s ta n d a rd  gene rep lacem ent 
technique. T he homozygous knock-out L r a t—/ — an im als ex­
h ib it slow degeneration  of th e  re tin a . T he R PE of L r a t—I — m ice 
is devoid of a ll-frans-retino l o r a ll-frans-re tiny l este rs, photo­
recep tors have no functional rhodopsin , an d  elec troretinogram  
(ERG) responses a re  highly  a tten u a ted . L r a t—I — m ice a re  an 
im p o rtan t experim en ta l model for h u m an  re tin a l dystrophies 
an d  for v itam in  A deprivation .

MATERIALS AND METHODS
Anim als—All animal experiments employed procedures approved by 

the  University of W ashington, University of U tah, and W ashington 
University Animal Care Committees and conformed to recommenda­
tions of th e  American V eterinary Medical Association Panel on E utha­
nasia and recommendations of the  Association of Research for Vision 
and Ophthalmology. Animals were maintained in complete darkness, 
and all m anipulations were done under dim red light employing a 
Kodak no. t  safelight filter (transm ittance >560 nm). Rpe65—/ — mice, 
obtained from Dr. M. Redmond (NEI, National Institu tes of Health), 
were genotyped as described previously (22). Typically, 6-12-week-old 
mice were used in all experiments.

Construction o f Targeting Vector and Generation o f L ra t—/ — Mice—A 
-14-kb genomic clone w as isolated from a 129SvEvA library. The probe 

used for screening was amplified with PCR prim ers LRAT2 (5'-GACGT- 
GTTGGAGGTGTCACGGAC-3') and LRAT4 (5 "CrrTGTGTGTGCA" 
GACCAAGATGAC-3'), fragm ent size 660 bp. The targeting  vector was 
constructed by using a t,350-bp DNA fragm ent as a short arm, which 
was PCR product amplified using the  LRATSA1 and LRATSA2 prim ­
ers. LRATSA1 is located 3.6 kb upstream  of exon t  (containing ATG), 
with the  sequence 5'-GTACCCAGGAGTAGGACCAAC-3'. LRATSA2 is 
located 2.2 kb upstream  of exon t ,  with th e  sequence 5'-TGTGAGT- 
GAGAGGCCACATCC-3'. The short arm  was inserted into the  5'-end of 
the  Neo gene cassette using an M lul site. The long arm  was a 10-kb 
genomic fragm ent th a t s ta rts  from Sm al site (inside exon t )  to the  end 
of the  14-kb A clone. In th is strategy, the  p a rt of th e  coding sequence of 
exon t  (including ATG) and the  2.2-kb upstream  sequence was replaced 
by a Neo gene cassette. 10 /ng of th e  targeting  vector was linearized by 
Notl and then transfected by electroporation of 129 SvEviTLl embry­
onic stem  cells. After selection in neomycin-containing medium G418, 
surviving colonies were expanded. PCR analysis was performed to 
identify clones th a t had undergone homologous recombination. PCR 
was done using prim er pairs LRATSA6 and Neol. Prim er LRATSA6 is 
located outside of short arm, 80 bp upstream  of LRATSA1, with the 
sequence 5'-AAAGAATCAATAGGACAAAGAACTGG-3'. Prim er Neol 
is located in the  5'-prom oter region of the  Neo gene cassette and has the 
sequence 5'-TGCGAGGCCAGAGGCCACTTGTGTAGC-3'. The positive 
clones were identified based on th e  1.4-kb PCR fragm ent. The correctly 
targeted embryonic stem cell lines were microinjected into C57BL/6J 
blastocysts. The chimeric mice were generated, and they gave germ line 
transm ission of the  disrupted Lrat gene.

Genotyping L ra t—/ — and Lrat+ I— Mice—To identify the  wild-type 
allele, prim er pairs LRATSA1/LRATWT1 (1.4-kb fragm ent) or LRAT1S/ 
LRATWT1 (300-bp fragm ent) were used. LRATWT1 is located 44 bp 
downstream  of LRATSA2, with the  sequence 5'-AAGTGCTGGGCATG- 
GTGACTTGTG-3'. The knock-out gene was identified with LRAT1S 
(5'-TCCAGTTCCAGACTCTTTCCACCCAC-3') and Neo-1 (370-bp frag­
ment). The PCR conditions were 94 °C for 30 s; 60 °C for 30 s; 72 °C for 
120 s; total of 30 cycles. The mice were outbred into the  C57BL/6J 
strain .

Mouse A nti-Lrat Monoclonal Antibody Production—We isolated 
mouse RPE RNA using the  MicroAqueous RNA Isolation Kit (Ambion). 
L rat cDNA was amplified using H otsta rt Turbo Pfu Polymerase (S tra t­
agene) using the  prim ers 5'-GCTCACCTCGTACAGAACAGTTGC-3' 
and 5'-ACATACACGTTGACCTGTGGACTG-3'. A fragm ent of L ratcor- 
responding to the  residues Gin89—G lu1 '9 in the  polypeptide sequence of 
mouse L rat was amplified using th e  prim ers 5'-CATATGCAGAAGGT- 
GGTCTCCAACAAGCGT-3' and 5'-GGATCCTCACTCAGCCTGTGGA-

CTGATCCGAGA-3' and cloned downstream of a His6 tag  between the 
Ndel and BamHI sites of the  inducible bacterial expression vector 
pET15b (Invitrogen). The plasmid was transform ed into BL-21RP cells 
(Stratagene), and expression was induced with isopropyl-l-thio-fS-D- 
galactopyranoside. The His6-tagged fragm ent of th e  mouse L rat protein 
(10 kDa) was purified by nickel-nitrilotriacetic acid affinity chromatog­
raphy using the  m anufacturer’s protocol (Qiagen). The purified protein 
was examined by gel electrophoresis. A fter in-gel trypsin digestion, the 
eluted tryptic peptides were examined by microsequencing by liquid 
chromatography-mass spectrom etry to verify th e  identity of the  recom­
binant L rat fragm ent. The purified protein was used to immunize mice 
as described before (23), and th e  monoclonal antibody was produced 
by established methods (24). The antibody was tested  for its specific­
ity by immunocytochemical testing  of th e  Lrat+  /  + and L ra t—/ — mouse 
retinas.

