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Abnormal cell loss is the common cause of a large number of developmental and degenerative diseases. To
model such diseases in transgenic animals, we have developed a line of mice that allows the efficient depletion
of virtually any cell type in vivo following somatic Cre-mediated gene recombination. By introducing the
diphtheria toxin fragment A (DT-A) gene as a conditional expression construct (floxed lacZ-DT-A) into the
ubiquitously expressed ROSA26 locus, we produced a line of mice that would permit cell-specific activation of
the toxin gene. Following Cre-mediated recombination under the control of cell-type-specific promoters, lacZ
gene expression was efficiently replaced by de novo transcription of the Cre-recombined DT-A gene. We provide
proof of this principle, initially for cells of the central nervous system (pyramidal neurons and oligodendro-
cytes), the immune system (B cells), and liver tissue (hepatocytes), that the conditional expression of DT-A is
functional in vivo, resulting in the generation of novel degenerative disease models.

The exact regulation of proliferation and cell death is im-
portant for the maintenance of tissue homeostasis, and its
deregulation contributes to such diverse processes as autoim-
mune disease, immunodeficiency, tumorigenesis, and neurode-
generation. Cell loss as a consequence of either necrosis or
programmed cell death is commonly observed in diseased tis-
sues, leading to a clinically overt phenotype when the affected
tissue is no longer able to function adequately (31). For exam-
ple, in the central nervous system the loss of 50 to 70% of
specific dopaminergic striatal neurons results in Parkinson’s
disease (22), loss of enteric ganglion cells causes Hirsch-
sprung’s disease (1), and loss of B cells is a hallmark of AIDS
(8). Thus, a system to specifically and desirably delete cells of
any lineage and at any given time would be an important tool
for modeling human diseases of various etiologies. Not only
could progressive tissue degeneration be studied in such a
system but processes like endogenous regeneration and repair
as well as the employment of stem cells to replace the diseased
tissue could also be examined.

The conditional expression of the diphtheria toxin fragment
A (DT-A) gene was chosen as an approach to establish such a
system, as the exact mode of its action is known (6). Diphtheria
toxin is secreted by pathogenic strains of Corynebacterium diph-
theriae as a single polypeptide that can be converted into two
fragments, termed A and B. The A fragment inactivates
elongation factor 2 via addition of the ADP-ribose moiety of
NAD™ to a modified histidine residue (7). So the toxicity of
diphtheria toxin is critically dependent on the enzymatic activ-
ity encoded by the A fragment, and its expression within a cell
leads to cell death, as no further activation steps are needed
(27). This makes DT-A an attractive tool for the specific elim-
ination of cells.
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We combined the expression of a toxin gene with the new
conditional genetic tools employing Cre recombinase. Cre is a
member of a large family of recombinases, which has been
shown to function in mouse cells in vitro and in vivo and is now
widely used in mouse genetics (2, 18, 26). The enzyme recog-
nizes loxP sites that consist of a 34-bp sequence motif and
excises a DNA segment that is flanked by two of these sites in
the same orientation, leaving a single loxP site behind (14). In
our construct, the loxP-flanked lacZ open reading frame
(OREF) is inserted into the DT-A ORF after the ATG of DT-A,
thus allowing the expression of the toxic gene product after
excision of the lacZ gene (13). We generated a transgenic
mouse strain that ubiquitously expresses the floxed lacZ-DT-A
(lacZ"*-DT-A) cassette from the ROSA26 locus. This locus
was chosen because it combines ubiquitous expression with a
high level of targeting frequency (3, 12, 36). To study the
characteristics of the system, we crossed this R26:LacZ/DT-A
line with different tissue-specific Cre lines (Alfp-Cre [16],
CD19-Cre [29], Nex-Cre [33], and CNP-Cre [19]). We found
specific depletions of hepatocytes, B cells, cortical neurons,
and myelinating glia, respectively, thereby demonstrating the
broad applicability of our system.

