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ABSTRACT
Taurine is involved in cell volume homeostasis, antioxidant defense, protein stabilization, and
stress responses. High levels of intracellular taurine are maintained by a Na+-dependent taurine
transporter (TAUT) in the plasma membrane. In view of the immunomodulatory and
cytoprotective effects of taurine, a mouse model with a disrupted gene coding for the taurine
transporter (taut-/- mice) was generated. These mice show markedly decreased taurine levels in a
variety of tissues, a reduced fertility, and loss of vision due to severe retinal degeneration. In
particular, the retinal involvement identifies the taurine transporter as an important factor for the
development and maintenance of normal retinal functions and morphology.
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T

aurine is the most abundant amino acid in many tissues and, depending on the species,
intracellular concentrations of 10–70 mmol/l are found in mammalian heart, brain,
neutrophils, skeletal muscle, liver, and retina (1–4), whereas taurine concentrations in
extracellular fluids reach only 20–100 µmol/l in humans (1, 5), but in mice up to 600–800 µmol/l
(6, 7). The zwitterionic nature of taurine prevents its passage through lipid layers and allows the
Na+-dependent taurine transport system (TAUT) to build up very steep concentration gradients
between cellular and extracellular spaces. taut belongs to the sodium- and chloride-coupled
transporter gene family that is also known as the neurotransmitter transporter gene family (8, 9).
TAUT is found in many tissues and has been cloned from various species with remarkable
sequence similarity (10–14). In most tissues, TAUT expression is regulated osmotically, a
finding in good agreement with the importance of taurine as an organic osmolyte (15–17). Apart
from cell volume regulation, taurine may act as a neuromodulator and can protect cells in vitro
against various types of injury (1–4, 18–20). The underlying mechanisms are not yet well
understood but may involve antioxidant effects (1–3), modulation of intracellular calcium levels
and ion channel activities (1), membrane and protein stabilization (1, 17, 19), and modulation of
immune (3, 20–22) and stress responses (18). In view of the multiple roles attributed to

intracellular taurine and its transport, we created a TAUT-deficient murine model by gene
knockout.
MATERIALS AND METHODS
Mice
The taut knockout mice were generated by homologous recombination and had a mixed genetic
background (C57Bl/6 × 129/SvJ). Animals were housed in isolators at a 12–12 h light–dark
cycle, according to the rules of the local ethical guidelines.
Screening of the recombinant embryonic stem cells
We extracted DNA by using the QIAamp mini kit (Qiagen, Hilden, Germany). For the
polymerase chain reaction (PCR) identification of homologous recombinated embryonic stem
(ES) cell clones, we used the primers neoK2 2A (5’-TCTGGATGCACCCGAGTGACTAAGG)
and neoK2 2B (5’-AATATGCGAAGTGGACCTGGGACC), which generated a product of 2100
bp. PCR conditions were 5 min at 94ûC, followed by 35 cycles with 1 min at 94°C, 1 min at
60°C, and 2.5 min at 72°C. Samples were electrophoresed in a 1.5% agarose gel.
Genotyping of the knockout mouse
We extracted DNA from tail tissue by using the DNeasy Tissue Mini Kit (Qiagen, Hilden,
Germany). The DNA was analyzed by PCR (5 min at 94°C followed by 35 cycles of 1 min at
94°C, 57°C, and 72°C, respectively, with 8 min extension time at 72°C on cycle 35). Wild-type
mice were identified with the primer pairs taut-neo2 (5`-CAGGGTATACCTGGACTGGG) and
neo2 (5`-GACAGAATAAAACGCACGGG). The primers taut-Ex1.2 (5’-AAGCCTTCTCCAGGGAAGAG)
and taut-Ex1r (5`-CCACAGACAGCACAAAGTC), which amplified the exon 1 of the taut gene,
were used for differentiating between (taut +/-) and (taut -/-) animals. In all PCR reactions exon
2 of taut was amplified simultaneously by using primers TEx25/2 (5`-CGTCATTGTGTCCCTCCTG) and
taut-Ex2r (5`-TGAGGTGAAGTTGGCAGTGCT) as an internal control.
Northern-blot analysis
Total RNA from liver and kidney of wild-type and knockout mice was isolated by using the
RNeasy Midi Kit (Qiagen, Hilden, Germany). Northern blotting and hybridization using a taut
exon 1 probe (corresponding to bp 231 to 393 of the mus cookii taut sequence, Genbank Acc.
No. L03292) were carried out under high stringency conditions according to standard protocols
as previously described (23).
In vitro transcription/translation
Total RNA was reverse-transcribed by using a first-strand cDNA synthesis kit (Roche, Mannheim,
Germany). The complete coding sequence of the taut gene (1932 bp) was amplified by using the primers 5`taut (5`GCTAATACGACTCACTATAGGAACAGACCACCGAACCAGTGCCACAGCC) and 3`taut
(5`-CAACATGGCCCGGACCTCAC). PCR was performed with the Expand Long Template
PCR System (Roche). PCR conditions were 94°C for 2 min, 10 cycles at 94°C for 10 sec, 62°C