Rhodopsin Measurements—All procedures were performed under 
dim red light as described previously (25-27). Typically, two mouse eyes 
were used per rhodopsin m easurem ent. Mouse eyes were enucleated 
and rinsed with double-stilled H20 . The lenses were removed, and the 
eyes were cut into th ree  or four pieces and frozen immediately on a dry 
ice/EtOH bath. Rhodopsin was extracted with 0.9 ml of 20 m M  BisTris 
propane, pH 7.5, containing 10 m M  dodecyl-p-maltoside and 5 m M  

freshly neutralized NH20H-HC1. The sam ple was homogenized with a 
Dounce tissue homogenizer and shaken for 5 min a t room tem perature 
(Eppendorf mixer 5432). The sample was then  centrifuged a t 14,000 
rpm for 5 min a t room tem perature (Eppendorf centrifuge 5415C). The 
supernatan t w as collected, and the  pellet w as extracted one more time. 
The combined supernatan ts were centrifuged a t 50,000 rpm for 10 min 
(Beckman Optima TLX centrifuge/TLA100.3 fixed angle rotor), and 
absorption spectra were recorded before and after a 12-min bleach 
(60-watt incandescent bulb). The concentration of rhodopsin was deter­
mined by the  decrease in absorption a t 500 nm using the  molar extinc­
tion coefficient e = 42,000 M 'e m

Retinoids—All experimental procedures related to extraction, deri- 
vatization, and separation of retinoids from dissected mouse eyes were 
carried out as described previously (25, 28-30). All reactions involving 
retinoids were carried out under dim red light. Retinoids were sepa­
rated by normal phase HPLC (Beckman, U ltrasphere-Si, 4.6 x  250 mm) 
with 10% ethyl acetate and 90% hexane a t a flow ra te  of 1.4 ml/min with 
detection a t 325 nm using an HP1100 HPLC with a diode a rray  detector 
and H P Chemstation A.03.03 software.

ERGs—Mice were anesthetized by intraperitoneal injection using 20 
jLil/g body weight of 6 mg/ml ketam ine and 0.44 mg/ml xylazine diluted 
with 10 m M  sodium phosphate, pH 7.2, containing 100 m M  NaCl. The 
pupils were dilated with 1% tropicamide. A contact lens electrode was 
placed on the  eye, and ground electrodes were placed in the  ear and tail. 
ERGs were recorded with the  universal testing  and electrophysiologic 
system UTAS E-3000 (LKC Technologies, Inc.). The light intensity was 
calibrated and computer-controlled. The mice were placed in a Ganzfeld 
chamber, and scotopic and photopic responses to flash stimuli were 
obtained from both eyes simultaneously. Flash stim uli had a range of 
intensities (-3 .7 -2 .8  log cd-s-m 2), and white light flash duration was 
adjusted according to intensity (from 20 / l is  to 1 ms). Three to five 
recordings were made with >10-s intervals, and for higher intensity 
intervals, intervals were 10 min or as indicated. There were no signif­
icant differences between th e  first and fourth flashes. Light-adapted 
responses were examined after bleaching a t 1.4 log cd’m 2 for 15 min. 
Typically, four to eight anim als were used for recording of each point in 
all conditions. Leading edges of th e  ERG responses were fitted with a 
model of rod phototransduction activation as described previously (25). 
The results were examined using the  one-way ANOVA test.

Pupillometry—Mice were dark-adapted for a t least 1 h prior to re­
cordings. Pupillary light responses were recorded under infrared con­
ditions using a CCD video camera; data  analysis was performed by 
video pupillometry. Light stim uli were provided by a halogen source. 
W avelength and intensity were m anipulated with neutral density and 
narrow bandwidth (10 nm) interference filters (Oriel). Irradiance meas­
urem ents (watts/m 2) were made using a calibrated radiom eter (Ad­
vanced Photonics International).

Light Microscopy—For light microscopy, eyecups were fixed in 2% 
glutaraldehyde, 2% paraform aldehyde for 18 h, infiltrated with 20% 
sucrose in 0.1 M sodium phosphate, pH 7.4, and then embedded in 33% 
OCT compound (Miles) diluted with 20% sucrose in 0.1 M sodium 
phosphate, pH 7.4. Thin sections were cut a t 5 fim and subjected to 
light microscopy.

Immunocytochemistry—All procedures have been described previ­
ously (23). Sections were analyzed under an episcopic fluorescent mi­
croscope (Nikon). Digital images were captured with a digital cam era
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Fig. 1. The m ouse L r a t  gene and  th e  ta rg e tin g  construct. A, the  mouse Lrat gene consists of two exons (.black boxes) separated bv a 6-kb 
intron. Relevant restriction sites present in the gene are: N , Nael; Spe, Spel; Xh, Xhol; K, Kpnl; Ay, Avrll; liV , EcoRV; H, H indlll; Pom., PspOMI. 
In the targeting construct, pa rt of exon 1 including ATG is replaced by aNeo cassette. B, geno typing of Lrat+/+, Lrat+ / — , and Lrat—I— mice. The 
wild-type Lrat gene fragm ent was amplified with prim ers LRAT1S and LRATWT1 yielding a -300-bp product; the knock-out gene was amplified 
with prim ers LRAT1S and pgkNeol, yielding a -370-bp product. C, immunocytochemistry of Lrat+/+ and Lrat—/ — mouse retina. Frozen sections 
of 8-week-old mice were probed with the monoclonal anti-L rat antibody, generated as described under “M aterials and Methods." The specific 
response is present exclusively in the RPE cell layer in the eye of Lrat+/+ mice. Scale bar, 50 f*m. Inset, higher magnification of the RPE layer. 
Scale bar, 10 /xm. D, immunoblotting of an  extract from the Lrat mouse retina. The blot was developed using monoclonal anti-L rat antibody.

