Johnson et al. Fluids Barriers CNS (2018) 15:22 . .
https:/doi.org/10.1186/512987-018-0107-4 Fluids and Barriers of the CNS

RESEARCH Open Access

Accurate, strong, and stable reporting @
of choroid plexus epithelial cells in transgenic
mice using a human transthyretin BAC

Brett A. Johnson'?, Margaret Coutts', Hillary M. Vo'?, Xinya Hao'?, Nida Fatima'*, Maria J. Rivera®,
Robert J. Sims?, Michael J. Neel'?, Young-Jin Kang'? and Edwin S. Monuki'?**

Abstract

Background: Choroid plexus epithelial cells express high levels of transthyretin, produce cerebrospinal fluid and
many of its proteins, and make up the blood-cerebrospinal fluid barrier. Choroid plexus epithelial cells are vital to
brain health and may be involved in neurological diseases. Transgenic mice containing fluorescent and luminescent
reporters of these cells would facilitate their study in health and disease, but prior transgenic reporters lost expression
over the early postnatal period.

Methods: Human bacterial artificial chromosomes in which the transthyretin coding sequence was replaced with
DNA for tdTomato or luciferase 2 were used in pronuclear injections to produce transgenic mice. These mice were
characterized by visualizing red fluorescence, immunostaining, real-time reverse transcription polymerase chain reac-
tion, and luciferase enzyme assay.

Results: Reporters were faithfully expressed in cells that express transthyretin constitutively, including choroid plexus
epithelial cells, retinal pigment epithelium, pancreatic islets, and liver. Expression of tdTomato in choroid plexus began
at the appropriate embryonic age, being detectable by E11.5. Relative levels of tdTomato transcript in the liver and
choroid plexus paralleled relative levels of transcripts for transthyretin. Expression remained robust over the first post-
natal year, although choroid plexus transcripts of tdTomato declined slightly with age whereas transthyretin remained
constant. TdTomato expression patterns were consistent across three founder lines, displayed no sex differences, and
were stable across several generations. Two of the tdTomato lines were bred to homozygosity, and homozygous mice
are healthy and fertile. The usefulness of tdTomato reporters in visualizing and analyzing live Transwell cultures was
demonstrated. Luciferase activity was very high in homogenates of choroid plexus and continued to be expressed
through adulthood. Luciferase also was detectable in eye and pancreas.

Conclusions: Transgenic mice bearing fluorescent and luminescent reporters of transthyretin should prove useful
for tracking transplanted choroid plexus epithelial cells, for purifying the cells, and for reporting their derivation from
stem cells. They also should prove useful for studying transthyretin synthesis by other cell types, as transthyretin has
been implicated in many functions and conditions, including clearance of 3-amyloid peptides associated with Alz-
heimer’s disease, heat shock in neurons, processing of neuropeptides, nerve regeneration, astrocyte metabolism, and
transthyretin amyloidosis.
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Background

Choroid plexus epithelial cells (CPECS) represent an
under-studied cell type that contributes vitally to the
health of the brain. CPECs, which reside in all four brain
ventricles, produce cerebrospinal fluid (CSF), pumping
water from the blood into the ventricles and manufac-
turing and secreting a variety of important CSF proteins
such as growth factors and the thyroxine-carrier tran-
sthyretin (TTR) [1, 2]. The CSF in turn mechanically
cushions the brain and provides a circulatory system
communicating with brain interstitial fluid, both deliver-
ing beneficial substances and removing metabolic waste
[2, 3]. Tight junctions between the CPECs are responsible
for establishing the blood-CSF barrier [4], and yet CPECs
also possess various transport systems that actively
insure the delivery of certain substances from the blood
into the CPECs as well as into the CSF [5, 6].

Choroid plexus epithelial cells decline in number and
health with age and in association with several neuro-
logical diseases [1, 7, 8]. Indeed, deterioration of CPECs
has been hypothesized to contribute to the progres-
sion of these diseases, with a particular emphasis on
the potential role of TTR in the removal of f-amyloid in
Alzheimer’s disease [7-9]. CPECs may also be critically
involved in immune cell activation and entry into the
CNS in the development of multiple sclerosis and other
inflammatory conditions [10, 11]. On the other hand, the
discovery both that CPECs can be derived from human
stem cells and that they can become integrated into the
recipient choroid plexus (ChP) after transplantation sug-
gests a potential use of engineered CPECs in cell-based
therapies for neurological disorders [12].

To better explore the basic biology of CPECs, track
them in disease models, monitor their differentiation
from stem cells, purify them, and assess their integra-
tion, survival, and health after transplantation, it would
be useful to have transgenic mice in which these cells
express fluorescent and/or luminescent reporters. The
most abundant and selective mRNA in the CPEC tran-
scriptome is TTR [13, 14], which is produced in a lim-
ited set of other tissues including the liver, pancreas, and
retinal pigment epithelium [15], as well as in neurons as
a heat shock protein under conditions of stress and dis-
ease [16]. TTR’s abundance in CPECs, its tissue selec-
tivity, and its long-term expression suggest that its gene
regulatory sequences would be effective for directing the
expression of CPEC reporter proteins.

To study the development of the visceral endoderm,
Kwon and Hadjantonakis previously created transgenic
mice using a plasmid vector in which a red fluorescent
protein (mRFP1) was expressed under the direction of
3 kb upstream regulatory sequence of the mouse TTR
gene [17]. Expression of RFP in these mice did occur in
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CPECs of embryonic and neonatal mice and were useful
for monitoring initial CPEC derivation from stem cells
[12] and fluorescence activated cell sorting of CPECs
from young mice [14]; however, the expression in embry-
onic choroid plexus was found to be mosaic and to
decline markedly with age [14].

In the present paper, we describe the generation of
transgenic CPEC reporter mice using a human bacterial
artificial chromosome (BAC). The large expanse of DNA
in a BAC transgene not only holds the promise of includ-
ing more extensive TTR regulatory sequences, but also
should preclude the type of positional effects that plague
the use of smaller transgenic constructs, such as ectopic
and mosaic expression as well as extinction [18]. We
characterize these mice with special attention to CPECs
to establish that the reporters accurately reflect the tis-
sue distribution of TTR, that they display an appropriate
embryonic developmental profile, and that they continue
to be expressed well into adulthood. We conclude that
these mice will be useful tools for the investigation of not
only CPECs but also other cell types expressing TTR.