MATERIALS AND METHODS

Construction of targeting vector and generation of the R26:LacZ/DT-A line.
Targeting the ROSA26 locus was accomplished on the basis of plasmid
pROSA26-1 by a knock-in strategy essentially as previously described (36). We
inserted a construct consisting of a splice acceptor sequence from plasmid
pSABgeo (12), a lacZ*-DT-A cassette that was identical to the one described
previously (13), and a PGK-Neo resistance cassette, in both orientations, into a
unique Xbal site of pPROSA26-1 to produce two independent mouse lines. The
DT-A cassette present in pPROSA26-1 was replaced by a herpes simplex virus-
thymidine kinase cassette. The linearized targeting vector was introduced by
electroporation into line E14.1 embryonic stem (ES) cells. G418- and ganciclo-
vir-resistant ES cell clones were analyzed by Southern blotting with a 3>P-labeled
5" external probe (140 bp) from plasmid pROSA26-5’ (40) (see Fig. 1). Approx-
imately 5% of the analyzed ES cell clones showed a positive recombination
event, and two clones (with opposing directions of the PGK-Neo resistance
cassette) were injected into C57BL/6 blastocysts and gave rise to germ line



VoOL. 24, 2004

targeting vector
RV Ri
1 1. ROSA26-locus
b
probe A, B
RIRVRV S * S X RV RI
targeted ROSAZ26-
I“._ —L. |acus

26:
LacZ/
DT-A

0,58

0,32

FIG. 1. Targeted integration of the lacZ™*-DT-A cassette into the
ROSAZ26 locus. (A) Schematic representation of the targeting strategy
employed to achieve expression of lacZ under control of the ROSA26
promoter. The targeting vector (top), the wild-type ROSA26 locus
(middle), and the targeted ROSA26 locus (bottom) are shown. Re-
striction sites for EcoRI (RI), EcoRV (RV), Xbal (X), and SaclI (S),
as well as the location of 5’ probes (probes A and B), are indicated.
Black boxes represent exons 1 to 3 (E1 through E3), and white arrow-
heads flanking the lacZ"-DT-A cassette indicate loxP sites. (B)
Transfection of wild-type and targeted ES cells with plasmids driving
the expression of Cre (i, ii, iii, iv, vi, and vii) or EGFP plus Cre (v). The
cells were fixed and monitored for expression of Cre after 20, 48, or
72 h. Note the extinction of the Cre-positive cells after transfection
into targeted ES cells after 48 and 72 h. The presence of EGFP, which
allows analysis without washing and fixation, at 48 h in some double-
transfected mutant cells (v) demonstrates that the almost-complete
loss of Cre expression (vi) is partially due to the experimental proce-
dure. Scale bar, 125 pm. (C) Southern blot analysis of DNA from
wild-type, heterozygous, and homozygous mutant mice after digestion
with EcoRI; the expected sizes of the fragments detected by probe A
used for hybridization are indicated (wild type, 15.5 kb; mutant, 6.9
kb). (D) PCR analysis of DNA from wild-type, heterozygous, and
homozygous mutant mice; sizes for wild-type (0.58 kb) and mutant
(0.32 kb) fragments are indicated.

chimeras. Mice that were heterozygous or homozygous for the desired insertion
were genotyped by Southern blotting with a 600-bp PacI-EcoRI probe upstream
of the homology region (24) (see Fig. 1). For routine analysis, offspring geno-
types were determined by PCR with three oligonucleotides: RosaFA (5'-AAA
GTC GCT CTG AGT TGT TAT-3'), RosaRA (5'-GGA GCG GGA GAA ATG
GAT ATG-3'), and SpliAcB (5'-CAT CAA GGA AAC CCT GGA CTA CTG-
3") (a wild-type fragment of approximately 580 bp; the mutant fragment was 320
bp). Treatment of animals in this study was in accordance with European guide-
lines for the care and use of laboratory animals and approved by the Hamburg
Animal Care Committees.

