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Role of Local Prostaglandin Synthesis in the
Modulation of Proliferative
Activity of Rat Colonic Epithelium

PATRICIA A. CRAVEN, REISUKE SAITO, and FREDERICKR. DERUBERTIS,
Departments of Medicine and Pathology, Veterans Administration Medical
Center and University of Pittsburgh, Pennsylvania 15240

A B S T R A C T The role of local prostaglandin (PG)
synthesis in the modulation of the proliferative activity
of colonic epithelium was examined in rat colon. Ex-
perimental rats were given either indomethacin (5
mg/kg s.c. every 8 h for three doses) or aspirin (0.5
g/100 g diet for 3 d). In rats treated with indomethacin
or aspirin, the incorporation of [3H]thymidine (dThd)
into DNAin vivo was increased approximately twofold
over control in mucosal scrapings from distal colon,
and approximately threefold over control in the pro-
liferating pool of epithelial cells isolated from distal
colon. [3H]dThd incorporation into DNAwas also ex-
amined ex vivo immediately after distal colonic re-
section. It was approximately twofold higher in mu-
cosa of colonic segments (1-h incubation) from rats
treated with indomethacin or aspirin in vivo, com-
pared with corresponding values of segments from
control rats. Immunoreactive (i) prostaglandin E (PGE),
the dominant PG product of colon segment incubates
by high-performance liquid chromatography analysis
of [14C]arachidonate metabolites, was markedly (95%)
reduced in the media of 1-h colon incubates from in-
domethacin- or aspirin-treated rats, compared with
control rats. Moreover, the cyclic (c)AMP content of
mucosa of segments from indomethacin- or aspirin-
treated rats was significantly lower than that of control
rats. Prolonged incubation (4-24 h) of colonic seg-
ments from indomethacin-treated rats, in the absence
of indomethacin in vitro, led to an eventual return of
[3H]dThd incorporation into DNA, iPGE, and mucosal
cAMP to control values. Conversely, inclusion of in-
domethacin (0.25 mM) in the incubations (6 h) of co-
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lonic segments from indomethacin-treated rats re-
sulted in persistent suppression of iPGE and mucosal
cAMP, as well as persistent enhancement of [3H]dThd
incorporation into mucosal DNA. However, incubation
of colonic segments from control rats (no in vivo drug
exposure) with indomethacin or aspirin in vitro for
periods up to 24 h failed to alter DNAsynthesis, de-
spite marked reduction in media iPGE and lower mu-
cosal cAMP. The latter observations suggested that
additional in vivo factors initiated the enhancement
of DNAsynthesis in indomethacin- or aspirin-treated
rats. Exogenous PGE2, D2, I2, or F2a, each of which
increased the endogenous mucosal cAMP content of
incubated colonic segments from control, indometh-
acin- or aspirin-treated rats, all suppressed [3H]dThd
incorporation into mucosal DNA in vitro. Dibutyryl
cAMP, but not dibutyryl cGMP, had an analogous sup-
pressive effect on in vitro [3H]dThd incorporation into
DNA. Thus, the present observations are consistent
with an inhibitory action of endogenous colonic PG
synthesis on the proliferative activity of colonic epi-
thelium. This action may be mediated through cAMP.

INTRODUCTION

The colon is an active site of prostaglandin (PG)' syn-
thesis (1, 2). There is evidence that PGmay modulate
colonic transport functions (3) and motility (4). Studies
of both rabbit and rat colonic explants in culture have
also indicated that PG can alter the proliferative ac-
tivity of normal colonic epithelium (5, 6). Thus, ad-

' Abbreviations used in this paper: DBcAMP, dibutyryl
cyclic AMP; DBcGMP, dibutyryl cyclic guanosine mono-
phosphate; [3H]dThd, [3H]thymidine; HPLC, high-perfor-
mance liquid chromatography; iPGE, immunoreactive pros-
taglandin E; PG, prostaglandin, TXB2, thromboxane B2.
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dition of exogenous PGE2 or PGF2a to cultured ex-
plants suppresses mucosal DNA synthesis, possibly
through the action of these agents to increase epithelial
cyclic (c)AMP levels (5, 6). Attempts have also been
made to assess the influence of PGon colonic epithelial
proliferation in vivo. It has been reported that acute
parenteral administration of the PG analogs 16,16-di-
methyl PGE2 or 16,16-dimethyl-PGF2a failed to alter
the proliferative activity of colonic crypt epithelium
in normal rats when assessed 4 h after injection of these
agents (7). Similarly, the cyclooxygenase inhibitor flu-
biprofen was without apparent effect on the prolif-
erative activity of colonic crypts, when assessed 4 h
after injection of this drug (7). These negative results
are difficult to interpret, since (a) no evidence was
provided that the systemic administration of either of
the PGanalogs or the cyclooxygenase inhibitor altered
local colonic PG levels; and (b) proliferative activity
was examined only after a brief period of in vivo ex-
posure to the test agents. In more recent studies, Jo-
hansson et al. (8) reported that daily oral administra-
tion of 15(R)15-methyl-PGE2 to rats for 14 wk in-
creased colonic mucosal height. Although cell kinetics
and proliferative activity were not examined, the au-
thors suggested that PGE2might prolong cell turnover
time by preventing exfoliation.