Methods

Recombineering of a human TTR BAC

The RP11-57112 BAC, which contains the human
TTR gene and flanking 5’- and 3’-proximal genomic
sequences of 126 and 41 kb, respectively, was obtained
from CHORI BAC PAC Resources Center (https://bacpa
cresources.org/) and recombineered by the UC Davis
Mouse Biology Program to replace the coding sequence
of the human TTR gene (from start codon to stop codon,
including introns) with either tdTomato or luciferase2
(luc2) cDNA. The clones were constructed using BAC
recombineering methods adapted from Chan et al. [19],
using the pSIM18 plasmid and Wang et al. [20], using the
RspL counter selection method.

The TTR coding sequence in RP11-571I2 was first
replaced with the RspL counter selection cassette in
opposite orientation from TTR. (Previous attempts in
the same orientation failed to yield stable intermediate
clones.) E. coli clones in 96 well plates were PCR screened
using primers spanning recombination junctions, with
twelve subsequently verified by pulse field gel electro-
phoresis (PFGE) of Sbfl digested BAC DNA. Two were
then electroporated into E. coli DH10 cells and grown
with kanamycin and chloramphenicol to separate the
hTTR-RspKan-RC clone from unmodified BAC DNA,
with all clones tested (four each for the two separation
transformations) showing the expected SbflI restriction
pattern by PFGE. To replace the RspL counter selection
cassette with luc2 or tdTomato, the selected intermedi-
ate clone was made “recombineering-ready” by transfor-
mation with the pSIM18 plasmid, then luc2 or tdTomato
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cassettes were introduced and grown in chloramphenicol
and streptomycin.

For luc2, PCR screening identified 14 putative clones,
then pooled BAC DNA from these clones were trans-
formed into DH10 cells to separate hTTR-luc2 and inter-
mediate clones. Seven clones were selected based on
PCR screening, and all seven were verified to be hTTR-
luc2 clones by PFGE of Sall-digested DNA. The luc2
insert was also PCR amplified from all seven clones, and
five were verified by sequencing for luc2 coding sequence
integrity and TTR replacement. For tdTomato, BAC
DNA from 6 PCR-verified clones were pooled for sepa-
ration transformation into DH10 cells, with six hTTR-
tdTomato clones verified by PFGE of Sall-digested BAC
DNA and sequencing of tdTomato inserts. Subsequent
restriction analysis of the tdTomato BAC by the UC
Irvine Transgenic Mouse Facility indicated loss of an
expected Sbfl restriction site, which ultimately did not
impact the generation of useful transgenic reporter lines.

Generation of transgenic mice

Transgenic mice were produced by the UC Irvine Trans-
genic Mouse Facility by pronuclear injection of intact
circular (tdTomato) or Sbfl-linearized (luc2) DNA.
B6SJLF1/] mice were used as egg donors. Subsequent
breeding used CD1 mice. Successful BAC insertion was

Table 1 PCR primers used in the study
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judged by PCR of F1 genomic DNA employing primer
pairs distributed throughout the BAC (Fig. 2, Table 1).
Results reported here involve progeny of the original
founders through four generations of CD1 breeding.
Routine genotyping involved PCR of reporter coding
sequences (Table 1). Both male and female mice were
studied. Euthanasia involved either CO, inhalation or
intraperitoneal injection of Euthasol (Virbac AH, Inc.,
Fort Worth, TX).

Analysis of mRNA levels by real-time reverse transcription
quantitative PCR (RT-qPCR)

Choroid plexus was rapidly collected from lateral and
fourth ventricles while brains were submerged in cold
PBS, frozen together on the walls of microcentrifuge
tubes sitting on dry ice, then stored at —80 °C or lysed
with 50-100 uL of HLY lysis buffer (Biomiga, San Diego,
CA) added to tubes on dry ice followed by homogeni-
zation using plastic pestles. Additional HLY was added
to a final volume of 350 pL, with further homogeniza-
tion, and homogenates were stored at —80 °C. Pieces
of liver (20-40 mg) were also rapidly dissected and
minced immediately after collection, followed by homog-
enization in 200 pL of cold HLY buffer. Additional HLY
buffer was added to a final volume of 500-700 pL, with

Category Primer pair Direction Sequence (5’ to 3/) Amplicon (bp)
genotyping tdTom internal Forward CACCATCGTGGAACAGTACG 142
Reverse GCGCATGAACTCTTTGATGA
BAC 100 kb 5 #1 Forward TTAGGATTCAGGTGGCCTTG 148
Reverse TGCACATCCTTGGCAATAAA
BAC 100 kb 5’ #2 Forward AATGAAGAGGCTGCCAAAGA 192
Reverse AGTGGATCCCACGACAGTTC
BAC 60 kb 5/ Forward AAGCCCAAGATCAAAGCAGA 202
Reverse CTCACGTGCTGAAATCCTGA
BAC 40 kb 3/ Forward TCAGCAGCTTCCTGCTACAC 500
Reverse GCTAGACAGGTACCCAGGGA
luc2 internal Forward ACAGAAACAACCAGCGCCATTCTG 590
Reverse TCCAACTTGCCGGTCAGTCCTTTA
JAX control Forward CTAGGCCACAGAATTGAAAGATCT 324
Reverse GTAGGTGGAAATTCTAGCATCATCC
RT-gPCR tdTomato Forward ATCGTGGAACAGTACGAGCG 133
Reverse TGAACTCTTTGATGACGGCCA
transthyretin Forward ATCGTACTGGAAGACACTTGGC 131
Reverse CCGTGGTGCTGTAGGAGTAT
18S ribosomal Forward CGGCTACCACATCCAAGGAA 187
Reverse GCTGGAATTACCGCGGCT
cyclophilin A Forward GAGCTGTTTGCAGACAAAGTTC 125
Reverse CCCTGGCACATGAATCCTGG
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further homogenization, and homogenates were stored at
—80°C.

Total RNA was isolated from homogenates of liver or
ChP using Biomiga EZgene tissue RNA kits. Yield and
purity were judged by absorbance at 230, 260 and 280 nm
(NanoDrop 2000c spectrophotometer, ThermoFisher,
Waltham, MA). cDNA was synthesized using random
hexamers, dNTPs, RNAsin (Promega, Madison, WI), and
Moloney Murine Leukemia Virus reverse transcriptase
(Promega). For every sample, minus-RT control incu-
bations were performed using DEPC-treated water in
place of reverse transcriptase. RT-qPCR reactions used
iTaq Universal SYBR Green Supermix (Bio-Rad, Hercu-
les, CA) on a Roche LightCycler 4801l in 96-well plate
format, and primer pairs for tdTomato, TTR, cyclophi-
lin A, or 18S ribosomal RNA (see Table 1) on samples
and water-only controls. Primers were validated for log-
linearity of Ct values using serially-diluted ChP and liver
RNA samples, >90% doubling efficiencies, homogeneous
melt curves, and single amplicons of appropriate size by
gel electrophoresis. Results were excluded if amplifica-
tion was detected in water-only controls or if +RT and
—RT samples displayed a Ct value difference of less than
10 cycles with the 18S primer set.

