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Gastrointestinal (Gl) tract damage by chemotherapy or radiation limits their
efficacy in cancer treatment. Radiation has been postulated to target epithelial
stem cells within the crypts of Lieberkiihn to initiate the lethal Gl syndrome.
Here, we show in mouse models that microvascular endothelial apoptosis is the
primary lesion leading to stem cell dysfunction. Radiation-induced crypt dam-
age, organ failure, and death from the Gl syndrome were prevented when
endothelial apoptosis was inhibited pharmacologically by intravenous basic
fibroblast growth factor (bFGF) or genetically by deletion of the acid sphin-
gomyelinase gene. Endothelial, but not crypt, cells express FGF receptor tran-
scripts, suggesting that the endothelial lesion occurs before crypt stem cell
damage in the evolution of the Gl syndrome. This study provides a basis for new
approaches to prevent radiation damage to the bowel.

The GI syndrome is the main toxicity associat-
ed with abdominal radiotherapy of human tu-
mors. It consists of diarrhea, dehydration, en-
terobacterial infection, and in severe cases, sep-
tic shock and death (/). According to the pre-
vailing hypothesis, it is caused by direct
damage to a group of stem cells within the
epithelial rings at positions 4 to 5 from the base
of the crypts of Lieberkiihn, resulting in their
death (/-3). This etiological model is based on
inference from studies of crypt regeneration
after injury by using an in vivo clonogenic
survival assay. Stem cell death is the critical
element in the evolution of this process, be-
cause a single surviving stem cell appears suf-
ficient for reconstitution of a crypt-villus unit
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(1). This clonogenic stem cell activity is quan-
tified by counting regenerating crypts in histo-
logic sections 3.5 days after irradiation (/).
Above 8 grays (Gy), dose-dependent stem cell
death leads to diminution of crypt regeneration,
until the level of regeneration is insufficient to
rescue the GI mucosa. In such cases, progres-
sive denudation of the epithelium leads, by day
6 to 7 after radiation, to death of mice from the
GI syndrome. Direct evaluation of stem cell
function in this process is, however, not feasible
because there are no markers specific for GI
stem cells.

Here, we explore the alternative possibil-
ity that microvascular endothelium within the
intestinal mucosa is the actual target of radi-
ation damage, with stem cell dysfunction as a
consequence. This hypothesis is supported by
previous observations that (i) survival factors
for endothelium [vascular endothelial growth
factor (VEGF), acidic and basic FGFs, and
interleukin 11 (IL-11)] protect the gut from
radiation injury (4-6), and (ii) endothelium is

in production of a functional protein. Several other
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a principal target for radiation injury to lung
and brain (7, 8).

In our initial studies, we used a murine
whole-body irradiation (WBR) model (9). The
patterns of lethality and tissue damage are
shown (Fig. 1) for 8- to 12-week-old C57BL/6
mice exposed to 12 to 15 Gy WBR, which
exceeds the minimal dose required to kill all
exposed animals within 30 days (LD, )
When treated with 12 or 13 Gy, 97% of mice
died 10 to 13 days after irradiation (median 11
days; Fig. 1A) and displayed bone marrow apla-
sia and intact intestinal mucosa (Fig. 1B). Au-
tologous marrow transplantation, performed 16
hours after 12 Gy WBR, repopulated the mar-
row (/0) and rescued 90% of the mice. In
contrast, exposure to 15 Gy resulted in more
rapid death, with 95% of the mice dying be-
tween 6 and 8 days (mean 6.8 *= 0.99 days,
median 6 days; Fig. 1A). These animals showed
denudation of the intestinal crypt and villus
system but had only partially damaged marrow
(Fig. IB), and could not be rescued by autolo-
gous marrow transplantation (Fig. A). Actuar-
ial survival at 14 Gy differed significantly from
that after 15 Gy (P < 0.001). At this dose, 25%
of mice succumbed to death from the GI syn-
drome and 75% died of marrow failure (P =
0.007 versus death from GI syndrome at 15 Gy).