In the present in vivo and ex vivo study, we ex-
amined the effects of two structurally distinct cycloox-
ygenase inhibitors, indomethacin and aspirin, on DNA
synthesis of colonic mucosa of normal rats, and cor-
related these effects with changes in colonic PG for-
mation and mucosal cyclic nucleotide levels.

METHODS
Treatment of rats. Female Sprague-Dawley rats (Zivic-

Miller Laboratories, Pittsburgh, PA) were studied in two
groups of six rats each. In studies with indomethacin, one
group was given the indomethacin vehicle (50 mMTris, pH
7.4) and the other indomethacin (5 mg/kg body wt) by sub-
cutaneous injection at 8-h intervals over 24 h. In studies with
aspirin, groups of six rats were fed aspirin (0.5 g/100 g diet)
for 3 d and compared with controls fed standard rat chow
without additions. This duration of aspirin ingestion was
chosen on the basis of preliminary data demonstrating that
it resulted in consistent ex vivo suppression of colon PGsyn-
thesis (see below). A portion of the colon from control and
indomethacin- and aspirin-treated rats was routinely ex-
amined histologically by light microscopy. In preliminary
experiments, injection of the 50 mMTris, indomethacin ve-
hicle was shown to have no effect on in vivo or ex vivo
[3H]thymidine (dThd) incorporation into DNA (see below)
compared with values observed in untreated rats serving as
controls in studies with aspirin. Accordingly, for purposes
of statistical analysis and conciseness in presentation of the
data, values obtained from untreated control rats were com-
bined with those for groups treated with the Tris vehicle.

Determination of in vivo incorporation of [3H]dThd into
DNA. [3H]dThd (50 MCi/rat) was injected intraperitoneally

1 h after the final indomethacin injection or 72 h after in-
troduction of aspirin. 2 h later, rats were anesthetized with
pentobarbital (50 mg/kg i.p.) and the distal colon resected
from the colonic flexure to 1 cm above the anal orifice. Colons
were placed in saline (4°C) containing 30 mg penicillin and
5 mg gentamicin per 100 ml. In some studies, the mucosa
was immediately scraped from the freshly excised colons.
In other experiments, superficial and proliferative colonic
epithelial cells were isolated, as previously described in de-
tail (9), by a modification of the method of Weiser (10) for
isolation of small intestinal epithelial cells. The pooled sur-
face cell fractions used in the current study contained 17-
25%, while the pooled proliferative cell fractions contained
65-68% of the total recovered protein and DNA. [3H]dThd
incorporation into DNA, after in vivo [3H]dThd injection as
described above, was four- to sevenfold higher in the pools
of isolated proliferative cells used in the current study com-
pared with that in the isolated surface cells. Greater than
95% of the isolated cells were viable, as determined by try-
pan blue exclusion.

Determination of ex vivo incorporation of [3H]dThd into
DNA, cyclic nucleotide content, and immunoreactive (i)PGE
formation. The effects of treating rats in vivo with indo-
methacin or aspirin on colonic mucosal DNA synthesis,
cAMP and cyclic guanosine monophosphate (cGMP) con-
tent, and iPGE formation by colonic segments were exam-
ined ex vivo. In these studies, rats were treated exactly as
described above for analysis of in vivo [3H]dThd incorpo-
ration into DNA, except that no injection of [3H]dThd was
given. In the ex vivo studies of [3H]dThd incorporation into
DNA, eight colonic segments (1 X 1 cm) were prepared from
each distal colon obtained from various treatment groups.
Five segments were used for determination of [3H]dThd in-
corporation into mucosal DNA, while three additional seg-
ments were incubated concurrently for determination of
mucosal cAMP, cGMP, and media iPGE content. Incubations
were begun within 15 min of resection and conducted for
timed intervals (1-24 h) in 2 ml of medium 199-bicarbonate
containing 30 mg % penicillin, 5 mg %gentamicin and 10%
(vol/vol) heat-treated (56°C for 60 min) fetal bovine serum
(medium 199-incubation buffer). The incubation buffer was
routinely equilibrated with 95% 02, 5% CO2. Indomethacin
(0.25 mM) or aspirin (0.5 mM) was present in the media only
where indicated in the Results. [3H] dThd (0.5 ,uCi/ml) was
added to some of the incubates for the times specified in
Results. Incubations were conducted at 370C in a Dubnoff
metabolic shaker. In the 6-h incubations described, media
were changed at 2-h intervals. Consistent with earlier results
(6), the rate of uptake of [3H]dThd into DNAwas linear for
6 h when examined in segments from control or indometh-
acin- or aspirin-treated rats.

For determination of mucosal cAMP and cGMPcontent
and iPGE accumulation in the incubation media, three seg-
ments from each colon were incubated at 37°C for timed
intervals from 1 to 6 h as described above, except that
[3H]dThd was omitted from the incubate. Only media iPGE
was assayed, since previous studies had demonstrated that
virtually all (>90%) of total incubate iPGE is found in the
media (2). In separate studies of the time course of mucosal
cAMP accumulation in colon segments incubated with ex-
ogenous PG, cAMP responses were examined at 5, 10, and
30 min and 1 and 6 h after addition of the PG.