RT-qPCR results were reported as AACt, subtracting
target Ct values (tdTomato and TTR) from the average
of two reference Ct values (18S and cyclophilin A) for
the same experimental sample [21], and then subtract-
ing experimental sample values from the average value
obtained across all samples of wild type mice (22 total).
More positive values indicate more mRNA.

Immunostaining and imaging
Brains or dissected tissues were fixed by submersion in
4% paraformaldehyde in phosphate-buffered saline (PBS)
(4-48 h), followed by overnight cryoprotection in PBS
containing 30% sucrose, both at 4 °C. Tissues then were
embedded in O.C.T. compound (TissueTek, Sakura Fine-
tek, Torrance, CA) in specimen molds, frozen on dry ice,
and stored at — 80 °C until sectioning. Tissue blocks were
sectioned at 20-um thickness in a Leica CM3050 S cry-
ostat, and slices were collected on Superfrost plus slides.
Sections were washed thrice with PBS (5 min/wash
at room temperature), followed by blocking with 5%
serum in PBS containing 0.3% Triton X-100 and over-
night incubation in primary antibody at 4 °C. After three
additional washes, incubations with secondary antibod-
ies (1:500) were carried out for 1 h at room temperature,
followed by three additional washes and mounting with
Fluoromount-G containing DAPI fluorescent counter-
stain (SouthernBiotech, Birmingham, AL). Antibodies
were diluted in 1% serum in PBS containing 0.3% Triton
X-100. Primary antibodies were rabbit anti-RFP (1:1000,
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600-401-379, Rockland, Limerick, PA), goat anti-anion
exchange protein 2 (AE2, 1:250, sc46710, Santa Cruz
Biotechnology, Dallas, TX), rabbit anti-glucagon (1:200,
2760S, Cell Signaling Technology, Danvers, MA), sheep
anti-TTR (1:500, Abcam, ab9015), and guinea pig anti-
insulin (1:500, Dako A0564, Agilent Technologies, Santa
Clara, CA). Secondary antibodies (1:500, Life Tech-
nologies, ThermoFisher) included Alexa 488-conjugated
donkey anti-rabbit (to detect anti-glucagon antibodies),
donkey anti-goat, donkey anti-sheep, and goat anti-
guinea pig IgG, as well as Alexa 555-conjugated donkey
anti-rabbit IgG (to detect tdTomato).

Fluorescent (RFP filters) and brightfield imaging of
fresh tissues used either an AMG EVOS fl microscope or
a Nikon SMZ1500 dissecting fluorescent microscope and
an SD-Ril digital camera. Immunofluorescence on slides
was evaluated using a Nikon Eclipse E400 microscope
fitted with DAPI, FITC, and TRITC filters and imaged
using a Nuance FX camera (Perkin Elmer). Image con-
trasts were adjusted automatically by the Nuance soft-
ware using the “Clip/Stretch” display function. Channels
were blended in Adobe Photoshop, and further adjust-
ments to contrast were made in Photoshop to give a more
balanced representation of the channels. For compara-
tive panels in figures, image adjustments were made in
parallel.

Primary transwell cultures of CPECs

Choroid plexus was rapidly dissected from the lateral and
fourth ventricles of four P2 mice and collected in 500 uL
ice-cold HBSS containing 0.6% sucrose. Enzymatic dis-
sociation of CPECs was performed with 500 uL of 1000
U/mL collagenase II (Sigma 234155) in 3 mM CaCl,. The
mixture was incubated at 37 °C for 40 min, with vigor-
ous agitation every 5 min, at the end of which no large
aggregates of tissue could be visualized by eye. After trit-
uration, the suspension was then centrifuged at 805¢ for
3 min, the supernatant was discarded, and the pellet con-
taining cells and small cell aggregates was resuspended
in 500 puL TrypLE Express (Gibco 12605028) and incu-
bated at 37 °C for 5 min. After trituration, this suspen-
sion was centrifuged at 805¢ for 3 min, the supernatant
was discarded, the cell pellet was resuspended in 510 pL
of CPEC media (DMEM/F12 (Gibco 11320033), 10%
fetal bovine serum (Hyclone SH 300703), antimicrobial-
antimycotic supplement (“anti-anti’, Gibco 15240062),
and the cell suspension was plated in 0.33 cm? Transwell
chambers (Corning 3470) previously coated with poly-
D-lysine and laminin and cultured for various durations,
with media replacements every other day. Nutrient media
was supplemented with 20 pM cytosine -D arabinofura-
noside (AraC, Sigma C6645) during days 0—4 of culture,
and serum was withdrawn on day 4.
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The EVOM2 apparatus equipped with the Endohm 6
attachment, specifically designed for use with 0.33 cm?
transwell inserts (World Precision Instruments) was used
to measure trans-epithelial electrical resistance. Values
of >65 Q cm? have been reported as indicative of mon-
olayer confluency for primary mouse CPEC culture [22].
Fluorescence (RFP filter) and phase contrast images were
obtained using an AMG EVOS fl microscope.

Luciferase assays

Lateral and fourth ventricle ChP from each single mouse
were combined and homogenized in 100 pL of passive
lysis buffer (PLB, Promega), using a plastic pestle in a
microcentrifuge tube. Other tissues were homogenized
in 1-2 mL of PLB using a PowerGen 125 tissue homog-
enizer (Fisher Scientific) typically set at medium speed,
twice for 15 s each. Harder tissues such as heart, kid-
ney, and eye were minced with scissors prior to homog-
enization. Homogenates were frozen at —80 °C. Upon
thawing, homogenates were centrifuged for 10 min at
10,000g, 4 °C, and the supernatants were taken for deter-
mination of protein concentration and luciferase activity.
Protein was assayed using BioRad Bradford dye reagent
and bovine serum albumin standards. Luciferase activ-
ity was measured using an E1500 assay kit (Promega). A
BioTek Synergy HT microplate reader was used to meas-
ure absorbance in protein assays and luminescence in
luciferase assays. Results were expressed as plate reader
light units per mg of protein. The luciferase assay was
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determined to be linear across six tenfold serial dilutions
of a sample yielding the maximum detected activity level.