Immunohistochemistry, determination of apoptosis, lacZ staining, histology,
and microscopy. Embryos were isolated from staged pregnancies, and for histo-
logical analysis the embryos were fixed in 4% paraformaldehyde (PFA) for up to
several days at 4°C, dehydrated, and embedded in Technovit 7100 resin (Kulzer);
4- to 6-pm-thick sections were stained with hematoxylin and eosin or with
toluidine blue. For immunohistochemistry, embryos and tissues were fixed in 4%
PFA in phosphate-buffered saline (PBS) at 4°C overnight, cryoprotected in 20%
sucrose in PBS for 12 h at 4°C, embedded in OCT compound (Miles), and
cryosectioned (thickness, 10 pm). Sections were rinsed three times with PBS,
blocked for 30 min with PBS containing 0.1% Triton X-100 and 0.2% bovine
serum albumin (BSA), and incubated overnight with primary antibodies at 4°C.

Cre-MEDIATED CELL DEPLETION DUE TO DT-A 7637

After being washed three times with PBS (each wash lasting 5 min), the sections
were incubated with the appropriate secondary antibodies conjugated to Alexa
466 (Molecular Probes) or Cy3 (Jackson Laboratories; Chemicon) for 1 h.
Primary mouse immunoglobulin G1 antibodies were detected with Zenon tech-
nology (Molecular Probes). After the sections were rinsed with PBS and nuclei
were counterstained with 4',6'-diamidino-2-phenylindole (DAPI) (0.001 mg/ml
of PBS), sections were examined with a Zeiss Axioplan 2 microscope, and images
were taken with a Zeiss AxioCam digital camera. The following antibodies were
used in this study: rabbit anti-Cre (1:3,000; Babco), mouse anti-glial-fibrillary-
acidic protein (anti-GFAP) (1:400; Sigma), mouse anti-NF160 (1:50; Sigma), rat
anti-myelin basic protein (anti-MBP) (1:200; Chemicon), and mouse anti-myelin-
associated glycoprotein (anti-MAG) (1:200, Chemicon). Sciatic nerves were fixed
in 4% PFA in PBS and 1% glutaraldehyde for several days, postfixed, contrasted
with 1% OsO,, and embedded in Epon. For light microscopy, nerve sections (0.5
pm thick) were stained with methylene blue. Preparation for electron micros-
copy was done essentially as previously described (38). For lacZ staining, tissues
were fixed by overnight immersion in 1% PFA at 4°C, embedded in 3% agarose,
cut with a vibratome (200-pm-thick sections), and stained with 5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside (X-Gal) as described previously (21).
Cells undergoing apoptosis were detected on cryosections with an Apodetect
Fluorescein Plus kit (Appligene) by the terminal deoxynucleotidyltransferase-
mediated dUTP-biotin nick end labeling (TUNEL) method according to the
manufacturer’s instructions. The number of TUNEL-positive hepatocytes was
determined by manual counting of at least 500 cells in four randomly chosen
microscopic fields per liver analyzed (from four independent mutants and con-
trols).

Measurement of transaminase activity in serum. Blood collected from retinal
vessels of mutant and control mice (number of mice [r] for each condition, =4)
was incubated at room temperature to allow clotting. Serum was separated from
the blood clots by centrifugation at 2,000 X g for 15 min. Both aspartate ami-
notransferase (AST) and alanine aminotransferase (ALT) levels in serum were
determined with an ALAT/GPT kit (Roche, Mannheim, Germany) on a Hitachi
917 analyzer (Tokyo, Japan). The data represent the means of the data obtained
from four to six mice per genotype.

Isolation, flow cytometry, and BrdU labeling of B cells. Bone marrow (har-
vested from the tibiae and femurs) and spleens from mutant and control mice
(for each condition, n = 4) were mechanically separated into PBS containing
0.5% BSA. Lymphocyte suspensions containing 5 X 10° cells were then surface
stained with optimal amounts of fluorochrome-conjugated antibodies (CD19,
CD45/B220, and Thyl.1; BD Bioscience) for 20 min on ice. Stained cells were
acquired with a FACScan or FACSCalibur, and data were analyzed with
CELLQuest software (Becton Dickinson). Dead cells were labeled with pro-
pidium iodide and excluded from analysis. For enrichment of splenic B cells,
B220-positive cells were purified by magnetic cell sorting (MACS) (Miltenyi
Biotech) to =90% purity. For B-cell turnover studies, experimental mice were
fed with 5'-bromo-2’'-deoxyuridine (BrdU) (Sigma) in the drinking water (1 mg
of BrdU/ml of water) for seven consecutive days. The BrdU solution was light
protected and changed daily. The percentage of BrdU-positive splenic B cells
was determined with the BrdU Flow kit (BD Bioscience) according to the
manufacturer’s instructions.