(Diagnostic Instrum ents; Sterling Heights, Ml,).
'lYansmission Electron Microscopy (EM)—For transm ission EM, 

mouse evecups were fixed prim arily bv immersion in 2.5% glutaralde- 
hyde, 1.6% paraformaldehyde in 0.08 M  PIPES, pH 7.4, containing 2% 
sucrose initially a t room tem perature for - 1  h  then  a t 4 °C for the 
rem ainder of 24 h. The eyecups were then  washed with 0.13 M  sodium 
phosphate, pH 7.35, and secondarily fixed with 1% OsO., in 0.1 M 

sodium phosphate, pH 7.35, for 1 h  a t room tem perature. The eyecups 
were dehydrated through a m ethanol series and transitioned to the 
epoxy embedding medium with propylene oxide. The eyecups were 
embedded for sectioning in  Eponate 812. U ltrathin sections (60-70 nm) 
were stained with aqueous sa tu rated  uranium  acetate and Reynold’s 
formula lead citrate  prior to survey and micrography with a Philips 
CM10 EM.

RESULTS

Mouse. L ra t Gene a n d  Targeting  C onstruct—The m ouse L ra t 
gene appears to be p re sen t as a  single copy in  th e  m ouse (and 
hum an) genom es. The en tire  m ouse L ra t  gene sequence can 
be found a t  th e  N CBI w eb site  as a  com plem ent 
(18,757,074.18,766,035) a t  locus NT_039234 (contain ing 
26,830,222 bp). The published  m ouse L ra t cDNA sequence (15) 
and  an  expressed  sequence ta g  (accession BY705162) have a  
250-267-nucleo tide 5 '-u n tra n s la te d  region th a t  perfectly 
m atches th e  u p stream  gene sequence. T hus, in co n tras t to

h u m an  LRAT, the  m ouse L ra t  gene m ost likely h as no u p ­
stre am  u n tra n s la te d  exon and  consists only of two coding ex­
ons. The in te rven ing  sequence in  th e  m ouse L ra t  gene is 
—6,040 bp in  leng th  (hum an  —4,080 bp). LRAT expressed se ­
quence tags have been iden tified  in  m ultip le  tissues, includ ing  
th e  colon, tes tis , liver, sp leen, and  m am m ary  g land  (e.g. see 
w w w .ncbi.nlm .nih.gov/U niG ene/clust.cgi70R G  =  M m &CID = 
33921).

In  th e  L ra t ta rg e tin g  vector, p a r t  of th e  coding sequence of 
exon 1 (including ATG) and  a  2.2-kb u p stream  sequence w as 
replaced by a  N eo  gene cassette , d isab ling  tran s la tio n  of a  
functional p roduct (Fig. 1A). To gen era te  chim eric mice, cor­
rectly  ta rg e ted  em bryonic stem  cell lines w ere m icroinjected 
in to  C 57BL/6J b lastocysts. H eterozygous knock-out mice w ith  
germ  line tran sm ission  w ere gen era ted  by s ta n d a rd  ou tb reed­
ing  procedures (Ingenious T argeting , Stony Brooks, NY). The 
w ild-type allele w as iden tified  using  th e  p rim er p a ir  of LRAT1S 
an d  LRATWT1 (diagnostic fragm en t —300 bp) and  th e  knock­
out gene u sin g  LRAT1S and  N eo l (370 bp) (Fig. IB). The 
expression of L ra t  is abolished in th e  eye of L r a t—I — m ice as 
de term ined  by im m unocytochem istry  (Fig. 1C). Im m unoblo t­
tin g  revealed  two m ajo r m olecular form s of L ra t (28 kD a and  25
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Fig. 2. R etina  histology of L ra t—/— and  WT mice. A  and B, ROS thickness (in /xmj plotted as a function of the re tinal location (in mm) from 
the  optic nerve head. The age of mice was 6 - 8  postnatal weeks. Closed circles, Lrat+/+ mice; open circles, Lrat+ /  -  mice; closed triangles, Lrat—/— 
mice. For details, see “M aterials and Methods.” C, a representative cross- section (Nomarsky optics) of the re tina  from Lrat+/+ and L r a t - / -  mice. 
Note th a t the ROS in the re tina  of L r a t - /-  mice are -35%  shorter th an  those of Lrat+f+ m ice./), quantification of the thickness of different layers 
of the re tina  from WT (black bars) and L r a t - / -  mice (gray bars) m easured a t 1.25 mm inferior from optic nerve head. OS, outer segment; IS, inner 
segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GC'L, ganglion cell layer; PR, 
photoreceptor outer and inner segments; WR, whole retina.

kD a) in th e  eye (Fig. ID ) or 111 th e  liver (d a ta  no t show n) of 
Lrat+/+  mice w hich could a rise  by a lte rn a tiv e  sp lic in^post- 
tran s la tio n a l m odifications. B oth form s a re  ab sen t in  L ra t—/ — 
mice. T he reason  for th e  difference betw een th e  form s w as no t 
inves tiga ted  fu rth e r. T he L ra t—/ — mice develop norm ally, have 
s im ila r w eight, fem ales a re  fertile  a t  a  norm al level, w hereas 
m ales ap p ea r to be frequen tly  in fertile . T his observation  is 
consisten t w ith  th e  role of re tino ids in  th e  reproductive system  
of m ales, as observed em ploying v itam in  A -deprived m ice (32 ).