Results

Loss of fluorescence in postnatal Ttr::RFP mice

Although we confirmed the robust fluorescence of
CPECs in embryonic and neonatal Ttr:RFP transgenic
mice produced by integration of a plasmid vector [17],
we found that RFP expression was mosaic in embryonic
mouse ChP [14], and the number of cells expressing
fluorescence declined precipitously after birth. Figure 1
shows ChP from a 3-week old Ttr::RFP mouse. Only a few
sporadic, brightly labeled cells were still detectable in the
lateral ventricle ChP (arrows) at this age, and the third
ventricle ChP was devoid of fluorescence. Fewer than half
of the CPECs in the fourth ventricle ChP were fluores-
cent. The loss of fluorescence indicated that the reporter
was not tightly linked to TTR expression over the life-
time of the mice, making it incompatible with many of
our intended uses. Thus, we were motivated to generate
transgenic mice with more stable reporter expression
that better matched TTR.

Generation of human TTR BAC-tdTomato mice

To confer more faithful regulation of expression, we
decided to use as a starting point bacterial artificial
chromosome (BAC) RP11-57112, which contains the
human TTR gene (Fig. 2A). A human BAC was cho-
sen over mouse to enable interpretations of expres-
sion studies that more likely extend to human TTR, a

Fig. 1 Choroid plexus fluorescence is diminished in weanling Ttr:RFP transgenic mice. Upper panels show images of transmitted light and bottom
panels show corresponding images of red fluorescence taken for choroid plexus dissected from a 21-day old Ttr:RFP transgenic mouse. A few
scattered fluorescent CPECs were visible in the lateral ventricle ChP (A, arrows), but none were found in the third ventricle ChP (B). A larger number
of fluorescent CPECs were detected in the fourth ventricle ChP, although expression was clearly mosaic (C)
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Fig. 2 BAC constructs used to generate transgenic reporter mice.
The RP11-57112 BAC contains the human transthyretin (TTR) coding
sequence as well as 42 kb of additional DNA in the 3’-direction and
126 kb of DNA in the 5'-direction (A). The TTR coding sequence from
the start codon to stop codon, including introns, was replaced with
reporter cDNA, but the 3/- and 5’-untranslated regions of the TTR
mRNA remain (B). Sequences distributed throughout the reporter
BAC are present in genomic DNA of transgenic mice (C). Founder
lines are shown on the left. Sequences of primers are given in Table 1,
and their locations within the BAC are designated by black circles

in A. Each PCR reaction involved the use of two primer pairs, one
amplifying a control sequence present in all mice and one amplifying
sequences either within the reporter cDNA or representing human
sequences in the BAC that are far removed from the insert in either
the 5'- or 3’-direction. Amplicons were separated by electrophoresis
in 1% agarose gels containing GreenGlo fluorescent DNA dye. Lanes
labeled “a" represent reactions involving experimental transgenic
mouse DNA; lanes “b"are negative controls in which water was
substituted for DNA; lanes "c” are positive controls involving intact
tdTomato BAG; lanes “d" are negative controls involving DNA from a
wild type mouse; lanes “e” are positive controls involving DNA from a
different, previously genotyped transgenic mouse; and lanes “f" are
positive controls involving linearized luc2 BAC DNA
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protective and clinically relevant protein [23-26]. The
contiguous TTR coding region (start codon to stop
codon, including introns) was replaced with cDNA
for either tdTomato or luc2, and transgenic mice
were generated via random BAC integration follow-
ing pronuclear injection into fertilized eggs (Fig. 2B;
see “Methods” for details). 5/ and 3’ untranslated
TTR regions, which contain likely transcriptional and
mRNA stability elements, were retained. Tdtomato was
chosen for its bright, red-shifted fluorescence [27], and
luc2 was chosen to confer the possibility of repeated,
highly sensitive in vivo imaging (and highly quantitative
in vitro measurement) of emitted light in the presence
of luciferin substrate and ATP [28].

A total of 63 mice were born from eggs injected with
the tdTomato reporter BAC. Of these, 25 possessed td To-
mato reporter sequences by PCR, and 21 were also PCR-
positive for human TTR regulatory elements (100 kb
upstream, 60 kb upstream, and 40 kb downstream of
coding sequence; Fig. 2A, C, Table 1). Nine founder mice
were then bred. All nine displayed germline transmis-
sion and showed red fluorescence in dissected, unfixed
ChP (evaluated at P21-28). Of these, two founder lines
yielded offspring with only weakly fluorescent ChP (RFP
fluorescence barely detectable using an EVOS micro-
scope at 10X, 100% lamp intensity, 1 s exposure), two
yielded moderately fluorescent ChP (fluorescence clear at
10X, but not at 4X), and five yielded strongly fluorescent
ChP (fluorescence clear at 4X). Three of these strongly
fluorescent founder lines were bred further, and hemizy-
gous mice from these lines were characterized in greater
detail in this paper (founder lines 3147, 3154, and 3161).
All three lines have been archived by cryopreservation of
sperm that have been verified for fertility after thawing.

Pairs of hemizygous mice from each of the three
founder lines were also bred to generate homozygous off-
spring. We first identified putative homozygotes by quan-
tifying PCR amplicons that spanned the hTTR-tdTomato
BAC. Specifically, we performed multiplex PCR reactions
(two primer pairs per reaction) for JAX control mouse
DNA and for either tdTomato coding sequence or flank-
ing human TTR elements (Table 1). Three or four mul-
tiplex reactions were performed per mouse, subjected to
gel electrophoresis (Fig. 3a), and analyzed by densitom-
etry using Image]J (Fig. 3b). The relative areas of the peaks
corresponding to the BAC and control bands were cal-
culated for each lane, and the ratios were plotted against
those obtained for other sets of primer pairs (Fig. 3c).
In these plots, individual mice typically clustered based
on amplicon abundance (e.g. see mice 891 and 892 in
red in Fig. 3). Mice with the most abundant BAC ampli-
cons (i.e. putative homozygotes) were then bred with
wild-type mice to test for homozygosity. Of the ten
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Fig. 3 Homozygous mice were identified using traditional PCR of genomic DNA. Oligonucleotide primers designed to amplify parts of the
TTR-tdTomato BAC were combined in PCR reactions with primers to amplify control sequences present in all mice. These reactions were subjected
to conventional 1% agarose gel electrophoresis (a). Images of the gels were then analyzed as densitometry scans using Image J, and the relative
areas under the ttr-BAC amplicon band (t) and the control amplicon band (c) were calculated as a ratio (b). The ratios obtained for any one BAC
sequence were plotted against the ratios for each other BAC sequence (c). Certain mice from a given litter tended to have high ratios of BAC to
control amplicons across all primer pairs, yielding distinct clusters in these plots (e.g.,, mice 891 and 892 in c). Nine out of ten mice identified this
way, including 891 and 892, were verified to be homozygous by breeding with wild-type mates. The differences in ratios typically reflected both
an increase in the fluorescence intensity of the BAC amplicon and a decrease in intensity of the control amplicon for the homozygous mice (b),
suggesting competition between these reactions

mice successfully bred, nine produced solely transgenic
offspring (17-36 pups genotyped) and were deemed
homozygous.