for 30 sec, and 68°C for 2 min, 20 cycles at 94°C for 10 sec, 62°C for 30 sec, 68°C for 2 min
plus an extension for 20 sec for each cycle, and a final extension at 68°C for 7 min. For the in
vitro transcription and translation, we used the TNT T7 quick-coupled transcription/translation
system (Promega, Mannheim, Germany) according to the manufacturer’s protocol.
Measurement of taurine transport into primary fibroblasts
Freshly removed muscles of the hind leg from 2–4 month old mice were diced and cultivated in
Dulbecco’s modified Eagle medium supplemented with 4.5 mg/l glucose, 15% fetal bovine
serum, nonessential amino acids, and 100 µg/ml gentamycin and fungizone. Fibroblasts began to
grow out of the tissue after 2–3 days and were cultured for 17–27 days. The uptake of taurine
(200 µM in medium) into fibroblasts was then measured over an 8-h period as described
previously (23).
Determination of taurine levels in tissues and plasma
Freshly removed tissues and plasma were frozen in liquid nitrogen and then stored at –70û C.
Before freezing, the lenses and vitreous bodies were eliminated from the eyes. Frozen tissue was
homogenized by using a microhomogenizer and was weighed five times without thawing.
Proteins were removed by incubation in 10% sulfosalicylic acid on ice for 1 h. After
centrifugation (10 min at 21,000 x g), the lipids were extracted with dichloromethane from the
supernatant. Plasma was added to an equal amount of 10% sulfosalicylic acid. Taurine content
was analyzed in a BioChrom20 amino acid analyzer (Amersham-Pharmacia, Freiburg,
Germany).
Morphological examination of the retina
The mice were anesthesized in ether or killed with CO2 before decapitation. The eyes were
excised rapidly and fixed by immersion in a mixture of 4% paraformaldehyde/2.5%
glutardialdehyde containing 0.01 mM CaCl2 for 24 h. The lenses were then removed and the
specimens were rinsed in 0.1 M phosphate buffer (pH 7.4) before postfixation in 1% OsO4 for 3
h at 4°C. Following dehydration in ethanol, the tissue was embedded in Epon. Semithin sections
were stained with toluidine blue. Ultrathin sections were cut with a diamond knife and contrasted
with uranyl acetate/lead citrate before viewing in a Hitachi EM600 (Tokyo, Japan). At least five
wild-type and five knockout mice in the following age groups were examined: 2–4 wk, 2–6
months, 7–12 months, and older animals.
Electroretinograms
Electroretinograms (ERGs) were obtained according to previously described procedures (24). In
summary, mice were dark-adapted overnight and their pupils were dilated. Anesthesia was
induced by subcutaneous injection of ketamine (66.7 mg/kg), xylazine (11.7 mg/kg), and
atropine (1 mg/kg). Silver needle electrodes served as reference (forehead) and ground (tail), and
rings made from 0.5 mm ∅ gold wire as monopolar corneal electrodes. The ERG equipment
consisted of a Ganzfeld bowl, a DC amplifier, and a PC-based control and recording unit
(Toennies Multiliner Vision, Jaeger/Toennies, Höchberg, Germany). Band-pass filter cut-off
frequencies were 0.3 and 300 Hz. Stimulus intensities were increased from 10–4 cd*s/m2 to 25

