
of CH4. The redness of Pluto with respect to 
Charon probably arises from long-chain mo- 
lecular products of the photolysis of CH4 by 
solar ultraviolet insolation (7). By the same 
reasoning, the neutral color of Charon is 
further evidence of the absence of CH4 on 
the surface of that body. Charon's geometric 
albedo falls within the range of the geomet- 
ric albedos of the major Uranian satellites 
(0.18 to -0.5), all of which are known to 
have water ice surfaces (18). The possible 
detection of H20 ice on Charon by Marcia- 
lis et al. (19) therefore provides a reasonable 
explanation of its geometric albedo. The 
surface reflectance properties of Pluto and 
Charon are controlled by ices and cannot be 
classified to an asteroid taxonomy, which 
characterizes surface mineralogy. 
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Genetic Ablation: Targeted Expression of a Toxin 
Gene Causes Microphthalmia in Transgenic Mice 

Lineage-specific regulatory elements can be used to direct expression of a variety of 
genes to specific tissues in transgenic mice. If the hybrid constructs contain a gene 
encoding a cytotoxic gene product, then genetic ablation of a specific cell lineage can be 
achieved. We have generated six transgenic mice by introducing into fertilized eggs the 
mouse y2-crystallin promoter fused to the coding region of  the diphtheria toxin A- 
chain gene. Three of these mice and all the transgenic offspring analyzed were 
microphthalmic. The lenses of  these mice displayed considerable heterogeneity: some 
were almost normal morphologically but reduced in sizx, whereas others were grossly 
aberrant and deficient in nuclear fiber cells. These studies indicate that programmed 
ablation of  specific cell types can be stably transmitted through the germ line. 

C ONSIDERABLE PROGRESS HAS BEEN 

made in the understanding of the 
origins and interrelations of cell lin- 

eages during growth and development in 
invertebrates such as Caenmhabditis elvans 
and Drosophila (1 ). Lineage development in 
mammals is not as well understood, howev- 
er, because of the indeterminate or stochas- 
tic nature of cell commitment during em- 
bryogenesis. Several experimental approach- 
es have been applied to this problem, includ- 
ing microinjection of histochemical tracers, 

direct visualization of developing embryos, 
photoablation, and the generation of mosaic 
and chimeric animals (2 ) .  Recently, new 
genetic approaches to lineage analysis have 
been developed. These include the use of in 
situ hybridization to recognize cells of dif- 
ferent genotypes in mouse chimeras or mo- 
saics (3) ,  the exploitation of retrovirus vec- 
tors as random insertional tags within both 
the hematopoietic system (4) and the devel- 
oping mouse embryo (5 ) ,  and the utilization 
of the bacterial lacZ gene as an in situ marker 

for visualizing lineage-specific gene expres- 
sion (6) and cell-lineage relations (7). Here, 
we demonstrate that targeted expression of 
the gene for the A chain of diphtheria toxin 
(DT-A) in transgenic animals results in the 
death of a specific cell type during develop- 
ment, a method that we have termed "genet- 
ic ablation." Palmiter et al. (8) have inde- 
pendently described a similar approach to 
effect the ablation of cells within the pancre- 
as. 

To demonstrate the feasibility of this ap- 
proach, we used the mouse y2-crystallin 
promoter to target expression of the DT-A 
gene to the mouse eye lens. The DT-A gene 
encodes an adenosine diphosphate (ADP) 
ribosyltransferase that catalyzes the ADP- 
ribosylation of elongation factor 2, resulting 
in the inhibition of protein synthesis and 
subsequent cell death (9). As little as one 
molecule per cell of the DT-A chain is 
estimated to be cytotoxic (1 0). 

The y2-crystallin promoter was chosen to 
drive expression of the DT-A gene for the 
following reasons. (i) This promoter can 
direct expression of a lacZ reporter gene 
exclusively to the lens fiber cells of trans- 
genic mice (6). (ii) Ablation of cells within 
the lens would be expected to result in a 
readily discernible phenotype (see below). 
(iii) The relation between crystallin gene 
expression and lens cell differentiation is 
well characterized. (iv) Many developmental 
mutants that affect the lens have been de- 
scribed, which provides a basis for interpret- 
ing lens phenotypes caused by ablation 
events. (v) Developmental aberrations with- 
in the lens are nonlethal, and thus would not 
complicate initial efforts to evaluate the po- 
tential of genetic ablation. 

The lens consists predominantly of two 
cell types: undifferentiated epithelial cells, 
which make up the anterior surface layer, 
and terminally differentiated fiber cells, 
which constitute the major body of the lens. 
Because synthesis of y-crystallins, as well as 
the activity of the mouse y2 promoter in 
transgenic mice, is restricted to terminally 
differentiated fiber cells of the lens nucleus 
(6, l l ) ,  it was anticipated that expression of 
the DT-A gene from the mouse y2 promot- 
er in transgenic mice would result in a lens 
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&dent in fiber cells. Thc predicted pheno- 
type ofsuch an cvcnt would be microphthal- 
mia and possibly cataracts. 