For founder line 3147, four homozygous males and two
homozygous females were identified, and for founder line
3154, two homozygous females and one homozygous
male were identified. All homozygous mice appeared
normal, grew at indistinguishable rates from wild-type
siblings, and successfully interbred to generate homozy-
gous 3147 and 3154 lines, all offspring of which appear
normal. For founder line 3161, 20 pups (three litters)
from two hemizygous pairs were screened, but no puta-
tive homozygotes were identified; thus, no further

attempts were made at achieving homozygosis of this
line.

Embryonic onset of tdTomato fluorescence in choroid
plexus

Red fluorescence could be detected in heads of whole,
unfixed embryos as early as E11.5. At E11.5 and E12.5,
the greatest signal was detected in the hindbrain region
(Fig. 4A, open arrowhead), which is consistent with the
first appearance of the ChP [29, 30]. By E14.5, fluores-
cence in the forebrain had clearly taken on the bicor-
nuate form of the two lateral ventricles (Fig. 4B, solid
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eyes (arrows)

Fig. 4 Expression of tdTomato in embryonic ChP is evident in images of fluorescence obtained through the intact head of embryos at E12.5
(A, right) and E14.5 (B). Note fluorescence in the hindbrain (open arrowheads), which is predominant at E12.5, as well as in the forebrain (solid
arrowheads), which becomes more pronounced with the later development of the lateral ventricle ChP. Fluorescence is also evident in embryonic

arrowhead), reflecting the development of the telence-
phalic choroid plexus.

We also detected tdTomato fluorescence in the eyes
of whole, unfixed embryos as early as E12.5 (Fig. 4A, B,
arrows). This fluorescence reflects transthyretin expres-
sion in retinal pigment epithelium, which will be dis-
cussed in more detail below.

tdTomato is strongly expressed in choroid plexus
throughout the postnatal period

We successfully imaged tdTomato in both unfixed and
fixed ChP, with or without immunostaining, across
a wide range of ages. Figure 5A shows images taken
through a dissecting scope of whole mounts of unfixed
lateral ventricle ChP dissected from weanling mice of
three founder lines. The ChP of hemizygous mice (+)
were bright from native tdTomato fluorescence, whereas
the ChP from wild-type siblings that were imaged along-
side (—) showed no fluorescence. All regions of the lateral
and fourth ventricle ChP appeared to fluoresce, a strong
contrast to the results with the previous mRFP1 reporter
(Fig. 1).

We found that native tdTomato fluorescence pho-
tobleached rapidly, so we frequently chose to perform
indirect immunofluorescence staining using an anti-
RFP antibody (Rockland, 600-401-379) that reacts with

tdTomato. TdTomato immunofluorescence was detected
in all four ventricles of a P3 mouse (Fig. 5B) and was
clearly present in the ChP and CPECs based on double-
labeling with the CPEC marker AE2 (Fig. 5B, right panel).
TdTomato expression remained robust in ChP from all
ventricles at P314 (10.5 months of age; Fig. 5C-E), attest-
ing to the longevity of tdTomato expression. Moreover,
essentially every CPEC bearing TTR (green fluorescence)
appeared also to express tdTomato (red fluorescence) in
these images.

TdTomato is expressed in a subset of cells in pancreatic
islets

TdTomato fluorescence was detected in pancreatic tis-
sue from every transgenic mouse investigated, which
included animals from P3 to 10.5 months of age. Fig-
ure 6A shows fluorescence in a wet mount of pancreas
from a 6-month old transgenic mouse (+) alongside
pancreas from a wild-type mouse (—). The observed
patchy distribution of red fluorescence was consistent
with the known expression of transthyretin in pancreatic
islets [31]. In cryosections, some weak immunostaining
for tdTomato more centrally within islets co-localized
with insulin immunostains (arrows in Fig. 6B), suggest-
ing low-level tdTomato expression in B-cells [31, 32], but
more intense tdTomato staining occurred in the largely

(See figure on next page.)

Fig. 5 TdTomato continues to be expressed in postnatal choroid plexus of BAC transgenic mice. A Show paired images of transmitted light and
tdTomato fluorescence in wet mounts of dissected lateral ventricle ChP from post-weanling mice from three founder lines. Whereas transgenic

ChP (4) fluoresce brightly, ChP from wild-type siblings (—) do not. B Show immunofluorescence in cryostat sections from a P3 brain. TdTomato was
detected in all four ventricles and was co-localized with anion exchanger 2 (AE2, right). C-E Shows immunofluorescence in microtome sections of
brains from 314-day-old mice, verifying the long-term expression of the reporter in CPECs of the lateral (C), third (D), and fourth (E) ventricle. The
selective localization of tdTomato in CPECs is confirmed by associated staining with antibodies to TTR. The location of nuclei is indicated by DAPI
staining
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Fig. 6 TdTomato is expressed in pancreatic islets. A Native tdTomato fluorescence in wet mounts of pancreas from a 6-month old transgenic
mouse (4) compared to a wild-type mouse (—), with a corresponding transmitted light image at right. Fluorescence was observed in round or
ellipsoid patches, consistent with expression in pancreatic islets. B Immunofluorescence in an islet from a 3-week old transgenic mouse. Cells
expressing tdTomato immunoreactivity (tdtom) are largely distinct from beta cells expressing insulin, although some insulin-positive cells appear
to be weakly stained for tdTomato (arrows). C Native tdTomato fluorescence (tdtom*) occurs in the same regions exhibiting immunostaining for
glucagon in an islet from an 8-day old mouse, suggesting an association with alpha cells, although certain tdTomato-expressing cells may lack

insulin insulin

insulin-negative periphery of islets (Fig. 6B). At the
periphery, bright native tdTomato fluorescence partially
co-localized with immunostains for glucagon (Fig. 6C),
consistent with TTR expression in a-cells [31-34]. How-
ever, peripheral tdTomato native fluorescence was also
seen in glucagon-negative cells, suggesting the possibil-
ity of reporter expression in other non-a or -f islet cell

types.

TdTomato is highly expressed in retinal pigment
epithelium (RPE)

TdTomato fluorescence was also detected in eyes from
every transgenic mouse investigated from E12.5 (Fig. 4)
to 10 months of age and from all three transgenic lines.