Determination of cAMP and cGMP. The cAMP and
cGMPcontent of mucosal scrapings was extracted with 50
mMsodium acetate pH 4.0 (50 mg wet wt/0.5 ml) at 95°C
as previously described (6, 9). cGMPwas assayed by the
radioimmunoassay procedure of Steiner (11) and cAMP by
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the protein-binding method of Gilman (12). Both assays have
been previously described in detail (13).

Determination of iPGE content of media. iPGE content
was assessed as previously reported (2, 14, 15). [3H]PGE2
(1,500 cpm) was added to 1 ml of medium before storage
at -20°C. Acidified samples (pH 3-3.5) were extracted in
CHCl3 and assayed for iPGE content within 2 wk. Recovery
of iPGE, as estimated from [3H]PGE2, was 65-70%. PGEwas
determined by radioimmunoassay, with antiserum obtained
commercially (Regis Chemical Co., Morton Grove, IL).
When plotted as logit-log functions, standard curves were
linear from 0.1 to 10 ng PGE2/tube.

High-performance liquid chromatography (HPLC) sep-
aration of ['4C]arachidonate metabolites in media of colonic
incubates. Colonic segments from untreated rats were in-
cubated for 30 min at 370C in 2 ml each of medium 199-
incubation buffer, which contained 0.6 uCi ['4C]arachidonate
(1 ,uM). At the end of 30 min, PG were extracted from the
media as described by Green et al. (16). The following un-
labeled standards were routinely added to each sample: 6-
keto-PGFIa, thromboxane B2 (TXB2), PGF2., PGE2, PGD2,
13,14-dihydro-15-keto-PGF2a, 13,14-dihydro-15-keto-PGE2,
and PGA2. Elution of standards was monitored by absorption
at 214 nm. The system used adequately separated all of these
standards. HPLC was conducted as described by Terragno
et al., (17) with a ABondapak C18 reverse-phase column.
The solvent system used was 0.017 M H3PO4/CH3CN
(67.2:32.8, vol/vol) at a flow rate of 1.7 ml/min. Fractions
were collected every 30 s and counted in the scintillation
counter. Recovery of PG, as estimated by recovery of
[3H]PGE2 was routinely 80-85%. Greater than 90% of the
counts recovered from the HPLC column cochromato-
graphed with the standards used.

Autoradiography. Rats were injected with indomethacin
or vehicle as described above. [3H]dThd (50 ACi/rat i.p.) was
injected 1 h after the last injection of indomethacin. 2 h
later, rats were killed. Autoradiographs were prepared by
standard techniques (18). Distal colonic segments were fixed
in 3:1 methanol/acetic acid, sectioned to a thickness of 5
,um and mounted on glass slides. The slides were coated with
NTB-2 and stored in the dark for 3 wk. The slides were
developed (Kodak D10), fixed (Kodak 197-1746; Eastman
Kodak Co., Rochester, NY) and poststained with hematox-
ylin and eosin. The proportion of labeled cells was deter-
mined by counting 30 crypts in each specimen. A cell was
considered labeled if four or more granules overlayed the
nucleus.

Extraction and assay of DNA. DNAcontent of the co-
lonic mucosa was extracted as previously described (6). Al-
iquots were assayed for DNA by the diphenylamine pro-
cedure (19) and counted in the scintillation counter. Protein
was determined by the method of Lowry et al. (20).

Statistics. Statistical significance between mean values
was determined by Student's t test for unpaired data. The
results obtained from the vehicle (50 mMTris, pH 7.4)-
treated control group did not differ from those obtained with
the untreated control group and were combined. Experi-
ments were repeated three to four times as indicated in the
text, and the average of replicate determinations for a given
parameter from each experiment was entered as a single
value (df = 6 or 4, comparing any two parameters by un-
paired t test) for the purposes of statistical analysis.

RESULTS
Fig. 1 shows the separation of [14C]arachidonate me-
tabolites formed during a 30-min incubation of distal

colonic segments from untreated rats. The relative
amounts formed were PGE2> PGD2>13,14-dihydro-
15-keto-PGE2 > PGF2a = TXB2 = 6-keto-PGF1,
> 13,14-dihydro-15-keto-PGF2a. The predominant la-
beled PG product formed by the colon is PGE2, ac-
counting for 55% of the total PG products recovered
when PGE2plus the 13,14-dihydro-15-keto metabolite
are combined. Addition of indomethacin (0.25 mM)
to the colon incubation medium abolished accumula-
tion of all labeled PG shown in Fig. 1, whereas im-
adazole (5.0 mM) selectively abolished accumulation
of label eluting at the same retention time as
standard TXB2.