RESULTS AND DISCUSSION

Generation of R26:LacZ/DT-A ES cells and corresponding
mouse line. We made use of a construct described by Grie-
shammer et al. (13), containing a loxP-flanked lacZ ORF fol-
lowed by the ORF of DT-A. We added a splice acceptor
sequence 5’ of the ORFs and the neo cassette from pMCneo
poly(A) 3’ and inserted the construct into the ROSA26 geno-
mic sequences provided in pROSA26.1 (Fig. 1A). pPROSA26.1-
based constructs give high rates of homologous recombination
and ubiquitous expression of the integrated gene (36). We
generated two constructs with opposing orientations of the neo
cassette (Fig. 1A). After electroporation of E14.1 ES cells with
the linearized constructs, clones where homologous recombi-
nation had occurred were identified by Southern blotting with
a5’ external probe (Fig. 1A and data not shown). To verify the
functionality of the integrated construct, two clones with op-
posing orientations of the neo cassette were further character-
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FIG. 2. Monitoring of lacZ activity in ES cells, embryos, and adult tissues. (A) Analysis of B-galactosidase activity in R26:LacZ/DT-A (left) and
control (right) ES cells. (B) Whole-mount E11.5 R26:LacZ/DT-A embryos (left) were positive for lacZ, in contrast to the corresponding control
embryo (right). (C) Sagittal section of E18.5 embryos showed ubiquitous expression and activity of lacZ in R26:LacZ/DT-A embryos (left) and only
restricted background activity in control embryos (right). (D) B-Galactosidase activity in brain isolated from R26:LacZ/DT-A adult animals (top)

versus activity in brain tissue isolated from control animals (bottom).

ized in cell culture experiments. We transiently transfected
clones with plasmid vectors driving the expression of either
enhanced green fluorescent protein (EGFP), Cre recombinase,
or both. Transfections from wild-type ES cells with either
EGFP or EGFP plus Cre yielded similar amounts of transfec-
tants. Expression was detectable 20 h after transfection, and it
was maintained and monitored for the next 52 h. Similar re-
sults for EGFP transfections were obtained when we used
clones where the lacZ"*-DT-A cassette was integrated in the
ROSA26 locus, while in experiments where either Cre or
EGFP plus Cre was used, expression could be detected 20 h
after transfection but then rapidly declined during the next 2
days (Fig. 1B). These experiments demonstrated that after
Cre-mediated removal of the lacZ ORF, diphtheria toxin be-
comes active and leads to cell death within 2 to 3 days after its
expression. The two tested clones were used to derive germ
line chimeras. Heterozygous or homozygous mutant animals
were routinely identified by Southern blotting or PCR (Fig. 1C
and D). To further characterize the R26:LacZ/DT-A line, we
monitored the expression pattern of the lacZ marker gene.
Beginning with ES cells, we found strong and ubiquitous ex-
pression of the lacZ gene that was maintained throughout
embryogenesis (Fig. 2A through C). As was reported earlier,
we also found B-galactosidase activity in every adult tissue
examined, exemplified here by adult brain (Fig. 2D) (3, 10, 36).