Histology and Ultra structure o f the Retina from L ra t+ /-  and  
L r a t - / -  Mice—A t 6 - 8  w eeks of age, th e  only m ajor change in 
histology of th e  re tin a  observed a t  th e  lig h t m icroscopy levels is 
an  —35% reduction  in  th e  leng th  of ROS in th e  re tin a  w hen 
L r a t - / -  m ice a re  com pared w ith  Lrat+ /+  m ice (Fig. 2, A  and  
B , n  =  3). The o u te r nu c lea r layer an d  in n e r re tin a  appeared  to 
be com parable betw een these  m ice (Fig. 2C). Q u an tita tiv e  ca l­
cu lations of th e  th ickness  of d ifferen t re tin a l layers show ed 110 
sign ifican t v a ria tio n  betw een these  two genetic backgrounds 
w ith in  th e  experim ental e rro r  (Fig. 2D). R e tinas  of L ra t+ /— 
m ice w ere  ind istingu ishab le  from those  of Lrat+/+  m ice (da ta  
no t shown). EM  ana ly s is of th e  re tin a  an d  th e  R PE layer 
revealed  110 gross changes betw een L r a t - / -  m ice w ith  th e  
exception of sh o rte r  ROS as no ted  by lig h t microscopy (Fig. 3). 
ROS a re  sh o rte r  and  th in n e r, and  they  a re  less tigh tly  packed. 
H igher reso lu tion  im ages of th e  R PE  did no t unveil any  differ­

ences betw een L r a t - / -  m ice and  W T mice (d a ta  n o t shown). 
H igher reso lu tion  a t  th e  synap tic  te rm ina l of th e  photorecep­
to rs show ed less developed synaptic  ribbons (Fig. 3, C and  D). 
In  4 .5-m onth-old L r a t - / -  mice, ROS are  —one-half leng th  
com pared w ith  norm al, and  th e re  is a  m inor reduction  in  th e  
n u m b er of photorecep tor nuclei ( < 10%).

Retinoid Analysis from L r a t - / -  Mouse Eyes— To elim inate  
any  in terfe rence  from background  ligh t 011 th e  isom eric compo­
sition  of re tino ids in  th e  eye, all m ice w ere  ra ised  in  th e  dark . 
All re tino ids w ere iden tified  by coelution w ith  au th en tic  re t i­
noids an d  011-line UV spectroscopy. F or Lrat+ /+  m ice and  
L ra t+ /-  mice, 535 ±  95 an d  442.5 ±  50.9 pm ol/eye of 11-cis- 
re tin a l w ere observed, respectively  (Fig. 4). T hese am oun ts are  
com parable w ith  m ice of o th er genetic backgrounds u sed  in  our 
s tu d ies  (33—35). The rhodopsin  levels in  Lrat+/+  and  L ra t+ /— 
w ere  com parable an d  s im ila r to  corresponding va lues of 1 1 -cis- 
re tin a l as de te rm ined  from th e  re tino id  analyses (d a ta  no t 
shown). Lrat+/+  and  L ra t+ /— m ice differed in  th e ir  level of 
all-iro /is-retinyl este rs. Typically, th e  eyes from Lrat+ /+  mice 
contained  a\\-trans-retinyl e s te rs  (28.5 ±  13 pmol/eye). The 
eyes from L ra t+ /-  m ice con ta ined  15.2 ±  4 pm ol/eye of all- 
iro /is-retiny l es te rs  (Fig. 4). R etinoid  analyses of 4 -8 -w eek -o ld  
L r a t - / -  m ice show ed very  low am oun ts of all-ira /is-retino l a t  
—8.3 pm ol/eye (Fig. 4), w hich m ost likely comes from th e  blood 
in  th e  eye sam ple. A ll-iro /is-retinyl e s te rs  w ere p re sen t only in
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Fig. 3. T ransm ission  EMs of th e  R PE and  ROS. A and C, retina 
section of Lrat—I— mice. B and D, retina section of L ra t+ / — mice. A  
and B show the cross-section of the  RPE and the  photoreceptor cells. C 
and D show a higher magnification of the  synaptic term inal region of 
the photoreceptors cell. Arrows indicate the  synaptic term inal of the 
photoreceptors cells. The preparation of sections is described under 
“M aterials and Methods." Note the  shortening of ROS in L r a t - / -  mice 
and disorganization of the  synaptic term inals. Scale bars are 5 /lim.

trace  am ounts, an d  no o ther re tino ids w ere definitively id en ti­
fied. In  all cases, th e  m ajo rity  (>95% ) of all-irares-retinyl este rs  
w ere p re sen t in  R PE (d a ta  no t show n ).

Retinoid Analysis from  Liver, Blood, and L ung o f L ra t—/ — 
Mice—The re su lts  of th e  ana ly s is of re tino ids from th e  liver and  
blood of L ra t—/ — mice m irro red  th e  lack  of a ll-iran s-re tiny l 
e s te rs  in  th e  R PE of L ra t—/ — mice, w hereas th e  all-trans- 
retinyl e s te r levels of Lrat+ I— m ice w ere com parable w ith  
those from Lrat+/+  m ice (Fig. 5 and  T able I). S im ilar am oun ts 
of a ll-iran s-re tino l in  th e  blood w ere found in Lrat+/+  and  
Lrat+ I— mice although  sligh tly  reduced  in  L ra t—/ — mice (T a­
ble I). A sim ilar d ram atic  decrease of a ll-iran s-re tiny l este rs  
w as observed in  th e  lung  of L ra t—/— m ice (d a ta  no t show n ). 
T h is reduction  in  th e  e s te r con ten t is consisten t w ith  th e  high 
activ ity  o f LRAT in th e  lung  (14 ).