Figure 7A shows an image looking down through the lens
of an intact, unfixed E18.5 transgenic eye (+) alongside
an eye from a wild-type sibling (—). Most of the trans-
genic retina fluoresced, with the exception of the optic
disk where retina is normally absent (arrow). Figure 7B
shows a side view of eyes from P45 transgenic (+) and
wild-type siblings (—), illustrating the persistence of flu-
orescence into the second postnatal month. In cryosec-
tions, immunostaining for tdTomato was most intense
in the RPE (Fig. 7C), consistent with the known TTR
expression in that layer [35, 36]. Apparent staining of
sparsely distributed cells in the retina was also observed
(arrowheads), which may represent horizontal or
amacrine cells, although TTR mRNA detected by in situ
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Fig. 7 TdTomato is expressed in retinal pigment epithelium. A Shows corresponding brightfield (left) and red fluorescence (right) images of intact
eyes dissected from a transgenic tdTomato E18 embryo (+) and a wild-type sibling (—). The back of the transgenic eye is fluorescent, except for the
circular optic disk (arrow), where the retina is interrupted by outgoing axons of the optic nerve. B Shows similar images of eyes from a 1.5-month
old pair of transgenic (+) and wild-type (—) siblings. C Shows immunofluorescence for tdTomato in a cryostat section taken transverse to the plane
of the retina from a 3-week old transgenic mouse. The immunoreactive arc corresponds in location to the retinal pigment epithelium (RPE), known
to express TTR. Intermittent immunostained large cells in the retinal layer were also observed (arrowheads)

hybridization has been reported to be absent outside of
the RPE in the rat eye [34].

TdTomato fluorescence is detectable in the liver

Transthyretin is well known to be synthesized by hepat-
ocytes, the main source of TTR in plasma [37]. Accord-
ingly, tdTomato fluorescence was detected in wet mounts
of thin liver slices taken from transgenic mice ranging
in age from E18 through P22 (Fig. 8). However, longer
exposures were invariably required to detect fluorescence
compared to the previously described tissues, and com-
parisons to wild-type liver slices were essential to distin-
guish signal definitively from autofluorescence.

Real time RT-qPCR confirms long-term expression

of tdTomato

To evaluate whether tdTomato expression accurately
reports TTR expression, we used real-time RT-qPCR
to quantify relative levels of tdTomato and TTR mRNA
in ChP and liver in hemizygous mice. Average Ct val-
ues for 18S rRNA and cyclophilin mRNA together were
used as reference standards to calculate ACt values.

The RT-qPCR assay clearly detected tdTomato mRNA,
as ACt values for hemizygous mice (n=56) differed
significantly from values for wild-type mice (n=24)
in both tissues (ChP: hemizygous ACt=—11.1£1.5
(s.d.), wild type ACt=—20.5+3.8, two-tailed t=15.7,
p=85x107% liver: hemizygous ACt=—14.8+1.7,
wild type-21.942.7, t=14.2, p=2.2x10"%). We also
measured levels of TTR, which did not differ between
hemizygous and wild-type mice (ChP: hemizygous
ACt=-0.2£0.8, wild type ACt=—-0.2£1.1, t=0.05,
p=0.96; liver: hemizygous ACt=—4.240.9, wild type
ACt=-4.0+1.0, t=—0.99, p=0.32). The fact that
levels of TTR mRNA did not differ between transgenic
and wild-type mice indicates that the reporter sequence
did not interfere significantly with transcription of the
endogenous TTR gene.

Figure 9a shows the AACt values obtained for ChP and
liver from all mice we investigated from the 3154 founder
line (n=32 hemizygotes). Consistent with the brighter
native tdTomato fluorescence of the ChP compared to
the liver, RT-qPCR showed that ChP expressed greater
levels of both tdTomato and TTR transcripts than did
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Corresponding images of transmitted light are shown at right

Fig. 8 TdTomato is expressed in liver. Long photographic exposures of wet-mounted liver slices consistently revealed brighter native tdTomato
fluorescence (tdtom®) in transgenic tissue (4) than in wild-type tissue (—). Shown are examples from an embryonic (a) and a weanling (b) mouse.

liver. The ChP-liver difference was also similar for the
two transcripts [2.84+1.9 (s.d.) Ct values for tdTomato
and 3.2+0.9 Ct values for TTR, paired ¢ test: t=—0.94,
p=0.35], corresponding to~8-fold higher transcript
levels in ChP than in liver. The fact that ChP and liver
displayed similar differences in transcription of tdTo-
mato and TTR implies that the human TTR regulatory
sequences in the BAC are similarly interpreted by the
mouse transcription factors that specify tissue depend-
ence and levels.

Figure 9b shows the AACt values from the 3154
founder line as a function of mouse age. Whereas TTR
displayed no significant differences with age in either the
ChP or the liver, regression analysis indicated a small, but
statistically significant, age-related decline in tdTomato
transcripts in the ChP (—0.0036 Ct value/day, r=0.40,
F=5.78, p=0.022) and a significant but small age-
related increase in the liver (0.0055 Ct value/day, r=0.37,
F=4.66, p=0.039).

There were no significant differences in ChP tdTo-
mato AACt values across the three founder lines that
were chosen for detailed analysis (single-factor analysis
of variance (ANOVA) F(2,53)=0.34, p=0.72); however,
tdTomato AACt values in liver did show significant dif-
ferences (one-way ANOVA F, 53 =4.59, p=0.016). Post-
hoc t-tests revealed a significant difference between the
3154 line and the 3147 line (t=2.49, p=0.016), while the
difference between 3154 and 3161 lines did not reach the
significance threshold (p=0.059). The slight age-depend-
ent decline in tdTomato AACt values in the ChP in the
3154 line (Fig. 9b) was also significant for the 3147 line,
despite being assessed with fewer data points (—0.0030