Cell type-specific depletion with Alfp-Cre and CD19-Cre
mice. Having established that the R26:LacZ/DT-A line shows
the expected ubiquitous expression of the transgene, we next
examined the ability of the toxin gene to undergo Cre-medi-
ated activation and thus depletion of the corresponding cells in
living animals. To achieve a liver-specific activation of the
toxin, we used the Alfp-Cre line that drives Cre expression by
mouse albumin regulatory elements and a-fetoprotein enhanc-
ers (16). By using the TUNEL assay, we found a strong in-
crease in cell death in livers from mutant (R26:LacZ/DT-A or
Alfp-Cre double-heterozygous) animals compared to cell
death in livers from control (R26:LacZ/DT-A or Alfp-Cre sin-
gle-transgene) animals (Fig. 3A). Consistently, levels in serum
of AST and ALT, two abundant liver enzymes that are released
into the serum upon liver damage, were five to seven times
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FIG. 3. Serum AST and ALT levels and B-cell reduction; cell de-
pletion in liver and blood. (A) Determination of apoptosis rates by the
TUNEL method in liver tissue isolated from 6-week-old control (white
column) and mutant (grey column) animals. (B and C) Mean serum
activity levels of AST (B) and ALT (C) from 6-week-old animals
(number of mice per condition, 4 to 6). White columns, results for
single-transgene R26:LacZ/DT-A animals; striped columns, results for
single-transgene Alfp-Cre animals; grey columns, results for double-
transgene R26:LacZ/DT-A Alfp-Cre animals. The five- to sevenfold
increase is statistically significant. (D) Results for the quantification of
B-cell (CD19/B220 positive) depletion in lymphocyte preparations of
bone marrow (BM) and spleen from control animals (white columns)
and mutant animals (grey columns). The control values were in the
range of published data and normalized to 100%, compared to 65% in
mutant bone marrow or 50% in mutant splenic lymphocyte prepara-
tions. (E) Quantification of proliferating, BrdU-positive B cells (B220
positive) isolated from spleen. The 25% increase in proliferating B
cells in preparations from mutant (grey columns) animals compared to
control (white columns) is statistically significant.
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higher in the sera of mutant animals than in the sera of con-
trols (Fig. 3B and C). This elevation of serum AST and ALT
levels together with histological findings (data not shown) sug-
gested a toxic hepatosis (17). Closer inspection of Cre expres-
sion with Cre-specific antibodies revealed that at a given time
point, the protein was detectable only in a subpopulation of
hepatocytes (data not shown). Interestingly, Saito et al. also
achieved transient hepatotoxicity in mice expressing the diph-
theria toxin receptor in hepatocytes after administration of low
doses of DT-A (32). So, low doses of toxin or (as in our model)
restricted numbers of DT-A-expressing cells in the extremely
regenerative liver tissue favor the development of hepatosis
rather than acute hepatitis.

Next, we used the CD19-Cre line, where the Cre recombi-
nase ORF is integrated in the CD19 locus to achieve B-cell-
specific expression (29). Numbers of B cells in lymphocyte
preparations (bone marrow and spleen) of mutant and control
mice were compared by flow cytometry with antibodies against
B220 and CD19. As illustrated in Fig. 3D, cell fractions in
mutant bone marrow and spleen were reduced to 65 and 50%,
respectively. CD8/CD4 staining of thymic lymphocytes con-
firmed that the numbers of T cells were not affected, as ex-
pected (data not shown). The reduction in the number of B
cells is in good agreement with the recombination efficiencies
reported in experiments where the CD19-Cre mouse line was
used and the mediated recombination had a negative effect on
B-cell survival (15, 28). There are two possible explanations for
the existence of residual B cells: either B cells recombine and
somehow do not express lethal amounts of toxin, or the cells
escape recombination. Southern blot analysis of genomic DNA
from MACS-enriched splenic B-cell fractions revealed that the
vast majority of surviving B cells did not undergo Cre recom-
bination (unpublished data). As we did not detect any muta-
tions in the loxP sites (data not shown), we favor the hypothesis
that surviving B cells do not express functional amounts of Cre.
Additionally, a significant increase in the number of BrdU-
positive B cells in mutant animals (Fig. 3E) is indicative of a
higher turnover of the B-cell pool in double-heterozygous an-
imals. Based on these experimental findings, we propose the
following scenario. While Cre-recombined B-cells are elimi-
nated, some cells escape recombination, and the B-cell pool is
replenished by positive selection. All together, our data show
that the depletion system is functional and cell type specific in
liver and B cells.