Table I illustrates the effects of treatment of rats
with indomethacin or aspirin on the in vivo incorpo-
ration of [3H]dThd into DNAof colonic mucosal scrap-
ings and of isolated colonic epithelial cells. In these
studies [3H]dThd was administered to rats 2 h before
they were killed. A portion of the colon was routinely
examined by light microscopy after fixation in for-
malin and staining with hematoxylin and eosin. By
light microscopy, colonic segments from aspirin- or
indomethacin-treated rats were histologically normal
and indistinguishable from those obtained from un-
treated rats. Specifically, there was no evidence of
mucosal injury, inflammation, or change of colonic
crypt height or cellularity in the rats treated with these
drugs. As shown in Table I, the incorporation of
[3H]dThd into DNAwas enhanced approximately two-
fold in mucosa scraped from distal colon of rats that
had been treated with indomethacin or aspirin, com-
pared with control. As also shown in Table I, [3H]dThd
incorporation into DNAwas approximately eightfold
higher in proliferative compared with superficial ep-
ithelial cells from colons of rats, demonstrating the
separation of these two epithelial cell pools (9). Pro-
liferative cells isolated from rats treated with indo-
methacin or aspirin demonstrated incorporation of
[3H]dThd into DNAthat was approximately threefold
higher than control. In the superficial cell pool from
the rats treated with indomethacin or aspirin, [3H]dThd
incorporation into DNA was 1.5-2-fold higher than
corresponding control values. However, autoradio-
graphs of distal colon from control and indomethacin-
treated rats indicated that enhanced DNA synthesis
in the experimental rats occurred predominantly in
epithelial cells of the lower one-third of the crypts
(Fig. 2). No granules were seen in the upper third of
the colonic crypt of either control or indomethacin-
treated rats (data not shown). The percentage of cells
labeled in the lower one-third of the colonic crypt was
approximately twofold higher in rats treated with in-
domethacin compared with vehicle controls (indo-
methacin, 48±3%; control, 26±2%). The fraction of
cells labeled in the middle third of the colonic crypts
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FIGURE 1 Separation of PGstandards and ['4Cjarachidonate metabolites of incubated rat colon
by HPLC. Distal colon segments from control rats were incubated in 2 ml of medium 199-
incubation buffer for 30 min at 37°C with 0.6 #Ci of ['4C]arachidonate (1 AM). PG were
extracted from the medium, mixed with the PGstandards shown, and injected onto a MBondapak
C18 reverse-phase column. The solvent system used was 0.017 M H3PO4/CH3CN (67.2:32.8,
vol/vol) at a flow rate of 1.7 ml/min. Fractions were collected every 30 s and counted in the
scintillation counter. Elution of standards is shown at top and elution of [14C]arachidonate
metabolites is illustrated at bottom. Results shown for [14C]arachidonate metabolites of incu-
bated distal colonic segments are means±SE of HPLCanalyses of three separate incubations.

from either control or indomethacin-treated rats did
not differ significantly, and each was much less than
that observed in the lower crypts (Fig. 2).

[3H]dThd incorporation into mucosal DNAwas also
examined ex vivo. In these studies, rats were treated
with indomethacin or aspirin as described above and
segments of excised distal colon were then immedi-
ately incubated for 1 h at 370C in the presence of
[3H]dThd. Indomethacin and aspirin were not present
in these incubates. As shown in Table II, analogous to
the changes in in vivo incorporation of [3H]dThd into
mucosal DNA, treatment with indomethacin or aspirin

enhanced ex vivo [3H]dThd incorporation into DNA
of mucosal scrapings. In separate experiments (data
not shown), in vitro total tissue uptake of [3H]dThd by
colonic mucosa was the same in indomethacin- or as-
pirin-treated vs. control rats. This was assessed by the
[3H]dThd remaining in the soluble fraction after pre-
cipitation of DNAfrom the mucosal extracts. As is also
shown in Table II, treatment with indomethacin or
aspirin in vivo suppressed early ex vivo media iPGE
accumulation by 80-85%, and significantly reduced
cAMP content of mucosal scrapings from the same
incubates. By contrast, cGMPcontent was not signif-
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TABLE I
Effects of Treatment with Indomethacin or Aspirin on In Vivo

[31HdThd Incorporation into DNAof Mucosal Scrapings and
Isolated Superficial and Proliferative Colonic Epithelial Cells

Superficial Proliferative
Treatment Mucosa cells cells

dpm/gsg DNA

Control 12±2 2.7±0.4 21±3
Indomethacin 22±3a 5.1±0.6- 69±8a
Aspirin 25±4 * 3.9±0.6 * 57±6-

In each indomethacin experiment, groups of six rats each were
injected subcutaneously with either indomethacin (5 mg/kg) or
vehicle (50 mMTris pH 7.4), at 0, 8, 16, and 24 h. In each aspirin
experiment, groups of six rats were fed aspirin (0.5 g/100 g diet)
or standard rat laboratory chow for 3 d. [3H]dThd (50 ACi/rat) was
injected 1 h after the final indomethacin injection or 72 h after
introduction of aspirin. Rats were killed 2 h after [3H]dThd injec-
tion. The mucosa was scraped from a portion of each of the colons
and the remainder used for isolation of superficial and proliferative
epithelial cells. [3H]dThd incorporation into DNAof the scraped
mucosa and superficial and proliferative cells was then determined.
Values from the indomethacin (vehicle) and aspirin control groups
did not differ and were combined. Epithelial cells isolated from
two rat colons of the same experimental group were combined
before extraction and assay of DNA. Results shown are means±SE
of determinations on mucosal scrapings or epithelial cells from four
separate indomethacin and aspirin experiments (df = 6).
* P at least <0.01, compared with corresponding value in the con-
trol group.

icantly different in mucosa from rats treated with in-
domethacin or aspirin vs. control. Separate segments
prepared from the same colons were used for the as-
sessment of ex vivo [8H]dThd incorporation, and for
the cyclic nucleotide and iPGE determinations shown
in Table II.