E R G  A n a lysis—To eva lua te  th e  lig h t response, L r a t—I— 
m ice w ere stud ied  u sin g  ERG  u n d e r m ultip le  conditions (36). 
A nalysis of a- and  b-w aves show ed sta tis tica lly  sign ifican t dif­
ferences (one-way ANOVA) in  th e  am plitudes betw een 
L ra t+ I  +  m ice and  L r a t—/ — m ice in  both dark - (p  <  0.0001) and  
ligh t-adap ted  conditions (p <  0.01) (Fig. 6, A  and  B) and  th e  
va lues of sensitiv ity  th a t  w ere calcu lated  w ith  m axim al a-w ave 
am p litudes o f these  mice in  th e  d a rk -ad ap ted  conditions (p < 
0.001) (Fig. 6, C and  D), respectively. F u rth e rm o re , flicker 
responses a t  a  fixed frequency o f 10 Hz w ere a tte n u a te d  for 
L ra t—I— m ice a t  dark - an d  ligh t-adap ted  conditions (Fig. 7). In 
both  conditions, flicker ERG  am plitudes show  elevated  th re sh ­
olds and  sm alle r am plitude  in  L r a t—I— mice. T hese ERG  d a ta  
suggest th a t  rod an d  cone functions of L ra t—I— m ice a re  d ra ­
m atica lly  affected presum ab ly  because of a  lack  of chrom ophore 
and  absence of functional v isual p igm ents. L r a t—I— m ice ap-
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Fig. 4. C hrom atograph ic  sep a ra tio n  o f n o n p o la r re tin o id s  
from  L ra t m ouse eyes. Retinoids were extracted from the  eye and 
separated on normal phase HPLC as described under “M aterials and 
Methods." The peaks correspond to the  following retinoids: 1, 13-cis- 
retinyl esters/11 -c/s-retinyl esters; 2, all-frans-retinyl esters; 3 ,3 ',  syn- 
and anti-1 l-c/s-retinal oximes; 4, 4', syn- and anti-all-frans-retinal 
oximes; 5 , 11 -c/s-retinol; 6, all-frans-retinol. * indicates artifacts related 
to a change in the  solvent composition. Pure hexane was used as a 
control. Note th a t retinals are detected after conversion to oximes with 
NH,OH-HCl.

p ea r to have a  m ore pronounced phenotype th a n  Rpe65—I— 
m ice (25).

Pupillary Responses—P upilla ry  lig h t responses (PLR) of u n ­
anesth e tized  an im als  w ere m easu red  to 470 nm  narrow  pass 
filtered  lig h t u sing  in fra red  videography. As show n in Fig. 8, 
sensitiv ity  of th e  PL R  again  w as ind istingu ishab le  betw een 
Lrat+ I— and  Lrat+/+  mice. H owever, L ra t—I— mice dem on­
s tra te d  a  profound ~ 3  log loss of PLR  sensitiv ity  (Fig. 8). PLR 
o f L ra t—/ — mice w ere sligh tly  m ore a tte n u a te d  th a n  those of 
Rpe65—/ — mice.

Flow o f Retinoids in Lrat+ I— Mice—To u n d e rs tan d  how th e  
flow of re tino ids in  th e  eye w as affected by loss o f one allele of 
th e  Lrat gene, d ark -ad ap ted  Lrat+ I— mice w ere exposed to 
in ten se  lig h t (b leaching —40% rhodopsin), tran sfe rred  to th e  
d ark , and  analyzed  a t  th e  ind ica ted  tim e po in ts (Fig. 9). As 
expected, b leach ing  caused form ation of all-irares-retinal, 
w hich w as reduced  to a ll-iran s-re tino l by photoreceptor all- 
trans-re tino l dehydrogenases (8) w ith  k inetics com parable w ith  
Lrat+ I + (Fig. 9a). C onsisten tly , we observed elevated  levels of 
all-irares-retinol in  Lrat+ I— mice (58 ±  12 pmol/eye a t  5 -4 0  
m in) com pared w ith  Lrat+I+  mice (7.8 ±  2 pmol/eye). These 
am o u n ts  of all-irares-retinol in th e  eye of Lrat+ I— mice w ere 
only —10% of th e  to ta l am o u n t of 11 -ds-re tina l. All-trans­
retinol levels in  Lrat+ I— m ice resem ble those in Lrat+ I + a t  60 
m in postb leach ing  (Fig. 96). H PLC analysis  of th e  m icrodis­
sected  re tin a  and  th e  iso lated  R PE d em onstra ted  th a t  th e  
m ajo rity  of th e  re tino l is p re sen t in  the  re tin a  (d a ta  n o t show n ). 
T he to ta l am oun t of a ll-iran s-re tiny l e ste rs  also show ed a  clear 
accum ulation  in  Lrat+ I— m ice (Fig. 9c). T his accum ulation  of 
all-irares-retinyl es te rs  m ig h t re s u lt from a  slow er u tiliza tion  of 
e s te rs  an d  sligh tly  slow er production of ll-w s-re tin a l. 1 1 -cis- 
R etinol k inetics appeared  to be unaffected  in  Lrat+ I— m ice 
(Fig. 9d), suggesting  th a t  oxidation to 11-cis-retinal w as still 
fa s te r  th a n  o th er ra te -lim itin g  processes in  th e  re tino id  cycle. 
F inally , the  accum ulation  and  subsequen t sligh t decrease of
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Fig. 5. C hrom atograph ic  sep a ra tio n  of n o n p o la r re tin o id s  in  the  blood and  liv er from  L ra t—/— m ouse. A, liver; B, blood. Retinoids 
were extracted from the  tissues and separated on normal phase HPLC. The peaks correspond to th e  following retinoids: 2, all-fra-ns-retinyl esters; 
6', all-fra/is-retinol. * indicates artifacts related to a change in the  solvent composition or compounds unrelated to retinoids.