To determine whether microvascular endo-
thelial apoptosis correlated with development of
the radiation-induced GI syndrome, we evaluat-
ed tissue specimens by hematoxylin and eosin
(H&E) staining, terminal dexoy transferase-me-
diated deoxyuridine triphosphate nick end label-
ing (TUNEL), and in situ labeling with annexin
V (11), at various times after § to 15 Gy WBR.
Previous studies have shown that radiation in-
duces early p53-dependent (/2) and late p53-
independent (/3) apoptotic responses in crypt
epithelial cells. However, neither response af-
fects the ability of stem cells to regenerate crypts
damaged by doses =15 Gy (/3) and hence do
not appear to be involved in the pathogenesis of
the GI syndrome. Using a published scoring
system (/4), we confirmed these observations
and found a maximal epithelial apoptotic index
of 40.0% at crypt position at 4 hours after 15
Gy, which decreased to 24.1% at position 5 and
progressively to 4.1% at position 8. The apopto-
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tic index of unirradiated controls across posi-
tions 4 to 8 was 2.5% (P < 0.05).

Apoptosis was also observed in nonepi-
thelial cells within the lamina propria of the
villus and that surrounding crypts. Apoptosis
in the lamina propria was detected by
TUNEL, annexin V (Fig. 2A), and H&E
staining (/5) beginning 1 hour after 8 to 15
Gy, with maximum intensity 4 hours after
irradiation. This event preceded the onset of
late apoptosis in the villus columnar epithe-
lial cell layer, which became apparent 10
hours after 15 Gy (Fig. 2A). Costaining with
an antibody to CD31, which recognizes the
endothelial surface marker PECAM-1 (/6),
defined these apoptotic lamina propria cells
as microvascular endothelium [Fig. 2B and
(15)]. The extent of microvascular endotheli-
al apoptosis was quantified at 4 hours over
the range of 0 to 15 Gy (Fig. 2C). In unirra-
diated mice, 86% of the lamina propria of the
villae and crypts had no apoptotic cells; 14%
had one or two apoptotic cells. At 8 Gy, the
lowest dose that decreases clonogenic crypt
survival (4, 5, 17), only 46% of crypt-villus
units had no endothelial apoptosis (P < 0.001
versus control), whereas 29% had significant
apoptosis, involving more than three apopto-
tic cells. As the dose increased, there was an
exponential increase in the percentage of
crypt-villus units with significant microvas-
cular endothelial apoptosis [+ = 0.99 on a
semi-log plot (/0)], and an increase in the
number of apoptotic endothelial cells per af-
fected unit (Fig. 2C). In particular, the cate-

Fig. 1. lonizing radia- A
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gory of >20 apoptotic cells, which represents
the most extensive radiation-induced dam-
age, occurred in only 2% of crypt-villus units
at 14 Gy and increased more than 10-fold
upon transition to 15 Gy. Similar rates and
intensities of microvascular endothelial apo-
ptosis were observed when villae and crypts
were scored independently (/5). These data
show that there is a threshold for massive
endothelial apoptosis, which correlates with
the switch from death caused by marrow
failure to that from the GI syndrome.

To investigate whether endothelial apo-
ptosis is causally involved in this switch, we
studied acid sphingomyelinase (asmase)™'~
mice, which fail to generate the proapoptotic
lipid ceramide in endothelium upon irradia-
tion, and are deficient in radiation-induced
endothelial apoptosis in the lung and central
nervous system (7, 8). For controls, we used
asmase™’* littermates, and mice with p53
deficiency, which abrogates the early GI
crypt epithelial apoptosis (/, 13). The p53~/~
mice were developed in a C57BL/6 back-
ground, so they were irradiated at 15 Gy to
monitor death from the GI syndrome. The
asmase”’~ mice were irradiated with 16 Gy,
as they were developed in an SVI29/
C57BL/6 background. In this background, at
this dose, the cause of death switches from
bone marrow failure to the GI syndrome. The
apoptotic responses in tissues from p53~/~
and asmase™'~ mice after WBR are compared
in Fig. 3. The p53~/~ thymus showed little
apoptosis 4 hours after irradidtion, whereas the