Ct value/day, r=0.72, F=11.0, p=0.0077) (Fig. 9¢). A
similar trend towards age-related decline was apparent
for the 3161 line (Fig. 9d), but was not found to be sig-
nificant (r=0.49, F=2.80, p=0.13). Unlike the 3154 line,
however, the 3147 and 3161 founder lines did not show
any age-dependent increase in liver tdTomato transcripts
(Fig. 9¢, d). Similar to the 3154 line, TTR transcripts did
not change significantly with age in either 3147 or 3161
founder lines (Fig. 9¢c, d). The fact that all three founder
lines showed a slight age-related tdTomato decline in the
ChP, while TTR transcripts remained unchanged, sug-
gests the possibility of a human-mouse difference in TTR
regulation that is independent of integration site.
Real-time RT-qPCR further indicated that mRNA lev-
els for tdTomato and TTR did not differ between sexes
in either tissue of the 3154 founder line (Fig. 9¢, n=15
males and 9 females), consistent with prior experiments
showing no sex difference in TTR transcripts in the
mouse liver [38]. Figure 9f shows that there was no con-
sistent decline in tdTomato AACt values over four suc-
cessive generations in the 3154 founder line, suggesting
stability of the BAC transgene and its expression in the
ChP and liver. (The liver values were not statistically dif-
ferent: single-factor ANOVA F 3 54)=1.29, p=0.30).
Thus, the real-time RT-qPCR data indicates that the
human TTR BAC tdTomato reporter largely parallels the
expression of the endogenous mouse TTR gene in terms
of ChP and liver expression profiles in a fashion that is
gender-independent, integration site-independent, and
stable across generations, with consistently higher levels
of TTR and tdTomato in ChP compared to liver. There
were, however, small but significant age-related declines
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Fig. 9 Real-time rt-gPCR revealed long-term expression of TTR and tdTomato mRNA. a Values across all animals from the 3154 founder line
indicated a greater abundance of tdTomato transcript in the ChP than in the liver, and the difference was similar to that detected for transthyretin. b
When expressed as a function of age, tdTomato transcripts in the ChP declined slightly but significantly in the 3154 founder line, whereas tdTomato
transcripts in the liver increased significantly. In contrast, transthyretin transcripts remained steady with age in both ChP and liver. The small decline
in tdTomato expression across age in the 3154 line was recapitulated in both the 3147 (c) and 3161 (d) founder lines, but the increase in tdTomato
transcript in the liver was not observed for the 3147 and 3161 lines. Levels of transthyretin transcripts did not change significantly with age in either
the ChP or liver in either the 3147 or 3161 founder line. TdTomato and transthyretin in the 3154 founder line did not differ between the sexes (e) or
across generations (f). Heights of bars indicate mean values, error bars denote standard deviations, and trendlines are the results of linear regression
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Fig. 10 The tdTomato reporter facilitates visualization of cultured
CPECs on Transwell membranes. A CPECs growing on Transwell
membranes are not easily visible using phase contrast microscopy.
B When visualized using red epifluorescence, the same field as

in A could be seen to possess a confluent monolayer of primary
CPECs originally dissociated from the ChP of homozygous TTR
BAC-tdTomato transgenic mice (3147 founder line). C Stitched
images of tdTomato fluorescence revealed nearly 100% coverage
of the Transwell membrane after 4 days of undisturbed culture.
The monolayer displayed a respectable trans-epithelial electrical
resistance of 110 Q) cm?. D The same membrane as in C was imaged
after 3 days of experimental manipulation. Holes in the coverage
were clearly evident (arrows), explaining a measure decrease of
resistance to 44 O cm?

in ChP transcription of tdTomato across lines that were
not observed for TTR.

The TTR BAC-tdTomato reporter is useful in characterizing

monolayer cultures of CPECs grown in transwell chambers

Primary monolayer cultures of CPECs in Transwell
chambers are useful for studying the barrier and trans-
port functions of the ChP [22, 39-41]. It would be benefi-
cial to monitor the coverage of the Transwell membrane
by these live cells over time and across different experi-
mental conditions, but the cells can be difficult to visual-
ize by phase contrast microscopy because of the strong
pattern from the porous membrane upon which they
are grown (Fig. 10A). Fortunately, primary Transwell
cultures derived from homozygous TTR BAC-tdTo-
mato mice could be easily visualized by way of their red
fluorescence (Fig. 10B). Furthermore, the presence of
fluorescence throughout the cytoplasm of these cells sup-
ports an evaluation of the confluence of cells when the
entire membrane is imaged by way of stitching together
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spatially-ordered snapshots of a culture (Fig. 10C). The
ability to evaluate confluence non-invasively has aided
in the interpretation of the loss of barrier function some-
times observed after having performed multiple experi-
ments on the same culture over time. For example, the
culture shown in Fig. 10C displayed a healthy trans-epi-
thelial electrical resistance of 110 Q cm?, whereas a drop
in the value to 44 Q cm? observed after 2 days of experi-
ments was clearly associated with a detached monolayer
when tdTomato fluorescence was evaluated (Fig. 10D).

Generation of human TTR BAC-luc2 reporter mice

A total of 11 mice were born from eggs injected with
the luc2 reporter BAC. (See “Methods” for details.) PCR
showed that five of these mice possessed both internal
sequences of luc2 ¢cDNA and human BAC sequences
flanking the reporter (Fig. 2). Two of the positive mice
were bred to test for expression of luciferase activity in
various tissues of their progeny. Both of these strains
have been archived by sperm cryopreservation, and the
sperm has been verified for fertility after thawing.

Long-term persistence of luciferase activity

in TTR-expressing tissues of transgenic mice

The tissue distribution of specific luciferase activity was
very similar between the two founder lines, although line
2118 had twice the activity of line 2125 (Fig. 11a). Of the
tissues examined, ChP had by far the greatest specific
activity, 100 times that of the eye, the second most active
tissue. Activity was low, but detectable in the pancreas,
but was not detected in the liver. The presence of luc2
activity in ChP, eye, and pancreas is consistent with the
tdTomato reporter and the known expression of TTR,
while the absence of activity in liver was surprising given
the tdTomato reporter data (Figs. 8 and 9), but was con-
sistent for the two independent luc2 founder lines.

When luciferase specific activity in the ChP and eye
were followed as a function of age in tissue from founder
line 2118, very high perinatal activity in both tissues was
found to decline rapidly to lower, but still easily detect-
able, levels that then remained stable from 2 weeks to
6 months of age (Fig. 11b). Thus, the sustained expres-
sion of the luciferase reporter and the rank order of tis-
sue expression were similar to those of the tdTomato
reporter, and the consistency across the two luc2 lines
recalls the similarity in expression across the three tdTo-
mato founder lines that we studied.

Discussion

We have demonstrated accurate reporting of tran-
sthyretin expression in transgenic mice expressing tdTo-
mato fluorescent protein by way of randomly integrated
human TTR BACs. The major tissues in which TTR is



Johnson et al. Fluids Barriers CNS (2018) 15:22

Page 150f 18

age (weeks)

a founder line 2118 founder line 2125
< 800
‘T 400
+—
o 600 300
o
2 ° 4
S 6 3
=
c 4 2
>
S 2 1
0 ec}l I(Q \\ ql \\lzl 0 Q el_:l l@lﬁlolql\'l.‘.l%l
QSQ?A ’Z}\,@ Q & L L) o2 O k& X
Q’o N 2>° N °~o°’ MO c Qf;oé VLW E 6
Q Q
b
c 8 ChP (2118) £15 eye (2118)
(O] (O]
= £ 124
o 6 o
o Q o
(o)) ()] ?
£ 4 S
~ ~ 6
2 £
' 27 c 3
5 5
‘S S 0 O—0
= 044 : ; ; ) — T T T T T 1
0 5 10 15 20 25 0 5 0 15 20 25