Fig. 3 illustrates the reversal of the effects of in vivo
treatment with indomethacin on colonic iPGE pro-
duction during prolonged incubation of the segments
in vitro in the absence of indomethacin. Consistent
with results of Table II, indomethacin treatment sup-
pressed by -85%, the accumulation of media iPGE
during the first hour of incubation, compared with
vehicle-treated controls. Media iPGE in incubates of
colonic segments from indomethacin-treated rats in-
creased progressively during the following 1-h incu-
bation periods, and returned to control levels by the
fourth hour of in vitro incubation of colon in the ab-
sence of indomethacin.

Table III shows the effects of treatment of rats in
vivo with indomethacin, followed by the subsequent
incubation of resected colon segments for 6 h in either
the presence or absence of indomethacin. Treatment

of rats with indomethacin followed by in vitro incu-
bation of colonic segments from these rats with in-
domethacin for 6 h was associated with persistent en-
hancement of in vitro [3H]dThd incorporation into
mucosal DNA, compared with colons not exposed to
indomethacin in vivo or in vitro. Mucosal cAMPcon-
tent and iPGE synthesis by segments from indometh-
acin-treated rats also remained significantly depressed
when incubated with indomethacin for 6 h. By con-
trast, when colonic segments from rats treated with
indomethacin were incubated for 6 h in the absence
of indomethacin, iPGE accumulation in the media and
mucosal cAMPcontent rose to levels observed in colon
with no in vivo or in vitro exposure to indomethacin.
Moreover, [3H]dThd incorporation into mucosal DNA
in colonic segments from indomethacin-treated rats
that were incubated without indomethacin for 6 h fell
toward control values, and after 24 h of incubation in
the absence of indomethacin, did not differ from con-
trol values (data not shown). These results demon-
strated that the effects of in vivo treatment with in-
domethacin on [3H]dThd incorporation into mucosal
DNA, mucosal cAMP, and iPGE were all reversible
by prolonged incubation of colon in vitro without the
drug.

Table IV illustrates the effects of in vitro addition
of indomethacin on mucosal cAMP and [3H]dThd in-
corporation into mucosal DNA of colonic segments
from control or indomethacin-treated rats during 6-h
incubations. Analogous to the results shown in Table
III, when colonic segments from rats treated with in-
domethacin were incubated for 6 h in the absence of
the drug, mucosal cAMP returned to control levels
(control, 4.4±0.5 pmol/mg protein; indomethacin-
treated, 4.6±0.7 pmol/mg protein). In the absence of
indomethacin in vitro, [3H]dThd incorporation into
DNAby colonic mucosa of indomethacin-treated rats
also fell toward control values (Table IV). Of note,
when colonic segments obtained from control rats (no
in vivo indomethacin) were incubated for 6 h in the
presence of indomethacin, there was a significant re-
duction in mucosal cAMP (Table IV) and a marked
reduction (>95%) of media iPGE (data not shown),
compared with values in control colon segments not
exposed to indomethacin in vitro. However, in contrast
to the findings in colonic segments from rats given
indomethacin in vivo, [3H]dThd incorporation into
DNAof mucosa from colonic segments exposed to in-
domethacin only in vitro (Table IV) was not elevated
compared with basal values (no in vivo or in vitro
exposure to indomethacin). Moreover, 24-h incuba-
tions of colonic segments from control rats with either
indomethacin (0.25 mM) or aspirin (0.5 mM) failed
to alter [3H]dThd incorporation into mucosal DNAin
vitro, despite significant reductions (30%) in the cAMP
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FIGURE 2 Autoradiography. The lower third of the colonic crypt derived from vehicle or
indomethacin-treated rats is shown. Rats were injected with vehicle (A) or indomethacin (B)
at 8-h intervals for 24 h as described in detail in Methods. [3H]dThd was administered in vivo
and rats were killed 2 h after the injection of [3H]dThd. Magnification, X 1,600.

content of the mucosa and marked reductions (95%)
in media iPGE, compared with corresponding values
in colonic incubates not containing indomethacin or
aspirin (data not shown).

As also shown in Table IV, exogenous PGE2, PGD2,
PGF2,, or PGI2 (10-4-10-S M) all significantly sup-
pressed [3H]dThd incorporation into mucosal DNAin
segments from control rats. Suppression of [3H]dThd
incorporation into DNAby these PG was associated
with two- to fourfold increases in colonic mucosal
cAMPcontent at 6 h (Table IV). At 10' M, all of the
exogenous PG significantly increased mucosal cAMP
within 5 min after addition, the earliest time point
examined. Peak increases occurred at 10 min. Some
secondary decline in cAMP from the peak levels was
evident by 30 min after addition of the PG, but, as
shown in Table IV, still remained above control values
at 6 h. The relative mucosal cAMP responses to the
various PG at these earlier time points were as shown

in Table IV, with 1lo M PGE2 and PGI2 inducing
greater increases than PGD2or PGF2a. With lo- M
PGE2, peak (10 min) increases in mucosal cAMPwere
five- to sevenfold over control values. This peak re-
sponse was followed by a secondary decline in cAMP
evident by 30 min (three- to fourfold over control).
However, mucosal cAMPof segments incubated with
10' or 1O' M PGE2 remained significantly higher
than control at 6 h, as shown in Table IV. PGE2 at
106 Mor 5 X 1O' Malso significantly increased mu-
cosal cAMP (approximately two- and 1.5-fold over
control, respectively, at 10 min). Both these concen-
trations of PGE2 also suppressed DNA synthesis by
-30% in 6-h incubations. By contrast, PGE2from 1O'

to 10- M was without detectable effect on mucosal
cAMP when examined at 10 min, 1 h, or 6 h, or on
DNAsynthesis in 6-h incubations. On the basis of the
limited equivalent concentrations (10' and 10- M)
of the various PGtested and a comparison of the cAMP
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TABLE II
Effects of Treatment of Rats with Inhibitors of PC Synthesis

on [3H]dThd Incorporation into Colonic Mucosal DNA,
cAMP, and cGMPContent and Media iPGE