tion induces lethal
marrow and Gl toxic-
ity in C57BL/6 mice.
(A) Actuarial survival
curves of 8- to 12-
week-old  CS57BL/6
male mice treated
with 12 to 15 Gy
WBR. Radiation was
delivered with a
187Cg irradiator
(Shepherd  Mark-|,
model 68, SN 643) at
a dose rate of 2.5 20+
Gy/min.  Actuarial

survival was calculat-

ed by the product- 0
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-
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limit  Kaplan-Meier 0
method (28), and P
values were evaluat-

ed by the Mantel log-rank test (29). For autologous bone marrow transplantation (BM), 107
bone marrow cells, harvested from the femur and tibia of C57BL/6 marrow donor mice by
flushing the medullary cavities with Hanks’ balanced salt solution, were injected into the
tail vein of recipient mice 16 hours after irradiation. Numbers in parentheses indicate
animals per group. (B) Tissue damage in mice dying after exposure to 12 and 15 Gy.
H&E-stained sections of femur and proximal jejunum were obtained from animals display-
ing agonal breathing, which were then killed by hypercapnia asphyxiation. At day 10 after
exposure to 12 Gy, the small intestinal mucosa is preserved, whereas bone marrow
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elements appear depleted from the cavity of the femur. In contrast, the jejunal mucosa
appeared denuded at day 6 after 15 Gy, with almost no villae or crypts apparent, whereas the marrow showed only partial damage. For studies
with bFGF, mice were injected iv with 3.2 pg human recombinant bFGF in 800-ng doses delivered 30 min before, and 5, 60, and 120 min after
15 Gy. This experiment was repeated five times. Scale bar, 250 pum.
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asmase™’~ thymus displayed diffuse apoptosis.
Consistent with previous reports (/2), the ab-
sence of p53 caused a significant reduction in
epithelial apoptosis at intestinal crypt positions
4 to 8 in p53~/~ mice, whereas ASMase defi-
ciency had no effect (/5). In contrast, p53 de-
ficiency had no effect on apoptosis in microves-
sels of intestinal crypt-villus units [Fig. 3 and
(15)], whereas ASMase deficiency led to a 58%
decrease in the incidence of crypt-villus units
with three or more apoptotic cells and a 90%
reduction in those with =11 apoptotic cells
(P < 0.001; 15). The absence of pS3 did not
alter the percentage of mice dying from the GI
syndrome (/5), whereas the absence of
ASMase significantly reduced the percent-
age of mice that succumbed to the GI syn-
drome (15). In fact, at 16 Gy the majority of
asmase™’~ mice died from marrow failure
rather than the Gl syndrome. At this dose,
median survival of asmase™"~ mice was 9
days (typical of marrow failure), compared
with 6 days (typical of GI syndrome) for
wild-type littermates (P < 0.001). Similar
results were obtained by using 17 Gy.

We next examined whether microvascular
endothelial apoptosis was affected by the ad-
ministration of basic FGF (bFGF), which has
been reported to enhance murine intestinal stem
cell survival and to decrease mortality after
WBR (4-6). Intravenous (iv) injection of hu-
man recombinant bFGF into C57BL/6 mice im-
mediately before and after irradiation with 15
Gy decreased the apoptotic microvascular dam-
age (Fig. 2C), but did not affect apoptosis of

Small intestine
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crypt epithelial cells (/5). bFGF reduced the
percentage of crypt-villus units that showed sig-
nificant endothelial apoptosis (three or more
apoptotic cells per unit) after 12 Gy to a value
comparable to that seen at ~8 Gy without bFGF
(Fig. 2C). Similarly, bFGF decreased the apo-
ptotic damage of 15 Gy to an iso-effect observed
at ~12 Gy without bFGF (Fig. 2C). H&E stain-
ing yielded similar results (/5), and comparable
protection was afforded by bFGF in the SV129/
C57BL/6 background (/0). Autopsies of ani-
mals treated with 15 Gy and iv bFGF showed