T ab le  I
All-trans-retinyl esters and all-trans-retinol in the liver and blood in mice from different genetic backgrounds 

The results are presented ± S.D., and n was between 3 and 5.

Retinoid
Lra£+/+ Lrat+/— Lrat—/—

Livera Blood6 Livera Blood6 Livera Blood6

All-£rans-retinyl esters 
All-£rans-retinol

limol 
291.1 ± 30.6 

0.60 ± 0.13

pmol 
21.10 ± 6.10 

17.4 ± 5.09

limol 
353.1 ± 20.7 

0.98 ± 0.22

pmol
7.80 ± 3.61 
25.4 ± 12.5

limol 
Trace 

0.45 ± 0.20

pmol 
Trace 

8.02 ± 2.2

" Expressed per whole liver (623-780 mg).
6 Expressed per 100 /ill of blood.

all-fro ras-retinyl e s te rs  para lle led  th e  ra te  of 1 1-cis-retinal for­
m ation . T he decrease in  e s te rs  form ed a fte r  th e  bleach roughly 
para lle led  syn thesis  of 11 -ds-re tina l. T he decrease in  LRAT 
activ ity  affected m ostly  th e  form ation  of all-fraras-retinyl es te rs  
(Fig. 9). We conclude th a t  th e  phenotype of L r a t+ /— m ice is 
m ild, suggesting  th a t  L ra t ac tiv ity  exceeds th e  req u irem en ts  of 
th e  re tino id  cycle for esterification  in  w ild-type mice. These 
re su lts  a re  consisten t w ith  th e  au tosom al recessive in heritance  
p a tte rn  of ea rly  onset severe re tin a l dystrophy  caused by null 
m u ta tio n s  in  th e  L R A T  gene.

DISCUSSION

All-froras-retino] (v itam in A), its  e s te rs , and  its  p recurso r 
j3-carotene a re  im p o rtan t sources of c ircu la ting  re tino ids in 
v e rteb ra te s  (38). In  m ouse tissu es th e  h ighes t concentration  of 
re tino ids is detec ted  in  the  liver in  th e  form of all-froras-retinyl 
e s te rs  ( 39 ). A no ther tissu e  th a t  sto res all-fro ras-retinyl e s te rs  is 
th e  R PE, w hich recycles re tino ids and  suppo rts vision by p ro ­
v id ing  th e  chrom ophore of th e  v isual p igm ents. B ecause of th e  
role of re tino ids in  reg u la tin g  genes involved in  cell m orpho­
genesis, d ifferen tiation , an d  vision, i t  is im p o rtan t to u n d e r­
s ta n d  all-froras-retinyl e s te r  form ation and  th e  sto rage process. 
To gain  fu r th e r  in s ig h t in to  th e  function of LRAT, th e  enzym e 
th a t  produces all-froras-retinyl este rs, w e genera ted  m ouse 
lines w ith  ta rg e ted  d isrup tion  of th e  L ra t  gene by homologous 
recom bination  (Fig. 1). T h is knock-out approach  could also 
provide inform ation  abou t th e  consequences of L ra t loss and  
th e  re la tiv e  contribu tion  of a lte rn a tiv e  enzym es to all-froras- 
re tiny l e s te r  form ation, such as  coenzym e A -retinol a cy ltran s­
ferase  (1, 40), or pu ta tiv e  LRAT isozymes. H ere, w e describe an 
an im al model th a t  lacks LRAT activity , p rim arily  focusing on 
th e  v isual system .

T he im pact of th e  d isrup tion  of th e  L ra t  gene on th e  v isual 
physiology w as determ ined  in  vivo  w ith  ERG. Rod re tin a l func­

tion o f L r a t - / -  m ice w as detec tab le  b u t im paired  (Figs. 6 and  
7). F or d ark -ad ap ted  ERG s, th e  ERG  b-w ave th resho ld  w as 
elevated  by —5 - 6  log u n its  com pared w ith  L ra t+ /+  mice. ERG  
photoresponses in  th e  knock-out an im al h ad  an  abnorm al m ax ­
im um  am plitude  and  sens itiv ity  (d a ta  no t shown). As observed 
for R p e 6 5 - / -  m ice (25, 41), th e  ERG  responses o f L r a t—/ — 
m ice m ost likely  orig inate  from rods an d  cones b u t a re  h ighly  
a tte n u a te d  (Fig. 7). C hanges in  th e  morphology of th e  L r a t - / -  
re t in a  a re  sm all, as evidenced by sligh t sho rten ing  of ROS a t 
ea rly  age (6 - 8  w eeks). T h is abnorm ality  m ay  re s u lt from th e  
constitu tive  ac tiv ity  of opsin because s tead y -sta te  ac tiva tion  of 
pho to transduction  by th e  recep to r (42—44) w as also proposed 
as  a  cause of re tin a l degeneration  in  R p e 6 5 - / -  m ice (28, 45). 
S im ila r observations w ere m ade for R p e 6 5 - / -  m ice w hich also 
contain  large  am o u n t o f opsin, reduced leng th  of ROS, b u t 
m in u te  am oun ts o f active v isual p igm ents (28, 46). A  sim ilar 
sho rten ing  of ROS can be observed also a t  th e  early  stages of 
re tin a l dystroph ies in  hu m an  (e.g. Ref. 47) and  m ouse (48). The 
in itia l p reserva tion  of the  ROS s tru c tu re  in creases th e  p o ten ­
tia l u se  of th is  an im al model for design ing  experim en ts to 
res to re  vision in  these  mice. C hanges a t  th e  synap tic  te rm inal 
of photorecep tor cells a re  rem in iscen t of those observed in 
an im als  w ith  nonfunctional vo ltage-dependent C a2 h channels 
(49) and  could re su lt from th e  active pho to transduction  p ro ­
cesses an d  su b sequen t low er re lease  ra te s  of th e  n e u ro tra n s ­
m itte r  g lu tam ate .