Accumulation Examined Ex Vivo

Treatment rH)dThd cAMP cGMP iPGE

dpm/#tg pmol/mg protein ng/mg tissue
DNA

Control 21±4 5.1±0.7 0.61±0.09 0.24±0.03
Indomethacin 55±8 3.0±0.4 0.49±0.07 0.04±0.007
Aspirin 42±6- 3.4±0.5° 0.52±0.07 0.05±0.009"

In each experiment, groups of six rats were injected with indo-
methacin, fed aspirin, or served as controls as described in the
footnote to Table I. Control groups were untreated or received the
indomethacin vehicle. The distal colons were excised and colonic
segments (1 X 1 cm) incubated for 1 h in medium 199-incubation
buffer. r3H]dThd (0.5 iCi/ml) was present in some of the incubates.
For determination of [3H]dThd incorporation into mucosal DNA,
five distal colon segments from each rat were used, whereas for
determination of cAMP, cGMP, and iPGE, three segments from
the same colons used for [3H]dThd determination were incubated.
Values from the indomethacin vehicle and untreated control groups
did not differ and were combined. Results shown are means±SE
of determinations from three separate experiments (df = 4).
o P at least <0.01, compared with corresponding value in control
rats.

responses to 10- M at 5 min, 30 min, 1 h, and 6 h
after addition, PGD2 and PGF2a appeared to be less
effective than PGE2and PGI2 as stimuli of cAMPand
as suppressors of [3H]dThd incorporation into DNA.
However, more detailed studies would be required to
establish the relative potency of these PG with cer-
tainty. Addition of dibutyryl (DB)cAMP also sup-
pressed [3H]dThd incorporation into mucosal DNAin
control colonic segments (39-43%), whereas dibutyryl
(DB)cGMP was without effect. In vitro [3H]dThd in-
corporation into DNAwas elevated in the mucosa of
colonic segments from rats treated with indomethacin
in vivo and then subsequently incubated with this
agent (Table IV). Exogenous PGE2, PGI2, PGD2, or
PGF2ar (10-4-10-5 M) all suppressed [3H]dThd incor-
poration into mucosal DNA in segments from the in-
domethacin-treated rats. However, during 6-h incu-
bations with these same test agents, [3H]dThd incor-
poration into mucosal DNA remained significantly
higher in segments from indomethacin-treated rats
compared with corresponding values in control seg-
ments (Table IV). As is also shown in Table IV, mucosal
cAMP content was significantly lower in segments
from indomethacin-treated rats compared with con-
trol. However, addition of PGE2, PCI2, PGD2, or
PGF2, in vitro elevated mucosal cAMP to the same
absolute level in segments from indormethacin-treated

and control rats. Analogous effects of these exogenous
PGand DBcAMPwere observed on in vitro [3H]dThd
incorporation of colonic segments from rats treated
with aspirin (data not shown).

DISCUSSION

The colonic epithelium undergoes continuous and
rapid renewal. This process follows a well ordered se-
quence in which relatively undifferentiated cells at the
base of the crypt show the greatest proliferative ac-
tivity and serve as a source of new cells in the renewal
process (21). As cells from the lower crypt migrate into
the upper one-third of the colonic crypt, proliferative
activity ceases and differentiation occurs (21). The
process of colonic epithelial cell migration takes 2-3

7
Cutrel

0.20-

Imndmuthacin Treatd
j7 0.15-

E

0.10-

0.05

0- , , I. 1
1 2 3 4 5 6

Incubation Time (hours)
FIGURE 3 Time course of reversal of indomethacin-induced
alterations in media iPGE of incubated colonic segments. In
each experiment, six rats were treated with indomethacin
(-) or vehicle (0) in vivo as described in the legend to Table
II. Three segments from each colon were then incubated
sequentially for a total of 6 h in medium 199-incubation
buffer without added indomethacin. The medium was
changed every hour and iPGE content determined. Results
are means±SE of values from three separate experiments
(df = 4).
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TABLE III
In Vitro Reversal of Alterations in [3H]dThd Incorporation into

Mucosal DNAand cAMPand Media iPGE Accumulation in
Colonic Segments from Indomethacin-treated Rats

Indomethacin

In vivo In vitro ['sHIdThd cAMP iPGE

dpm/ug pmol/mg ng/mg tissue
DNA protein

- - 53±9 5.6±0.8 0.38±0.06
+ + 127±16° 3.2±0.5° 0.021±0.003°
+ - 78±12 t 5.8±0.7t 0.43±0.07t