Fig. 11 Luciferase activity is high in the ChP of transgenic mice. Luciferase activity measured in lysates of various tissues in two different founder
lines showed a rank order largely consistent with the intensity of tdTomato native fluorescence, with no detection of luciferase in tissues that do
not express TTR (a). The specific activity of luciferase in both the ChP and the eye declined rapidly from high perinatal values to steadily detectable
levels that persisted well into adulthood (b). Error bars denote standard deviations
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expressed postnatally and constitutively (choroid plexus,
liver, retinal pigment epithelium, and pancreatic islets)
all displayed endogenous red fluorescence when com-
pared to wild type controls, and no ectopic expression
was detected. Quantitative evaluation of transcription by
rt-qPCR showed that relative expression of tdTomato in
the liver and ChP paralleled relative expression of TTR
in those two tissues. No sex differences were detected,
and expression was maintained over successive genera-
tions. Appropriate cellular specificity was documented
by immunostaining using antibodies that recognize the
tdTomato protein. Expression of tdTomato in the embry-
onic choroid plexus coincided with the known onset of
TTR expression [29, 30, 42], and ChP tdTomato expres-
sion persisted far into adulthood. Similarity across three
independent founder lines indicated that the characteris-
tics of expression were independent of integration site, a
typical advantage of BAC transgenes [18]. Activity of luc2
was also similar in two independent reporter lines gener-
ated from the human TTR BACs.

A prior TTR:RFP reporter transgenic mouse [17]
was based on a TTR minigene involving 3kbp of DNA

upstream of the mouse TTR coding sequence, a region
that had been shown in prior studies to contain the
positive elements required for ChP expression [43, 44].
Despite expression of this minigene in the ChP, ectopic
expression in brain regions other than the ChP was
also observed [17, 43], and embryonic expression of
RFP and Cre were detected in regions of the limb that
have not previously been associated with TTR expres-
sion [17]. As previously mentioned, expression of the
RFP reporter was mosaic in the ChP and disappeared
from the lateral and third ventricle in the first few post-
natal weeks. These anomalies could reflect the absence
of important regulatory elements from the 3-kbp por-
tion of the mouse gene, or they could reflect positional
effects on expression caused by the site of integration in
the mouse chromosome [18].

Positive elements in the human TTR gene that are
required for expression of a mutant TTR in transgenic
mouse ChP were found to be within 6 kbp upstream of
the TTR coding sequence [45]. The presence of these
regulatory sequences in the human TTR BAC, as well
as the very large expanse of DNA from the BAC that
would tend to obviate positional effects, may explain
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the more faithful expression of tdTomato in the human
TTR BAC transgenic mice.

In the 6 kbp mutant human TTR transgenic mouse, it
was noted that levels of liver transcripts for the mutant
TTR increased with age following birth, while postnatal
levels of the native mouse TTR transcript remained con-
stant following an embryonic increase, and it was sug-
gested that the postnatal increase in human TTR may
reflect a difference in the regulation of the human TTR
gene in the mouse liver [45]. In one of our founder lines
(3154), we also observed a postnatal increase in tran-
scription of tdTomato in the liver; however, this increase
was not observed in the other two founder lines. On the
other hand, all three founder lines we investigated dis-
played a small postnatal decrease in transcription of the
tdTomato reporter in the ChP over the course of the first
postnatal year, while levels of the native mouse TTR tran-
script in ChP remained constant, which may be evidence
of a difference in regulation of the human and mouse
genes in the ChP of transgenic mice. Although we found
no changes in the level of the native mouse TTR tran-
script over the course of the first postnatal year, there has
been one report of a decrease in CSF TTR protein levels
in 18-month-old mice [46]. We cannot rule out the pos-
sibility that we would have detected declines in ChP TTR
transcripts had we investigated such older mice.

The TTR reporters developed here should facili-
tate future studies of CPEC biology. In addition to the
enhanced ability to visualize and analyze CPECs in Tran-
swell cultures that we have demonstrated in the current
paper, the reporters should provide tools to track CPECs
following transplantation, to purify CPECs for detailed
study and manipulation, and to report on CPEC deri-
vation from stem cells. TTR reporters may be similarly
useful in studying retinal pigment epithelial cells, pan-
creatic islet cells, and hepatocytes. In addition to these
important uses, the myriad functions being revealed
for TTR [9, 47] suggest that these reporters may enjoy
a broader set of applications. Originally known as pre-
albumin, transthyretin was renamed for its ability to
transport thyroxine and retinol binding protein; now,
TTR is known to bind to numerous other proteins and
to function as a protease, cleaving such important sub-
strates as beta-amyloid peptide [48], apolipoprotein Al
[49], and neuropeptide Y [50]. The ability of TTR to frag-
ment the Alzheimer’s disease-related beta-amyloid pep-
tide recently has been reported to be central to its ability
to decrease the toxicity of this peptide [51], and TTR
also participates in the transport of beta-amyloid out of
the brain to the liver [52]. TTR is expressed in neurons
during heat shock and during the progression of mouse
models of familial Alzheimer’s disease [16, 24]. TTR also
binds to cell surface receptors directly and independently
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of binding thyroxine or retinol binding protein to pro-
mote nerve regeneration [53] and to affect synthesis
of metabolic enzymes in astrocytes [54]. Aggregates of
mutated and wild type TTR are responsible for various
TTR amyloidoses, and treatment options currently being
tested include genetic strategies to knock down synthesis
of the protein [25]. Transgenic mice bearing reporters of
TTR synthesis should be particularly useful for studying
responses of the cell types involved in these myriad func-
tions as well as to screen drugs to enhance or interfere
with synthesis of TTR. The presence of human regulatory
sequences in the BAC transgenes should increase the
biomedical relevance of such studies.

The consistency of reporter expression across multiple
founder lines suggests that TTR BACs may prove to be
a reliable means to overexpress, knock down (via regula-
tory RNA expression), or knockout (via Cre recombinase
expression and matings with floxed null mice) expression
of other proteins in CPECs and other TTR-expressing
cells.

Conclusions

Transgenic mice bearing fluorescent and luminescent
reporters of transthyretin have been developed and char-
acterized. We have found that reporter expression pro-
files match those expected for transthyretin, and they
remain expressed into adulthood. These reporter mice
should prove useful for tracking transplanted choroid
plexus epithelial cells, for purifying the cells for further
study, and for reporting their derivation from stem cells.
They also should prove useful for studying transthyretin
synthesis by other cell types, as transthyretin has been
implicated in many functions and conditions, including
clearance of B-amyloid peptides associated with Alzhei-
mer’s disease, heat shock in neurons, processing of neu-
ropeptides, nerve regeneration, astrocyte metabolism,
and transthyretin amyloidosis.
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