Depletion of cortical neurons with Nex-Cre mice. Next, we
were interested in depleting specific cell types in the central
nervous system (CNS) and there analyzed depletion and de-
pletion kinetics in great detail. In the Nex-Cre line, the Cre
ORF was inserted by a knockin strategy into the nex locus,
thereby ensuring Nex-specific expression of Cre (S. Goebbels
and K. A. Nave, personal communication). Nex is a basic
helix-loop-helix transcription factor that is predominantly ex-
pressed in pyramidal, postmitotic neurons from E11.5 in the
future cortical plate (4, 34, 35). When we crossed mice from
our R26:LacZ/DT-A line with the Nex-Cre mice, double-het-
erozygous, mutant mice were born but died unexpectedly with-
in the first day. Therefore, we focused our analysis on embry-
onic stages and studied the time course and the degree of
depletion. To this end, we performed detailed immunohisto-
chemical and histological analyses of brain sections. At E12.5,

Cre-MEDIATED CELL DEPLETION DUE TO DT-A 7639

mutant

control

FIG. 4. Depletion of cortical neurons. (A and B) Immunohisto-
chemical analyses of E12.5 embryo cortices with Cre-specific (red) and
reelin-specific (green) antibodies. Note the slightly thinner layer of
Cre-positive cells in the mutant cells (B) adjacent to the reelin-express-
ing cells. (C and D) Immunohistochemical analyses of E16.5 embryo
cortices with a Cre-specific antibody. Note the almost complete ab-
sence of immunoreactivity in the mutant cortex (D) compared to the
distinct staining in the different layers from the control cortex (C). (E
and F) TUNEL analysis of sections from E16.5 cortices. In the control
section, only a few positive cells could be detected in the intermediate
zone and cortical plate (E), while the vast majority of cells was labeled
in sections from mutants (F). (G and H) Histological analyses of E18.5
embryos. Note the abnormal wavelike structure emerging from the
ventricular zone in the extremely thin mutant cortex (H) compared to
the normal layering of the control cortex (G). The different layers are
indicated. mz, marginal zone; cp, cortical plate; iz, intermediate zone;
vz, ventricular. In results not shown here, lacZ staining of sagittally
sectioned vibratome slices revealed regular migration of unrecom-
bined (lacZ-positive) subventricular cells into the intermediate zone,
where the absence of lacZ staining demonstrates that Cre-mediated
recombination had already occured, unlike the regular lacZ pattern in
the normally layered cortex of the control section.

24 h after the onset of Cre expression, no significant differences
in the numbers of Cre-positive (Fig. 4A and B) and TUNEL-
positive (results not shown) cells were apparent, when mutant
(R26:LacZ/DT-A Nex-Cre double-heterozygous) embryos and



7640 BROCKSCHNIEDER ET AL.

control (Nex-Cre single-transgene) embryos were compared.
Although the Cre-expressing cells in mutants seemed slightly
unorganized and slightly decreased in number, they were de-
tected adjacent to the reelin-producing layer of Cajal-Retzius
cells, demonstrating a normal layering of the cortex at this
developmental stage (Fig. 4B). Two days later, we found a
dramatic increase in TUNEL-positive cells in the mutants in
sharp contrast to the controls, where no TUNEL-positive cells
could be detected and the Cre-expressing neuronal layer was
expanding (data not shown). This result is in good agreement
with our in vitro findings with Cre-transfected ES cells. So
apparently the time required from the onset of Cre expression
to recombination of the loxP-flanked allele and accumulation
of toxic amounts of DT-A is roughly between 36 and 48 h. At
E16.5 in control animals, almost no TUNEL-positive cells
could be detected within the Cre-expressing neurons of the
intermediate zone and cortical plate (Fig. 4C and E). In mu-
tant animals, however, the cortex was then filled with a high
number of TUNEL-positive, apoptotic cells and virtually lacked
Cre expression (Fig. 4D and F). At E18.5, the cortex showed
the typical characteristic layering in the wild type (Fig. 4G),
while the toxin-induced dying of cortical neurons resulted in a
completely degenerated thin cortex with abnormal layering
and a unique wavelike structure in the mutant mouse cortical
cells (Fig. 4H). This structure seemed to be caused by the
immigration of proliferating Nex-negative, and thus lacZ-pos-
itive, precursors into the intermediate zone comprised of apo-
ptotic, lacZ-negative cells (results not shown). These experi-
ments clearly demonstrate that postmitotic cortical neurons
could effectively be killed by Nex-Cre-induced DT-A expression.