The lack  of sign ifican t am oun ts of all-froras-retinyl es te rs  
decreases th e  likelihood th a t  th e  activ ity  of a  p u ta tiv e  coen­
zym e A -retinol acy ltran sfe rase  enzym e (1, 40) h a s  an  essen tia l 
role in  re ten tio n  of all-froras-retinol. T he residual levels of 
all-froras-retinol in  som e tissu es could re su lt from con tam ina­
tion by blood because blood contains som e all-froras-retinol from 
th e  d ie t (Table I). O ne consequence of th e  lack  of re tino ids is
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Fig. 6. Single flash  ERG responses o f in creasing  in ten sity  fo r L r a t - / -  an d  L ra t+ /+  mice. A  and B, serial responses to increasing flash 
stim uli obtained from Lrat+ / + and L r a t- /-  mice in dark-adapted (upper A  panel) and light-adapted (upper B panel) conditions. Plotted ERG 
responses (a-wave and b-wave amplitudes) to increasing light stim uli in L r a t- /-  show significantly lower responses compared w ith Lrat+ /  + in 
both conditions (lower A  panel, p  < 0.0001; lower B  panel, p  < 0.01, one-way ANOVA). Light-adapted responses a re  examined after bleaching a t 
1.4 log cd-m 2 for 15 min. C', leading edges (initial 5-20 ms depending on response) of dark-adapted ERG photoresponses (symbols) evoked by 2.8- 
(filled circles) and l.6-(open circles) log cd-s-m 2 flashes, are fit w ith a  model of phototransduction (smooth lines). The am plitude and sensitivity of 
the  L r a t - / -  mouse photoresponses are  reduced from m aximal responses. D, maximum a-wave am plitude and sensitivity param eters of dark- 
adapted photoresponses in  L r a t - /-  mice compared w ith the  results in Li'at+/+ mice. L r a t - /-  mice show significant differences in  both 
param eters (*, p  < 0.0001; **, p  < 0.001, one-way ANOVA) compared with Lrat+/+ mice. Error bars represent 1 S.E. in A and B.

th e  absence of m easu rab le  am oun ts of the  functional v isual 
p igm ents. T herefore, we conclude th a t  LRAT is a key compo­
n e n t of th e  v isual cycle and  essen tia l for trap p in g  re tino ids in 
th e  R PE of th e  eye.

The PLR  of L r a t - / -  m ice a re  consisten t w ith  su b s tan tia l 
loss of ocu lar photoreception. R ecent w ork h a s  d em onstra ted  
th a t  the  PLR  are  controlled by both o u te r re tin a l (i.e. rod/cone) 
and  in n e r re tin a l photorecep tors (photosensitive re tin a l g an ­
glion cells) (50, 51). The in n e r re tina l-m ed ia ted  PLR  are  — 1 log 
u n it less sensitive th a n  the  o u te r re tin a l system . A novel m em ­
b er of th e  opsin fam ily, m elanopsin , is expressed predom i­
n a n tly  in  th e  photosensitive re tin a l ganglion cells (52). Mice 
w ith  o u te r re tin a l photorecep tor degenera tion  ( r d l / r d l )  or se ­
vere  dysfunction (G n a tl /  - / - C ngaS—/ —) w hich also lack  m ela­
nopsin lose all PLR  (51, 53). L r a t - / -  m ice lost m ost o f th e  
photopic sensitiv ity  of the  PLR. The PLR  of these  m ice w ere a t 
le a s t 1 log less sensitive  to lig h t th a n  h a s  been reported  to

r d l / r d l  (51) or rd r d /c l  (50), suggesting  th a t  an  in n e r  re tina l 
pho torecep tor u tilizes a re tina l-based  pigm ent. The m ost re a ­
sonable explanation  is th a t  L ra t ac tiv ity  is necessary  for th e  
generation  of a  functional m elanopsin . H owever, i t  is difficult 
u n d e r th is  model to explain th e  p a rtia l p reservation  of th e  PLR 
in L r a t - / -  mice. E ith e r  m elanopsin  can u tilize  a chrom ophore 
th a t  does n o t requ ire  LRAT activ ity  (a lbeit w ith  reduced  func­
tion), or an o th e r photopigm ent is capable of m ed ia ting  PLR 
function in  th e  presence of m elanopsin  apoprotein. In te re s t­
ingly, an o th e r in n e r re tin a-m ed ia ted  process, nam ely  retinohy- 
po thalam ic signaling  to th e  sup rach iasm atic  nucleus, im por­
ta n t  for c ircadian  rhy th m  en tra in m en t, is p reserved  in th e  face 
of n e a r  to ta l v itam in  A depletion (54).