cd*s/m2, divided into 10 steps of 0.5 and 1 log cd*s/m2. Ten subsequent responses were averaged
with an inter-stimulus interval of 5 sec or 17 sec (for 1, 3, 10, 25 cd*s/m2).
Detection of apoptosis by TUNEL assay
Retinal sections were deparaffinized with xylene and rehydrated in a graded series of ethanol to
destillated water. The terminal deoxynucleotidyltransferase-mediated dUTP nick-end labeling
(TUNEL) assay was then carried out with an in situ cell death detection kit (Roche) (25). The
incorporated fluorescein was detected by measuring the cell-associated fluorescence. The
excitation wavelength was 490 nm.
Statistics
Data are expressed as mean + SEM (n=number of cell preparations from different animals).
RESULTS
Targeted disruption of the taut gene
We isolated an 18-kb XhoI genomic clone from a λ phage library containing mouse strain
129SvJ genomic DNA by screening with a cDNA taut probe. To disrupt the taut locus, we
designed an isogenic targeting vector to delete exon 1 of taut (Fig. 1a). ES cells (derived from
129/SvJ strain, Genomesystems, St. Louis, MO) were electroporated with the linearized vector
and, after 48 h, colonies underwent positive–negative selection with geneticin (400 µg/ml for the
first 4 days, then 250 µg/ml) and gancyclovir (2 µM) (26). Double-resistant clones were screened
for the desired homologous recombination by PCR. We analyzed PCR-positive clones by
Southern blot hybridization to verify that a single integration had taken place by homologous
recombination (data not shown). Two ES clones containing the targeting event were injected into
blastocysts of C57BL/6 mice to produce chimeras (RCC, Füllinsdorf, Switzerland). Only one ES
clone transmitted the taut mutation through the germ line. Heterozygous (taut+/-) mice with a
C57BL/6 × 129/SvJ background were intercrossed to produce wild-type (taut+/+), heterozygous
(taut+/-), and homozygous (taut-/-) animals in the F2 progeny. Offspring of matings between
(taut+/-) females and (taut+/-) males were observed in 14 of 16 matings. The offspring showed a
normal Mendelian ratio, suggesting there was no specific embryonic lethality in the mutants. Of
the 13 (taut+/-) females, 6 became pregnant with (taut-/-) males, but none of 5 (taut-/-) females
became pregnant with (taut+/-) males. Only 4 of 21 different breeding pairs of (taut-/-) mice
produced offspring, but all 4 matings occurred between (taut+/+) females and (taut-/-) males.
Characterization of the (taut-/-) mouse
(taut-/-) mice exhibited a lower body mass compared with (taut+/-) and wild-type mice (Table
1). Offspring were characterized by PCR. In (taut-/-) mice, a fragment of the targeting construct
was amplified in PCR1, whereas exon 1 was detected by PCR2 in wild-type (taut+/+) mice (Fig.
1b).