Where indicated under indomethacin in vivo, rats were treated
with indomethacin as described in Table I. Five ([3H]dThd) or three
(cAMP and iPGE) segments from each rat colon were incubated
for 6 h at 37'C. Media were changed at 2-h intervals. [3H]dThd
was present for the final 2 h. Where indicated under indomethacin
in vitro, the drug (0.25 mM) was either present or absent during
the entire 6-h period of incubation. Results are means±SE of de-
terminations from three separate experiments (df = 4).
° P at least <0.01, compared with corresponding value in the ab-
sence of indomethacin in vitro or in vivo.
t P at least <0.01 comparing values of segments from rats exposed
to indomethacin in vivo only with values obtained in colon exposed
to indomethacin both in vivo and in vitro.

d in the rodent and 4-8 d in man (22). A constant
epithelial cell pool is normally maintained by the dy-
namic equilibrium between cell proliferation in the
lower crypt and cell loss at the surface (21, 22). The
processes that control the proliferative activity of co-
lonic epithelium are multiple, complex, and incom-
pletely defined. They include intraluminal factors,
such as food intake, hormones, and paracrines (22-25).
The present study was undertaken to assess whether
local PG synthesis participates in the modulation of
proliferative activity of the colonic epithelium. Pre-
vious in vitro data supported the ability of exogenous
PGE1, PGE2, or PGF20 to suppress colonic mucosal
DNAsynthesis in cultured explants from both rabbit
and rat (5, 6). Earlier studies have also demonstrated
that PGE2 and PGF2,. are synthesized by colon (1).
However, evidence that local alterations in colonic PG
synthesis influence the proliferative activity of normal
colonic epithelium has been lacking.

The current study demonstrates that the adminis-
tration to rats of indomethacin or aspirin, two struc-
turally distinct inhibitors of cyclooxygenase activity
(26), acutely enhances colonic epithelial DNAsynthe-
sis in vivo. Increased [3H]dThd incorporation into DNA
was observed in preparations of epithelial cells isolated
from treated rats, as well as in scrapings (Table I).
Thus, changes in total mucosal DNAsynthesis reliably
reflected the directional changes that occurred in the

epithelial cell compartment. This stimulation was not
attributable to enhanced epithelial renewal in response
to histologically evident cell injury or inflammation.
Autoradiographic studies provided no evidence that
24 h of treatment with indomethacin resulted in an
extension of the normal proliferative zone of colonic
epithelium (Fig. 2). Thus, the acute enhancement of
DNAsynthesis induced by cyclooxygenase inhibitors
appears to occur mainly in the lower third of the crypt,
the region that normally demonstrates proliferative
activity (27). The small increase in [3H]dThd incor-
poration observed in the superficial cell isolates may
be due to minor contamination of this pool with pro-
liferative cells from the lower zones. It is possible that
the changes in DNAsynthesis induced by indometh-
acin reflect an enhanced turnover of dividing lower
crypt cells, with continued normal suppression of pro-
liferative activity as these cells migrate up the crypt.
However, more prolonged studies with indomethacin
will be needed to exclude with certainty an eventual
extension of the proliferative zone, described in colon
of both rodent and man (27).

The stimulation of colonic mucosal DNAsynthesis
induced by treatment of rats with either indomethacin
or aspirin was detectable during ex vivo incubation of
colonic segments with [3H]dThd, performed immedi-
ately after colonic resection (Table II). The ex vivo
data make it unlikely that the increases in [3H]dThd
incorporation observed in vivo were related to altered
rates of delivery of injected [3H]dThd to the colonic
mucosa of rats treated with indomethacin or aspirin.
Moreover, since [3H]dThd, recovered in the soluble cell
fraction of colonic mucosa from control rats, did not
differ from corresponding values in rats treated with
indomethacin or aspirin, enhanced [3H]dThd incor-
poration into DNAwas not a simple function of greater
uptake of label by colonic mucosa of the treated rats.
The ex vivo studies also provide evidence that the doses
of indomethacin and aspirin given to the rats were in
fact effective in suppressing colonic PG synthesis, as
monitored by changes in iPGE. Thus, iPGE, the major
PGproduct of colonic segments (Fig. 1), was markedly
reduced in 1-h incubates of segments resected from
indomethacin- or aspirin-treated rats, compared with
control (Table II). Suppression of iPGE synthesis was
associated with both higher rates of [3H]dThd incor-
poration into DNAand reduced mucosal content of
cAMP. iPGE synthesis by colonic segments from in-
domethacin-treated rats remained suppressed for 3 h
after resection (Fig. 3). However, after 4 h of incu-
bation, iPGE formation by three segments returned
to control levels (Fig. 3). This change was associated
with a rise in mucosal cAMPcontent to control values
and a fall in DNAsynthesis (Table III). After 24 h of
incubation without indomethacin, values in colon seg-
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TABLE IV
Effects of In Vitro Addition of Indomethacin, PG, DBcAMP, and DBcGMPon