REPORTS

that they were apt to die from marrow failure
rather than the GI syndrome (Fig. 1B). Consis-
tent with these findings, the actuarial survival of
15 Gy-irradiated mice after iv bFGF treatment
increased from a mean of 6.8 = 0.9 days (me-
dian 6 days; typical of death from GI syndrome)
to 9.2 * 1.3 days (median 9 days; typical of
death caused by marrow failure; Fig. 4A). Fur-
thermore, autologous marrow transplantation
performed 16 hours after 15 Gy WBR rescued
50% of bFGF-treated mice indefinitely (Fig.
4A). The mice that died succumbed to marrow

graft failure and persistent hematopoietic apla-
sia. Hence, all animals with successful marrow
engraftiment were rescued from lethal radiation
damage by concomitant bFGF therapy. A sim-
ilar bFGF-mediated protection of the GI tract
was observed when mice were treated with
whole-abdominal radiation rather than WBR
5).

To identify the cells responsible for the
bFGF-mediated protection, we explored which
mucosal cells express mRNAs for high-affinity
FGF receptors (FGFRs). In situ hybridization
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Fig. 2. Radiation induces microvascular endothelial apoptosis after 15 Gy WBR. (A}

Apoptosis in the lamina propria precedes columnar epithelial apoptosis. Small 100
intestinal specimens were obtained 4 and 10 hours after 15 Gy WBR of C57BL/6 2

mice and evaluated for apoptosis in the proximal jejunum by using TUNEL (top; 5o 804
apoptotic nuclei stain brown and normal nuclei stain blue) or FITC-labeled annexin a8

V [bottom; apoptotic cells stain green (single yellow arrows) and normal cells stain =2 60
red (double white arrows)]. Each panel represents one of three similar studies. Scale 22

bars: Top, 160 pm; bottom 70 pum. (B) Apoptotic cells in the lamina propria are 29
identified as endothelial cells by antibody staining against CD31. TUNEL-stained .2 2 A8
sections from small intestine 4 hours after irradiation with 15 Gy were incubated g =

with a rat antibody against CD31 (PharMingen catalog no. 1951D} at 4°C overnight. §° 20
Staining was developed by using a biotinylated rabbit antibody directed against a &

rat secondary antibody against rat cells and the avidin-biotin peroxidase complex.

Hematoxylin counterstaining was not applied to avoid possible interference with
the specific dark-blue immunostaining of the endothelial cell surface. Endothelial
cells were identified as a TUNEL-positive nuclear signal surrounded by blue immu-
nohistochemical staining for CD31. This experiment represents one of three similar studies. Scale bars: Top, 50 pm; bottom, 15 um. (C} Frequency
histograms of apoptotic cells in the lamina propria of irradiated crypt-villus units. Small intestinal specimens were obtained 4 hours after 0 to 15 Gy
WBR and stained for apoptosis by TUNEL. Apoptotic cells were scored in the lamina propria of 400 units per point. Data represent mean scores from
three experiments. Crypt-villus units were scored as having >20 apoptotic cells when the exact number of apoptotic nuclei could not be determined
because groups of adjacent nuclei coalesced (see Fig. 3, left bottom).
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Fig. 3. ASMase deficiency but not p53 deficien-
cy protects against radiation-induced micro-
vascular apoptosis and death from the Gl syn-
drome. Thymic and small intestine tissue from
15 Gy-irradiated p53~/~ C57BL/6 mice or 16
Gy-irradiated asmase ™/~ SV129/C57BL/6 mice
were stained by TUNEL. This experiment rep-
resents one of three similar studies. Scale bars:
Top, 200 pwm; bottom, 140 pum.
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Fig. 4. The endothelial sur- A
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with probes specific for FGFRs detected cyto-
plasmic staining in selected subpopulations of
the gut mucosa. We used digoxigenin-labeled
probes to identify FGFR-1 to FGFR4 tran-
scripts and either digoxigenin-AP (Fig. 4B, top)
or digoxigenin-rhodamine-FITC (Fig. 4B, mid-
dle and bottom) as readout systems (/8). Both
techniques are highly sensitive to detection of
small amounts of transcripts (/9-27). An added
advantage of labeling with digoxigenin-AP is
that it permits concomitant evaluation of endo-
thelium by double-staining for FGFR transcripts
and CD31 (Fig. 4B, upper left panel). The most
intense FGFR transcript staining observed with
digoxigenin-AP-labeling was in cells in the
lamina propria and adventitia, which were iden-
tified by double-staining with antibody against
CD?31 as endothelium, whereas Paneth cells dis-
played intermediate-intensity FGFR staining
(Fig. 4B, upper left). Studies using the digoxi-
genin-rhodamine-FITC method confirmed that
FGFR-1 to FGFR-4 mRNA transcripts are ex-
pressed in endothelial cells, but not in epithelial
cells of the crypts or villae, except for Paneth
cells (Fig. 4B, middle and bottom). It should be
noted that FGFRs were not up-regulated in ep-
ithelial cells at any time from 1 to 12 hours after
irradiation.