The deletion of exon 1 of the taut gene led to a truncated protein of 450 amino acids (wild-type:
621) as shown in the in vitro transcription and translation assay (Fig. 1c). Transmembrane
domains 1 to 3 and part of the large extracellular region of the protein were no longer present.
(taut-/-) and (taut+/+) mice were compared by Northern blot analysis. No expression of the taut
exon 1 was found in either kidney or liver tissue of (taut-/-) animals, whereas wild-type mice
showed exon 1 expression in both organs (Fig. 1d).
Loss of TAUT function in the null mutation was verified by measuring taurine uptake by
fibroblasts in vitro. When primary fibroblasts were exposed to medium supplemented with 200
µM taurine for 8 h, taurine uptake into fibroblasts isolated from (taut-/-) mice was 98% lower
(4.2 + 1.3 nmol/mg protein, n=3) than normal (201.7 + 37.0 nmol/mg protein, n=5).
(taut-/-) mice showed remarkably low taurine levels when compared with wild-type mice. A
reduction of taurine concentration by about 74% was observed in plasma, kidney, liver, and eye
(Table 2). In skeletal and heart muscle, taurine concentrations were even decreased about 97%.
Retinal degeneration in (taut-/-) mice
The most prominent morphological feature of (taut-/-) mice was severe and progressive retinal
degeneration (Fig. 2). In contrast to retinas of wild-type mice (Figs. 2a, b and 3a), no
photoreceptor outer or inner segments were discernible light microscopically in (taut-/-) mice
beyond an age of 4 wk (Fig. 2d–h). In 2-wk-old (taut-/-) mice, the outer nuclear layer (ONL) was
largely preserved (Figs. 2c and 3b, c), but the outer and inner photoreceptor segments were much
smaller when compared with those of 2-wk-old wild-type animals (Fig. 2b). At 1–2 months of
age, only one to three layers of nuclei were seen in the ONL (Fig. 2d, e), and this layer had
disappeared completely in older animals (Fig. 2f–h).
Electron microscopic examination of retinas from (taut-/-) mice at 1–2 months revealed
advanced stages of photoreceptor cell degeneration: many of the remaining nuclei were pyknotic,
but ribbon synapses as well as remnants of outer segment disks occasionally were visible (Fig.
3c–e).
Ultrastructural examination of knockout mice older than 2 months showed that the neurons of the
inner nuclear layer (INL) were separated from the pigment epithelium (PE) by thin lamellae
resembling Müller cell processes (Fig. 3f). The INL was irregular in advanced stages of
degeneration and varied in thickness from only a few cells at the PE to large groups of cells
extending from the PE through the inner plexiform layer into the ganglion cell layer (Fig. 2g, h).
The latter layer appeared to be intact, but may have fewer cells than in wild-type mice.
The effect of taut activity loss on retinal function was assessed with ERG. A functional
evaluation of 6-week to 4-month-old mutants showed that the ERG was absent completely in
(taut -/-) mice (Fig. 4c), whereas that of the heterozygous mice was not different from normal
(data not shown). However, a developmental study of (taut-/-) mice at ages between 2 and 4 wk
revealed some small, but distinct remaining electrical activity (Fig. 4b) both at low and high
stimulus intensities. Compared with the controls, the b-wave amplitude of the ERG increased
only insignificantly from postnatal week 2 to 3 and decreased rapidly thereafter (Fig. 4d–f).

Nevertheless, the double-peaked amplitude versus intensity curves (Fig. 4d, e) implicate that
both rod and cone systems are somewhat functional. To assess whether the functional loss
observed may be due simply to the failure of the (taut -/-) mice to gain weight normally after
birth, the b-wave amplitude obtained at a certain stimulus intensity (3 cds/m²) was related to age
and body weight (Fig. 4g). It was found that although the mutants indeed trailed the controls of
the same age in weight during postnatal development (open and filled symbols in Fig. 4g), the
ERG of controls of comparable weight—regardless of the age—was much larger in all cases,
thus excluding a major impact of that parameter.
Detection of apoptosis in the retina of (taut-/-) mice
We analyzed the retinas of 2- and 6-wk-old (taut-/-) mice for apoptosis by using the TUNEL
assay. TUNEL-positive nuclei were present consistently in the (taut-/-) animals. (taut -/-) mice
display deterioration of inner and outer photoreceptor segments and a progressive reduction of
ONL thickness from postnatal day 14 through 6 wk, where a single row of condensed
photoreceptor nuclei was observed (Fig. 5). We saw no such nuclei in our retinal sections from
age-matched wild-type mice.
DISCUSSION
As shown in this study, homozygous disruption of exon 1 of the taut gene results in plasma
hypotaurinemia, a 98% decrease in taurine uptake by primary fibroblasts and low levels of
taurine in all tissues examined. These findings suggest that defective taurine uptake due to
disruption of taut cannot be compensated by taurine uptake via other transport systems such as
the amino acid transport system A. We found a 98%–99% decrease of tissue taurine levels in
heart and skeletal muscle, whereas liver and kidney taurine levels were lower than in wild-type
mice by only about 70%–80%. The liver is known to be a major site of taurine synthesis (27),
and it seems likely that this may at least partially compensate for disrupted TAUT function in
this organ.
(taut-/-) mice exhibited a marked impairment of reproduction. Although taurine is not used for
protein synthesis, it is normally present in high concentrations in mouse eggs and oviductal and
uterine fluid and acts as an osmolyte in mouse oocytes and embryos (28) and promotes embryo
development in a variety of species, including mouse (29) and humans (30). Taurine is also
present in human semen, the sperm acrosome (31), and maintains sperm motility (32) necessary
for optimal fertilization. These roles of taurine at various levels of reproduction may well explain
the reduced fertility of (taut-/-) mice. However, TAUT is apparently much more crucial for
fertility in females than in males, because offspring were born when male (taut-/-) mice mated
with (taut+/-) or wild-type females, whereas (taut-/-) females show reduced fertility regardless
of the taut status of the male partner.
Another prominent feature of (taut-/-) mice is severe and progressive retinal degeneration. The
taurine levels were diminished about 74% in eyes from 12-day-old (taut-/-) mice when compared
with those from wild-type mice. At 2 wk postnatal, the usual age of eye opening, an
approximately equal number of rows of photoreceptor nuclei in mutants and wild-type mice were
still apparent. Inner and outer photoreceptor segments in the mutants were clearly distinguishable
but were already smaller than in the controls. Retinal function was also observable at that stage,