[3H]dThd Incorporation into DNAand cAMPof Colonic Segments
from Control and Indomethacin-treated Rats

cAMP ('HJdThd

In vitro additions Vehicle Indomethacin Vehicle Indomethacin

pmol/mg protein dpm/pLg DNA

None 4.4±0.5 4.6±0.7 49±6 74±101

Indomethacin 3.1±0.40 3.2±0.5* 51±7 106±13° t
+1o-4 MPGE2 11±20 10±10 32±50 55±8 ° 1
+lo-5 M PGE2 13±20 11±1 ° 35±60 58±7 ° t
+10-4 MPGD2 7.3±1e 7.5±+1 37±50 72±11e1
+10-5 MPGD2 7.1±1" 6.7±10 36±60 69±101t
+o1-4 M PGI2 10±2" 12±2* 32±5" 61±9*1
+io-5 M PGI2 12±10 10±10 35±7 58±7°t
+10-4 M PGF2, 6.7±1 6.1±1° 37±5e 76±111t
+10-5 M PGF2a 6.4±1P 6.9±1P 36±6e 71±1201
+10-4 M DBcAMP - - 29±4 53±6e1
+10-5 M DBcAMP 31+±5 49±7 1t
+10-4 M DBcGMP - 53±8 102±131

Rats were treated with indomethacin or vehicle as described in the footnote to Table
I. For the determination of [3H]dThd incorporation into DNA, segments from each rat
colon were incubated for 6 h in the medium 199-incubation buffer. The medium was
changed every 2 h to fresh medium of the same composition. Test agents indicated
under in vitro additions were present in the media for the entire 6 h. [3H]dThd was
present in the incubates indicated for the final 2 h. For determination of cAMP, three
segments from the same colons used to determine [3HJdThd incorporation into DNA
were incubated for 6 h at 37°C. Where indicated under in vitro additions, indomethacin,
PG, and exogenous cyclic nucleotides were present for the entire 6 h. Results are
means±SE of determinations from three separate experiments (df = 4).

Pp < 0.01 compared, with corresponding value in the absence of an in vitro addition.
t P < 0.01 compared with corresponding value in vehicle-treated rats.

ments from rats treated with indomethacin had re-
turned to control levels. By contrast, inclusion of in-
domethacin in 6-h incubates of colonic segments ob-
tained from rats treated with indomethacin in vivo
resulted in persistent suppression of iPGE formation
that was associated with reduced mucosal cAMPlevels
and persistent enhancement of DNA synthesis, com-
pared with segments from control rats. Of particular
note, in vitro incubation of colonic segments from con-
trol rats (no exposure to indomethaci,. or aspirin in
vivo) with indomethacin or aspirin for-periods up to
24 h failed to alter [3H]dThd incorporation into mu-
cosal DNA, even though iPGE content of the incubates
and mucosal cAMP levels were reduced by drug ex-
posure in vitro only. These results indicate that inhi-
bition of colonic PG synthesis and the concurrent re-
duction in mucosal cAMPare alone insufficient to stim-
ulate colonic mucosal DNAsynthesis. The observations
strongly imply that additional factors were involved
in the enhancement of DNAsynthesis that was initi-

ated in vivo in the setting of reduced colonic PG syn-
thesis.

Conversely, on the basis of these and other consid-
erations, it may be suggested that the net impact of
local colonic PGsynthesis is to inhibit the proliferative
activity of the epithelium. Thus, time-dependent res-
toration of colonic PG synthesis to control levels in 6-
h incubated segments from indomethacin-treated rats
was accompanied by a fall in [3H]dThd incorporation
into DNA toward control values. Moreover, addition
of several exogenous PG (PGE2, PGF2a, PGD2, or
PGI2), each of Which is formed by colonic segments
and each of which increased colonic mucosal cAMP
levels, suppressed both basal mucosal DNAsynthesis
and the enhanced rates of DNAsynthesis characteristic
of colonic segments from indomethacin- or aspirin-
treated rats (Table IV). The inhibitory influence of
local PG production on epithelial cell proliferative
activity in colon may play an important role in the
orderly growth and differentiation of this rapidly re-
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newing cell population. Thus, changes in colonic PG
synthesis may represent a pathway through which hor-
mones and other factors influence the growth of co-
lonic epithelium. Local PG production has also been
implicated in the control of uterine epithelial cell
growth (28).

As in the present study, previous observations have
strongly suggested that the action of PG to inhibit co-
lonic mucosal DNA synthesis is mediated through
cAMP (5, 6). Another stimulus of colonic mucosal
cAMP, vasoactive intestinal peptide, has also been
shown to suppress DNAsynthesis (6). In addition, we
have previously found that the cAMP content of su-
perficial (nonproliferative) epithelial cells isolated
from normal rat colon is significantly higher than that
of proliferative cells (9), whereas the cAMP content
of colonic epithelium falls during the period of en-
hanced DNAsynthesis that follows cell injury (6). Con-
versely, in vivo administration of DBcAMPhas been
reported to inhibit cell proliferation in rat colonic
crypts (29). Notably, the cAMPcontent of both human
colonic adenocarcinomas (13) and colonic tumors in-
duced experimentally in rodents (30) is lower than that
of corresponding normal colonic mucosa.

In summary, the present data are consistent with a
role for local colonic PG synthesis in the modulation
of the proliferative activity of colonic epithelium. The
effect of locally generated PG is suppression of DNA
synthesis. However, enhancement of colonic mucosal
DNAsynthesis in response to inhibitors of PGsynthesis
was observed only when these agents were given in
vivo, suggesting that additional factors were necessary
to initiate DNAsynthesis after depression of PG gen-
eration. The inhibitory effect of PG on colonic epi-
thelial cell proliferation may be mediated through
cAMP.
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