The y2-crystallinlDT-A hybrid gene 
(y2DT-A) was generated by replacing the 
human metallothionein IIA (MTHA) pre  
mota scgment in pTH-1 (12) with ~OUSC 

y2-aystallin promoter sequenas extending 

~ g .  I. (A) of thc injectat y 2 d - 4  
fngmcnt. The native DT gene is'shown at- the 
m p . I n d i a u l ~ t s a r c t h e c o d i n g ~  
fbr the 25-Pmiao acid midm sigt#l pcpadc 
(stippled) b l l d  by the DT-A (whitc) ~ l d  DT- 
B (slanted lines) domains of the mature po 
tide. ibe  2.98-kbp y2DT-A Xba I-Em Ng- 
mnt~iujatcdiatofixtilizcdcggsisshaun 
a thc bottom (13). Indicated s c p a m  of the 
y2DT-A hybrad gcnc arc: sequcnccs - 759 to 
+45 of dlc mouse y2ayaallin gale (sa 
thc DT-A gene dpTH-l(l2) (white), ad%k 

indudiag *. poly-1- sigml 
(aantcd h). A b h c V l a ~  arc: X, Xma m, N, 
Nco l; B, Bun HI, S, Sau 3A; Bg, B II, P, 
&I; B E c o m a x b r I .  (B) Wllopptb.lmis 
app~pnaofmouscA1Oat4momhsofagc(on 
thc nght) compared to an agcmatchcd normal 
CDlsainm0use(onthcIcft). 

Fb. 2 Dctatbn ofy2DT-A scqwn~cs in repre- 
scnativc (A10 X CD-1) El + (14). The 
Bun HI-Eco RI fragment coatahq the DT-A 
codurg region and SV40 splrcing aud plydeny- 
ktion scqucn~cs (Fig. 1) was used as a probc. 
Lanes 1 to 18: S2CI4gestd tail DNA ofFI  
animals. All mice urrying the tramgem also 
mvlifcstcd miccophthahia, as indicated in the 

&an -759to + 4 5 r t l a t i v e t o t h e d p  
tion start site (Fig. 1A). 
Beforr implanting micminjcctcd eggs it 

was first essential to establish that the 
y2DT-A construct was not toxic as the 
result of a low I d  of nonspecific gene 
expression bcfwc integration. Of 308 eggs 
m i c m i t j d  with the y2DT-A hybrid 
gene, 228 (74%) dcvdopcd to the two-ccll 
stage. A comparable fi-aaion (70%) sur- 
vived to the two-cell stagc after miuoinjec- 
tion of other nontoxic constructs. 

On the basis of these findings, micmin- 
je~d~wartransf;trradto+prcg- 
nant rrcipicnts. Six of the 111 liveborn 
animals analyzed contained insutions of 
v2DT-A seauenccs. 

cadyas3wecLsofagc,itwasrradily 
appcllrcnt that that had microphthalmia 
(Fig. 1B). Two of the founder mice also had 
cataracts in at least one eye. At least one of 
the a;la(rgcnic mia that did not display an 
obvious microphthalmia had a significant 
dclction in the transgene, consistcM with 
the condusim that the ahscncc of any phe- 
notypic abnoxmality in this mouse was due 

ti, 

to a sauaural rearrangement in the y2DT-A 
c o ~ .  

To study the microphthalmic phenotype 
further, and to demmine whether it could 
be transmitted through the gcnn line, the 
offspring of one of the founder animals, 
mouse A10, war  analyzed in detail. Sixtem 
out of 49 F1 progeny of A10 x wild-type 
CD-1 mice manificstcd microphthalmia. 
Southcm blot analysis ofthe F1 mice estab- 
lished that expression of the phenotype 
compldy axgmgated with the presence 
of the y2DT-A construct (Fig. 2). 

The eyes of thcsc transgenic F1 animals 
wcrc compared with thosc of normal litter- 
matcsbyhisto1Ogical~isofscrialcross 
d o n s .  Thar was considerable hetemp- 
ncity in the mucturc and organization of 
indikdual lenses (Fig. 3). SO& war almost 
normal morphologically but reduced in size 
(Fig. 3B). These lenses contained o m  
lcasfibercdlsandindystaininglcns 
nudear regions suggdve of si@cant 
crystah accumulation. Others were dearly 
aberrant, with extensive vacuolation in the 
central nuclear region of the lens (Fig. 3C). 
Tht most atrrmc phenotype consisted of a 