with amplitudes reduced to about one-third of those of age-matched controls. One week later,
ERG amplitudes had dropped to 10%–15% of normal. At one month of age, the number of
photoreceptor cell nuclei was reduced markedly. In light microscopy, photoreceptor segments
were largely absent, and only remnants of photoreceptor disks and synapses were found at the
ultrastructural level. The ERG, even to bright stimuli, was close to noise level and the further
morphological deterioration was paralleled by a complete loss of retinal function. These findings
indicate that photoreceptor cells initially develop but then undergo degeneration.
It has been recognized recently that programmed cell death is a crucial aspect in a variety of
human and animal retinal dystrophies (33, 34). Apoptosis apparently is also involved in retinal
degeneration in the (taut-/-) mouse, because no macrophages were found in the subretinal space
and the photoreceptor cell nuclei were TUNEL-positive. In all mammalian species examined so
far, high taurine concentrations were found in the retina, with about two-thirds of retinal taurine
being localized in the photoreceptor layer (1, 35). The absence of taurine as a radical scavenger
may accelerate programmed cell death. However, additional mechanisms may also be involved,
because retinal degeneration was also inducible by taurine deficiency in light-deprived cats (36).
In addition to its role as an osmoregulator and antioxidant, taurine has trophic effects on the
retina and modulates visual signal transduction at the level of Ca2+ transport and protein
phosphorylation (1, 35, 37).
The lack of light-induced retinal function and the marked morphological changes in (taut-/-)
mice underline the importance of an intact taurine transport system for the photoreceptor cells.
Studies in cats (for which taurine is an essential amino acid) have shown that an acquired
deficiency in taurine leads to progressive retinal degeneration of the cone-rod type (36). Because
neither the rod nor the cone system in our (taut-/-) mice was found to respond to light stimulation
at the ages tested, an assessment of differential effects of the mutation on these two systems was
not feasible.
The importance of taurine for retinal function is underlined by the fact that ERGs are abnormal
in cases of human taurine deficiency caused by long-term parenteral nutrition (38). Cats are
dietary dependents with regard to taurine. ERGs were also abnormal in cats fed taurine-deficient
diets and outer segment structure was severely disturbed (36, 39). Mice are not dietary
dependents, but their photoreceptor cells are dependent evidently on an intact taurine transport
system for maintaining structurally and functionally sufficient levels of intracellular taurine. The
effects of disrupted taurine transport in the retina have been examined in animals treated with
guanidinoethyl sulfonate (GES), an antagonist of taurine uptake (40, 41). Some aspects of retinal
degeneration in our (taut-/-) mouse closely resemble those described in the GES-treated rats,
particularly with respect to disruption of outer segment disks and ultimate loss of photoreceptor
cells. Deficits in the ERGs of GES-treated rats (42) were also comparable with those seen in the
taut knockout mice. It remains to be determined whether retinal dystrophy in (taut-/-) mice is
caused directly by a lack of taurine or whether taurine transport deficiency leads to disturbances
in the osmotic balance specific to photoreceptor cells.
Human retinitis pigmentosa (RP) is a genetically heterogeneous group of hereditary retinal
dystrophies (43, 44). RP is characterized by the progressive degeneration and loss of retinal cells
and represents, with an incidence of about 1:4,000, the most common cause of inherited
blindness in the adult. So far, 23 distinct chromosomal loci have been recognized, but in only 12

of them have the causative genes and mutations been identified. The most common mutations
leading to RP involve the genes for rhodopsin, different rod cGMP phosphodiesterase subunits
and peripherin. No mutated genes affecting taurine transport or metabolism have been identified
so far. Nonetheless, longstanding and ongoing debate focuses on the role of taurine in RP (35,
45). Although taurine supplementation in RP patients did not lead to any significant clinical
improvement (35), there are reports on reduced taurine uptake into platelets and lymphoblastoid
cells as well as extremely decreased plasma taurine levels in some RP patients (45, 46). Thus, the
present study suggests that taut might be another candidate gene whose mutation may underly
RP in a subgroup of patients.
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Table 1
Body and organ masses from (taut+/+) wild-type, (taut+/-) heterozygote, and (taut-/-) knockout mice.