T aking  in to  account th e  m u ltip le  functions of re tino ids such 
as regu la tion  o f th e  im m une system , reproduction  or develop­
m en t, and  considering th a t  LRAT is h igh ly  expressed  in th e  
liver and  o th er tissu es in  addition  to th e  eye, th e  lack  of LRAT
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Fig. 7. F lick e r ERG in  L r a t - / -  mice. Intensity-dependent response of 10-Hz flicker ERGs for L r a t - / -  in dark-adapted (left panel) and 
light-adapted (right panel) condition. The flicker recordings were obtained with a range of intensities of -3 .7 -1 .6 log cd-s-m 2 a t a fixed frequency 
(10 Hz). L r a t - / -  mice showed the threshold elevation with smaller amplitudes compared with Lrat+/+ mice. Light-adapted responses are 
examined after bleaching at 1.4 log cd-m 2 for 15 min.

Fig. 8. Irrad ianee-response  re la ­
tionsh ip  fo r pu p illa ry  co nstric tion  in  
response to  m onochrom atic  470 nm
light. Percent pupillary constriction was 
calculated as 100*(1 — (minimum pupil 
area during 30-s light pulse/dark- 
adapted, prepulse pupil area)) (mean ± 
S.E.). Each curve was fitted via four-pa­
rameter sigmoidal regression analysis 
(SigmaPlot 2000). For Lrat+ /+  mice, n 
was 5; L ra t+ I-  mice, n = 5; Lrat—I— 
mice, n = 10; I lp e6 5 -/-  mice, n = 5.

activ ity  w as expected to be le thal. H owever, Thom pson and  
colleagues (21) repo rted  d isease-associated  LRAT gene m u ta ­
tions (S175R an d  396delAA) in  th ree  ind iv iduals w ith  severe, 
ea rly  onset re tin a l dystrophy. T he m u ta n t genes a re  th o u g h t to 
be null because th e  S175R m u ta n t LRAT h as no enzym atic 
activ ity  w hen expressed  in  COS-7 cells, an d  th e  2-bp deletion 
causes a  fram esh ift an d  p rem a tu re  tran s la tio n  term ination . 
C onsis ten t w ith  hu m an  p a tie n ts  carry ing  L R A T  null genes, 
L r a t - / - mice have d ram atica lly  a tte n u a te d  v isual functions, 
b u t these  mice ap p ea r to be hea lth y  an d  produce norm al size 
litte rs . Survival o f L ra t nu ll an im als  m ay  be th e  re s u lt o f th e  
presence of an o th e r gene p roduct th a t  m ay  su b s titu te  for th e  
lack  of L ra t  activ ity , even a t  v e iy  low levels an d  a t  very  low 
activity . H ow ever, based  on homology screen ing  w ith  LRAT 
sequences as seeds (tb la s tn ), th e  hu m an  an d  m ouse genom es do 
no t contain  a  second L R A T  gene. In co n tra s t to m am m alian , a  
second closely re la ted  L ra t gene p resum ably  gen era ted  by gene 
duplication  h a s  been iden tified  in  F ugu rubripes  an d  D anio

W. Baehr, unpublished data.

The L r a t + I -  m ice, in  all m easu red  p a ram ete rs , a re  very  
s im ila r to L r a t+ /+  m ice including histology of th e  re tin a , 
re tino id  levels in th e  eyes an d  liver, ERG  responses, an d  p u ­
p illa ry  responses. O nly sligh tly  affected w ere th e  k ine tics of 
re tino id  flow w ith  tra n s ie n t accum ulation  of all-Jrares-retinyl 
es te rs  an d  all-fra/is-retinol. B ecause th e  re tino l accum ulation  
in L ra t+ I  -  m ice is p red ic ted  to re s u lt from loss o f one L ra t 
allele, th e  tra n s ie n t accum ulation  of e s te rs  in  L ra t+ I  —, a lbeit 
a  sm all effect, m ay  be re la ted  to differences in  form ation and  
red is tr ib u tio n  of all-iravis-retinyl es te rs  in th e  R PE. T his ob­
servation  is v e iy  rem in iscen t of, b u t m ilder th a n , th e  pheno­
type observed for th e  R p e 6 5 - I -  m ice (25).

In sum m ary , th e  L r a t - / -  m ice will a id  in  u n d ers tan d in g  th e  
pathophysiology of early  onset severe re tin a l dystrophy  ob­
served in  h u m an s w ith  L R A T  null alle les ( 31, 37 ). In  addition , 
L r a t - / -  m ice a re  an excellent v itam in  A deprivation  model 
th a t  does no t need  long las tin g  d ie ta ry  approaches. L r a t—I — 
m ice m a in ta in ed  sligh tly  reduced  serum  levels of a ll-trans­
re tino l, likely derived  from th e  d ie t and  m a in ta in ed  in  th e  
circulation  by retino id-b ind ing  pro te ins, such as serum  RBP. 
H ow ever, th e  all-frares-retinyl e s te r  levels a re  reduced  d ram at-
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Fig. 9. K inetics of re tino id  recovery  in  L ra t+ /— and L ra t+ /+  m ice. A, mice were reared in the dark. HPLC retinoid analysis was performed 
either before or after a flash that bleached —40% of the visual pigment. Photoactivated rhodopsin releases all-£rcms-retinal (RAL; a), which is 
reduced to all-£ram?-retinol (ROL; b), transported to the RPE, and then esterified to all-£r<ms-retinyl esters (c). All-£ram?-retinol, or its derivative, 
is isomerized to 11-cis-retinol (d), which in turn is oxidized to 11-eis-retinal (e). Open circles and closed circles represent data obtained from 
Lrat+ / — mice and Lrat+ /+  mice, respectively. Error bars indicate the S.E. (n = 4-8).

ically  in  L r a t—f — mice, for exam ple the  level of all-£r<ms-retinyl 
es te rs  is reduced  in  liver by  m ore th a n  10,000-fold. Therefore, 
th is  an im al model w ill be useful for d issecting  th e  role of 
v itam in  A in  sto rage an d  circulation.
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