Deletion of myelinating glial cells with CNP-Cre mice. To
delete myelinating glia cells, the R26:LacZ/DT-A strain was
crossed to heterozygous CNP-Cre (knockin) mice, in which
Cre is expressed under the control of both existing endogenous
2'3'-cyclo-nucleotide 3’-phosphodiesterase (CNP) promoters
(19). CNP is already detectable in oligodendrocyte precursors
as early as E11.5 to 12, when these precursors are identifiable
by their Olig2, Oligl, or sox10 expression; CNP is maintained
in mature oligodendrocytes. To a much lesser extent, Schwann
cells also express CNP (5, 37). Myelination of the CNS is a
process that predominantly takes place during the first three
postnatal weeks and is accompanied by a highly proliferative
phase of oligodendrocytes and precursors (11). Double mutant
offspring developed normally until postnatal day (P) 8 to 10 but
thereafter showed whole-body tremors and a characteristic
weakness of the hind legs. In contrast to their littermates, these
double mutant offspring began to lose weight and died between
P12 and 14. To analyze oligodendrocyte development and mat-
uration in these mice, we performed a detailed immunohisto-
chemical analysis of brain sections by using a variety of oligo-
dendrocyte-, myelin-, and Cre-specific antibodies (MAG, MBP,
and Cre) (Fig. 5) and CNP-specific antibodies (results not
shown). Strikingly, we were unable to detect any immunoreac-
tivity in brain sections from mutant animals at any time point
investigated (PO to 14) (Fig. 5). This result was also confirmed
at the RNA level by in situ hybridization with a digoxigenin-
labeled, MBP-specific probe. In contrast, the patterns for GFAP-
positive astrocytes (Fig. 5F) and NF160-positive neurites (data
not shown) were not affected. The depletion of oligodendro-
cytes was also confirmed at the histological level (data not
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FIG. 5. Depletion of oligodendrocytes. (A and B) Immunofluores-
cence analysis with MBP-specific antibodies of spinal cord sections
from early postnatal animals. Note the presence of staining in the
control tissue at ventrolateral positions and absence of staining in the
mutant tissue. (C and D) CNS sections from P3 animals analyzed with
MBP-specific (red) and Cre-specific (green) antibodies. Note the co-
localized expression of Cre and MBP and the absence of staining in the
mutant. (E-H) Immunofluorescent analyses of P14 animals, showing
parts of the corpus callosum (E and F) and cerebellum (G and H).
Analysis with GFAP-specific (green) and MBP-specific (red) antibod-
ies revealed normal staining for GFAP in the mutant but an absence of
MPB expression (F). Cre-specific (red) and MAG-specific (green)
antibodies revealed the colocalization of both antigens in the cerebel-
lum of the control (G) and complete absence in corresponding sections
from the mutant (H).

shown). Except for some scarce MBP signals in rare sections
from spinal cord (data not shown), we therefore conclude that
the depletion was complete and consequently was associated
with a complete lack of myelination in those animals.