Body mass and organ mass [g]

(taut +/+) mice

Body mass
Brain
Heart
Lungs
Liver
Spleen
Right kidney

43
0.44
0.19
0.22
2.12
0.16
0.29

(n=4)
± 1
± 0.01
± 0.01
± 0.01
± 0.17
± 0.06
± 0.01

(taut +/-) mice

(taut -/-) mice

(n=7–9)
41
± 2
0.40 ± 0.02
0.19 ± 0.01
0.24 ± 0.02
2.08 ± 0.22
0.18 ± 0.04
0.26 ± 0.02

(n=7–9)
30
± 1*
0.39 ± 0.01*
0.18 ± 0.02
0.25 ± 0.01
1.79 ± 0.13
0.16 ± 0.03
0.23 ± 0.01*

Body mass and wet organ mass from 17–18 month-old mice are given. Data are expressed as mean ± SE.
*Significantly different from the (taut+/+) wild-type mice (P<0.05).

Table 2
Taurine levels in plasma and tissues of (taut+/+) wild-type and (taut-/-) knockout mice.

Plasma

Liver
Kidney
Heart
Skeletal muscle
Eye

(taut +/+) mice

(taut -/-) mice

µmol/l

µmol/l

673 ± 100

112 ± 18

µmol/g wet weight

µmol/g wet weight

9.5 ± 2.1
6.0 ± 0.9
24.4 ± 2.7
32.0 ± 4.9
27.9 ± 12.9

2.1 ± 1.2
1.2 ± 0.2
0.6 ± 0.1
0.4 ± 0.1
7.1 ± 0.3

Taurine concentrations were measured as described in Materials and Methods. Data are from 2–19 month-old
mice each (n=5–9), except eye taurine levels are from 12-day-old mice
(n=3–4). Data are expressed as mean ± SE.

Fig. 1

Figure 1. Taut gene disruption by homologous recombination. A) Scheme of the wild-type taut locus, the targeting
(replacement) vector, and the predicted structure of the targeted taut gene. The 5′ external probe used for Southern blot
analysis and the size of restriction fragments detected with this probe in the wild-type and targeted alleles are indicated, as
well as PCR primers. B) Genotyping of the (taut-/-) mice. In (taut-/-) mice a 117 bp fragment of the targeting construct
(PCR1: lower band in lane KO) could be amplified with the primers taut-neo2 and neo2. Exon 1 could not be amplified in
(taut-/-) mice with the primers TEX25/2 and taut-Ex2r (PCR2: lane KO) but in wild-type mice (109 bp fragment: lower
band in lane wt). In all PCR reactions exon 2 is amplified as an internal control (196 bp fragment: upper bands in lanes wt
and KO). C) In vitro translation/transcription of the TAUT cDNA isolated from wild-type and (taut-/-) mouse. In (taut-/-)
mice a truncated protein can be translated from the cDNA. D) Northern blot analysis of wild-type and (taut-/-) mice using
a probe for exon 1 of the TAUT gene and GAPDH. The expression of taut exon 1 is observed in the wild-type mouse
only. B, BamHI; Bg, Bgl II; E, EcoRI; H, HindIII; S, SacI; N, negative control; KO, (taut-/-) mouse; wt, (taut+/+)
mouse.

Fig. 2

Figure 2. Retinal morphology of wild-type and (taut-/-) mice. a, b) Retinas of wild-type (taut+/+) mice at 17 months
(a) and at postnatal day 14 (b). c–h) Retinas of (taut-/-) mice at postnatal day 14 (c), 1 month (d), 2.5 (e), 4 (f), 9 (g), and
13 months (h). Toluidine staining of semithin sections; all micrographs at 450×. No nuclei of the ONL were discernible in
age-matched (taut -/-) mice beyond an age of 2.5 months. Note that in Figure 2a–f the layers of the retina are set to the
PE, so that reduction of the ONL becomes readily evident. Figure 2g and h are set to the membrane of Bruch. IPL, inner
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer (photoreceptor nuclei);
OLM, outer limiting membrane; IS / OS, inner / outer segments of photoreceptors; PE, pigment epithelium; B, membrane
of Bruch.