Fb. 3. Histologid crosc scctioaP (7 pm) ofnormal and ansgcnic cycs hm 3-wccLdd (A10 X CD- 
1) F1 miqc (15). (A) Wild-type coaaol. (B) Eye hm ansgcnic mouse b w m g  almost normal lens 
mcnphobgy. (C) Eye fmm a second uansgcnic mouse show- atcnsive vacuolation in thc central 
nudcvrrgirmofthckns. (D)Conualatadcycfiromthc& anid ,wf ikh .showsa 

cant cryaallin ~ U l a r i a r l .  b i s h l V a b w r a n t k n s ~ w i t h n o i n a n . s t a i n h g a a p d r r d ~  
The strcss lhaum in the d kns (A) are a amsequence ofthe hardness ofthe kns, 
whaapthcvaclaokscvidcntin(C)~~~~visiblcpriortormbedding. 
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Fig. 4. Average relative levels of a- and y-crystal- 
lin manscripts in eyes of 3-week-old normal and 
known transgenic (A10 x CD-1) F, mice (16). 
Mouse aA- and y2-crystah cDNAs were used as 
probes. Lanes 1 and 6: equal eye equivalents of 
wild-type and microphthalmic RNA, respectively. 
Lanes 2 to 5: fractions (115, 1110, 1150, and 
11100) of the wild-type eye RNA loaded in lane 1. 
The filter was probed with the mouse y2 cDNA, 
deprobed, and then hybridized with the mouse 
aA cDNA. 

highly disorganized lentoid structure in 
which no lens nudeus or differentiated fiber 
cells were apparent (Fig. 3D). Phenotypic 
variation occurred even between eves of the 
same animals, suggesting that thise differ- 
ences were not due to genetic variation 
among outbred CD-1 mice. 

As &pected, the levels of both a- and y- 
crystallin RNA were reduced in the ablated 
lenses of microphthalmic mice (Fig. 4). The 
lenses of these mice had approximately one- 
half the wild-type level of aA-crystallin mes- 
senger RNA (&A) and one-seventh the 
leva of y-crystallin transcripts. The prefer- 
ential reduction in y mRNA is consistent 
with the observation that the ablation events 
were restricted to terminally differentiated 
lens fiber cells. The y-crystallin probe uoss- 
hybridizes with other members of the y gene 
family. Because different y genes may not all 
be expressed in the same set offiber cells, the 
residual level of y-crystallin mRNA detected 
in the lenses of y2DT-A transgenic mice may 
correspond to y t ransa ip  present in fiber 
cells that are not subject to ablation. The 
residual levels of y-aystallin mRNA could 
also reflect the possibility that the y2DT-A 
transgene is t&aipti.naIIy active for a 
shorter period during development than the 
corresponding mouse y2-aystallin gene. 

In summary, we have shown that targeted 
expression of the DT-A gene withB y- 
crystallin promoter can be used to ablate 
terminally differentiated cells within the lens 
lineage. Moreover, lines of transgenic ani- 
mals can be generated that appear to be 
normal, aside from the ocular defect. Thus, 
we condude that the v2DT-A construct is 
controlled tightly enoub to allow targeted 
cell ablation without compromising either 
embryological development or germ-line 
transmission. 

An interesting and unexpected finding 
from these studies was the phenotypic het- 
erogeneity among lenses of -micro~hthalmic 
mice from the A10 line. There are several 
possible explanations for this observation. 
(i) Although one molecule of DT-A per cell 
is estimated to be cytotoxic ( lo),  it is wn- 
ceivable that threshold levels of the toxin do 
not accumulate in all lens fiber cells. (ii) 

There may be a stochastic relationship be- 
tween the onset of DT-A expression and the 
early stages of lens morphogenesis. (iii) 
There is a finite probability that a cell within 
the undifferentiated lens epithelium has sus- 
tained a somatic mutation resulting in func- 
tional inactivation of DT-A expression. Ex- 
planations (i) and (iii) make certain testable 
predictions about the ablation phenotype in 
animals that are homozygous for the DT-A 
transgene. 

The generation of a line of mice in which 
embryonic fiber cells within the lens have 
been genetically ablated should now allow 
detailed analysis of the precise relation be- 
tween crystallin gene expression and lens 
morphogenesis, as well as the role these 
processes in turn play in the overall spatial 
organization of the developing eye. For such 
studies, precise fate mapping of ablation 
events within the lens should be facilitated 
through genetic crosses with y2 lacZ trans- 
genic indicator mice (6). In a broader con- 
text, our work demonstrates that it should 
be possible to effect ablation of any lineage 
or cell type for which a promoter of appro- 
priate specificity is available. One potential 
problem with genetic ablation is that expres- 
sion of many promoter/toxin gene combina- 
tions might be lethal to the early embryo or 
su9iciently toxic to prevent establishment of 
a transgenic pedigree. The microphthalmic 
mice described here, however, demonstrate 
that it is possible for programmed ablation 
of specific cell types within a lineage to be 
stably transmitted through the germ line. 
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