vival factor bFGF protects 100

against radiation-induced

microvascular  apoptosis

and death from the Gl syn- 80
drome. (A) Treatment with
both bFGF and bone mar-
row rescues mice from ra-
diation-induced death. Ac-
tuarial survival curves of
15 Gy-irradiated C57BL/6
mice treated with bFGF
and/or bone  marrow
transplantation (BM) (as in 20+
Fig. 1A) were calculated by

the product-limit Kaplan-

60

40-

Percent surviving

—@— 15 Gy + BM (19)
—@— 15 Gy + FGF (21)
—O— 15 Gy + BM + FGF (19)

Meier method. Numbers in 0 . z
parentheses indicate ani-
mals per group. Scale bar,

30 wm. (B) Endothelial and Paneth cells, but not other epithelial crypt or villus cells, express
FGFR transcripts. Sections of proximal jejunum from C57BL/6 mice were hybridized in
situ with digoxigenin-AP-labeled antisense FGFR-4 (upper left), or sense FGFR-4 (upper
right) as negative control, and costained for endothelial cell PECAM-1 by using an
antibody against CD31, as in Fig. 2B. FGFR-4 transcripts are represented by the bright
blue granular cytoplasmic staining, and endothelial cell membranes are identified by the
strong brown stain. Paneth cells (P) at the crypt base are identified by large white
cytoplasmic secretory granules, and confirmed by immunohistochemical staining for
lysozyme. Note strong FGFR hybridization in endothelial cells of a blood vessel (BV) in
the adventitia, less intense staining in Paneth cells (P), and lack of staining in other crypt
cells. Similar results were obtained upon assessing expression of FGFRs 7 to 3 with
digoxigenin-AP (30), and with digoxigenin-rhodamine (middle and bottom). Upon
hybridization with digoxigenin-rhodamine labeled antisense FGFRs 1 to 4, FGFR tran-
scripts are identified by the bright red staining, whereas DAPI counterstaining is bright
blue. Antisense probes for FGFR-4 (middle left) and FGFR-2 (middle right) show positive
staining in Paneth cells (P) and microvascular endothelial cells (BV), but not in other
crypt cells. BV were identified as blood vessels by the green fluorescence emitted by
paraffin-fixed erythrocytes within the core of these structures by using a green filter.
Lower left and right panels show that cells in the laminapropria of villae, but not
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We also investigated the distribution of
injected bFGF within the intestinal mucosa.
Consistent with published data (4), immuno-
histochemical studies using a monoclonal an-
tibody against human bFGF detected a retic-
ular pattern of bFGF deposits within the lam-
ina propria 15 min after treatment, but not
within or adjacent to crypts (/5). The lack of
ligand and receptor in the crypts precludes
stem cells as the direct target of bFGF
protection.