Fig. 3

Figure 3. Retinal morphology of wild-type and (taut-/-) mice (electron microscopy) a) Retina of wild-type mouse of
14 days: outer segments (rods) at the pigment epithelium (PE), which rests on Bruch's membrane. b) Inner and outer
segments at the PE in (taut -/-) mouse of 14 days. Disk arrangement is disrupted in many of the outer segments but inner
segment structure is almost normal, as is that of the PE. c) Inner region of ONL (at the right) and INL (at the left) in 14
day old (taut -/-) mouse. Nuclei of two photoreceptor cells have highly condensed chromatin (Cc), several neighboring
cells have abnormally dark nuclei (D). Synapses can be seen in the outer plexiform layer (arrow). d) ONL with PE (at the
left) and outer plexiform layer (at the right) in (taut -/-) mouse of 1 month. Remaining nuclei of photoreceptor cells show
various stages of degeneration and Muller cell processes between them are swollen. Outer limiting membrane at PE (no
pigment in this animal) is still intact. Inset: detail of ribbon synapse. e) Remnants of outer segment surrounded by
microvilli of PE in (taut -/-) mouse of 1 month. Disrupted disks and supporting cilium (arrow) can still be identified. The
Muller processes are distended. f) PE between Bruch's membrane and processes of Muller cells in (taut -/-) mouse of 13
months. The continuity of the retinal PE is interrupted by a capillary surrounded by basal lamina. ONL = outer nuclear
layer; OS / IS = outer / inner segments; PE = pigment epithelium; B = Bruch's membrane; Cap = capillary; D= dark
nuclei; OPL = outer plexiform layer; M = Muller cell process; Cc = condensed chromatin.

Fig. 4

Figure 4. Retinal function in (taut-/-) mice is progressively impaired with age. A–C) Scotopic single flash ERG
intensity series for adult control (A) and (taut -/-) mice at 3 (B) and 6 (C) weeks postnatally. Stimulus range: 0.0001 (top
trace) to 25 cd*s/m² (bottom trace). Shown are exemplary traces from individual animals. (taut-/-) mice at ages between 2
and 4 weeks revealed some small, but distinct remaining electrical activity, whereas there was no sign of light-induced
retinal responses beyond the age of 6 weeks. D–F) Amplitude-vs.-intensity functions of developing (taut-/-) and control
mice at 2 (D), 3 (E) and 4 (F) weeks postnatally. In each graph, the normal range lies between the top wide line, denoting
the 95% quantile, and the bottom wide line, indicating the 5% quantile of the control group. The box plots show the
results obtained with (taut-/-) mice, depicting the median (cross; connected by black line), the 75% and 25% quantile
corresponding to top and bottom end of the box, and the 95% and 5% quantile corresponding to top and bottom end of the
bar. It is obvious that the ERG amplitudes of taut-deficient animals lie below the normal range at all ages tested. Whereas
the controls show the expected developmental increase from week 2 towards almost adult values at week 4, there is no
significant increase between week 2 and 3 in the knockouts, but a distinct loss of ERG activity from week 3 to 4. The
double-peaked shape of the curves (D, E) suggests that both rods and cones have some remaining function. G) Body
weight is not a major factor for the ERG reduction. Shown is the b-wave response to a 3 cds/m² stimulus vs. body weight
of individual animals obtained at 2 to 4 weeks postnatally. Open symbols indicate control animals, and filled symbols
(taut -/-) mice. The ERG of controls of comparable weight—regardless of the age—was much larger in all cases.

Fig. 5

Figure 5. Fluorescence microscopy of photoreceptor apoptosis in (taut -/-) mice. At postnatal day 14 (P14), wild-type
(taut +/+) mice (a) show a retinal differentiation with inner and outer segments (IS + OS), outer (ONL) and inner nuclear
layer (INL). Retina of 6-week-old wild-type mouse is shown in (c). Many condensed (fluorescent) nuclei of apoptotic
cells are found in ONL of (taut -/-) mice at P14 (b) and after 6 weeks (d) (see arrows). For abbreviations, see legend
Figure 3.