As CNP is also expressed in Schwann cells, although at lower
levels, we analyzed sciatic nerves by light and electron micros-
copy for morphological changes. In mutant animals, the num-
bers of myelinated fibers in the nerves were drastically reduced
in comparison to nerves of control animals; however, some
myelinated axons did occur (Fig. 6A and B). Another charac-
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FIG. 6. Schwann cell ablation in the sciatic nerve. (A and B) His-
tological analyses of semithin sections from control (A) and mutant
(B) sciatic nerves, showing large areas of unmyelinated axons next to
apparently normally myelinated axons (B). (C and D) Higher magni-
fication revealed that axons were in direct contact with each other
(arrowhead, D) and not separated by Schwann cell cytoplasm as in
unmyelinated control axons (arrowhead, C). Very often, axons showed
clear signs of degeneration, such as vacuoles and electron-dense
plaques. Scale bars, 40 um (A and B) and 2 pm (C and D).

teristic feature of affected nerves was the abnormal occurrence
of large clusters of unmyelinated axons (Fig. 6B) that often
showed signs of axonal degeneration, which probably occurs
secondary to the loss of Schwann cell support (9, 30). Higher
magnification revealed that axons, which seemed to be a mixed
population of small and large calibers within these large clus-
ters, were not surrounded by Schwann cell cytoplasm (Fig.
6D). In the peripheral nervous system, CNP is expressed in
myelinating and nonmyelinating Schwann cells; however,
CNP-negative Schwann cells also exist (39). This expression
pattern in the peripheral nervous system fits in very well with
the phenotypes observed in the Schwann cell population,
where apparently normal and aberrant axons reside within the
same nerve. Interestingly, similar phenotypes in mice carrying
a transgene encoding DT-A under the control of the Schwann
cell-specific P, promoter have been described, where toxin
expression did not comprise the whole Schwann cell popula-
tion (25).

In summary, we describe here the generation of a universal
depletion system based on an inducible DT-A allele. We cre-
ated a mouse line (R26:LacZ/DT-A) that carries a silenced
lacZ™"*-DT-A cassette incorporated into the ubiquitously ex-
pressed ROSA26 locus. This locus is well known for its stable
and ubiquitous expression of transgenes as well as for its ap-
plicability in Cre-mediated recombination (36). We show here
that the R26:LacZ/DT-A mouse line can be used to deplete
cells within a wide range of tissues. The degree of depletion
was found to be dependent on the regenerative capacity of the
depleted tissue and the percentage of Cre-positive cells in a
given tissue and can include the entire population (e.g., oligo-
dendrocytes). The major advantages of our system are its
broad applicability to a wide spectrum of cell types and devel-
opmental stages and the possibility of having founder lines that
are themselves phenotypically normal and generate very repro-
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ducible phenotypes in the F1 generation. For every Cre line
used, the exact expression pattern and expression level have to
be determined to ensure that the desired degree of ablation
can be achieved. The time required from onset of Cre expres-
sion to elimination of the recombined cells is approximately 2
days. When adult phenotypes are analyzed, this time scale is
acceptable. However, for depletion experiments during embry-
ogenesis, the time course has to be critically considered, de-
pending on the cell type or tissue to be analyzed. Due to the
strong negative effect of DT-A on the translation machinery, a
rapidly dividing precursor is significantly slowed down much
sooner than apoptosis is detectable. Also, cells that secrete
factors will not function properly much earlier. Cells express-
ing surface molecules implicated in signaling processes might
be problematic, as the signal persists until the cell is completely
removed. In contrast to depletion due to herpes simplex thy-
midine kinase, which is restricted to proliferating cells, deple-
tion due to DT-A is not dependent on the cell cycle. No
administration of a second component is required, which might
be a problem for other previously reported systems, because of
dependence on blood circulation or the presence of biological
barriers (placenta or blood-brain barrier) (23, 32). To model
human diseases and to study regeneration, partial and re-
peated cell depletions might be desired. For this, an enlarged
temporal control over our system could be accomplished by
using Cre lines with inducible Cre expression or viruses that
confer Cre expression on infected cells (20). As the elimination
of endogenous tissues is genetically controlled, exogenous tis-
sues will not be affected by depletion; therefore, our model will
offer new opportunities for stem cell research, as the regener-
ative potential of cells or tissues can be studied by transplan-
tations into cell-depleted animals.
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