Basic FGF protected C57BL/6 mice from
death caused by the GI syndrome with WBR
doses up to 18 Gy. At 18 Gy, however, five out
of five mice died at 6.4 * 1.1 days, despite
bFGF pretreatment. TUNEL staining of intes-
tinal specimens obtained 4 hours after 18 Gy
showed extensive endothelial apoptosis in only
10.7% of bFGF-treated mice (=11 per crypt-
villus unit; not significantly different from 14
Gy without bFGF, Fig. 2C), compared with
69% in mice receiving 18 Gy alone (P <
0.001). Nonetheless, all five animals that died
after 18 Gy plus bFGF displayed the histolog-
ical pattern typical for death from GI syndrome
(P < 0.01 versus 14 Gy without bFGF). A
similar switch to death from the GI syndrome
was observed in asmase™’~ mice receiving 18

I

epithelial cells, hybridize with antisense FGFR-T and FGFR-3, respectively. Erythrocytes were identified adjacent to the red-fluorescing cells in
the villae lamina propria, indicating that FGFR-expressing cells are endothelial cells. Two hundred villae and crypts were scored for each FGFR

transcript. Scale bars, 30 pm.
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Gy without bFGF (REF10). These data indicate
that although ASMase-mediated microvascular
endothelial apoptosis is the prevailing mecha-
nism for induction of the GI syndrome at WBR
doses <18 Gy, an alternative mechanism, per-
haps involving direct damage to stem cells, is
engaged by higher radiation doses.

Our studies provide evidence that radiation
damage to GI stem cell clonogens, regarded as
the critical lesion in the pathogenesis of the GI
syndrome, is a consequence of extensive micro-
vascular injury. The vulnerability of the micro-
vascular endothelium to stress appears related to
the abundance of ASMase in endothelium (20
times as much as in other cell types) (22) and to
its preferential trafficking to the plasma mem-
brane. ASMase exists in lysosomal and secreto-
ry isoforms (23), both produced by posttran-
scriptional processing of a single gene product.
The secretory isoform targets the plasma mem-
brane, may reside in caveolar microdomains
(24), and is also found extracellularly at the
cell surface (23, 24). Further, inflammatory
cytokines, such as interleukin-1p3 and inter-
feron-v, increase ASMase secretion three-
fold (22), indicating that under stress, en-
dothelial cells mobilize excess amounts of
membrane-targeted ASMase.

The specific sensitivity of microvascular
versus large vessel endothelium to stress may be
associated with bFGF distribution within vascu-
lar basement membranes. Although bFGF is
ubiquitously expressed in basement membranes
of large and intermediate size blood vessels,
microvascular basement membranes have min-
imal or absent bFGF deposits (25). Ultrastruc-
tural studies indicate that capillaries represent
the most radiation-sensitive sections of the vas-
cular system (26). Because basement mem-
brane—bound bFGF protects endothelial
cells against radiation-induced cell death in
vitro (27), its lack of expression in micro-
vascular basement membranes may render
this section of the vascular system highly
sensitive to ASMase-mediated apoptosis.

Finally, our studies suggest that small mol-
ecules, such as bFGF, may improve the thera-
peutic ratio during WBR for leukemia, and
abdominal radiation therapy for gastrointesti-
nal, genitourinary, and gynecological tumors. A
potential for therapeutic gain would likely be
limited to patients in whom tissue typing dem-
onstrates tumors to be insensitive to bFGF.
Further, we propose that a requirement for
ASMase-mediated ceramide generation in in-
duction of microvascular endothelial apoptosis,
and its inhibition by bFGF, represent a generic
model for evolution of and protection against
normal tissue damage after environmental,
chemical, or toxic stress.
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Living organisms encounter various growth conditions in their habitats, raising
the question of whether ecological fluctuations could alter biological macro-
molecules. The advent of complete genome sequences and the characterization
of whole metabolic pathways allowed us to search for such ecological imprints.
Significant correlations between atomic composition and metabolic function
were found in sulfur- and carbon-assimilatory enzymes, which appear depleted
in sulfur and carbon, respectively, in both the bacterium Escherichia coli and the
eukaryote Saccharomyces cerevisiae. In addition to genetic instructions, genom-
ic data thus also provide paleontological records of environmental nutrient

availability and of metabolic costs.

A widely accepted principle is that protein
evolution is mainly determined by constraints
on activity, specificity, folding, and stability
(I-4). But other constraints may come into
play, in particular nutritional constraints,

which have thus far received little scrutiny.
Indeed, the elements used in the construction
of proteins are not only funneled through
metabolic pathways but are also subject to
geochemical cycles at the surface of Earth.
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