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ABSTRACT

Following 4 weeks of s.c. injections of 1,2-dimethylhydrazine, a car
cinogen that produces colon cancer in <'!â€¢',mice, an increase in the

unidirectional mucosa! to serosa! flux and net absorption of sodium was
observed in the distal colon. This increase in sodium transport was
amiloride sensitive. 1,2-Dimethylhydrazine treatment had no effect on
sodium transport in the distal colon of DBA/2 mice, a strain which does
not develop colonie malignant transformation. Although stimulation of
sodium transport has been observed in cultured cell systems exposed to
growth factors, similar changes in sodium transport have not previously
been demonstrated in an intact epithelium at an early stage of carcino-
genesis. The present study in mouse distal colon demonstrates that
sodium transport is altered in 1,2-dimethylhydrazine-induced malignant
transformation of the large bowel.

INTRODUCTION

A growing body of recent evidence suggests that malignant
transformation may be associated with the phenotypic expres
sion of cellular or viral oncogenes (1-7), which may exert their
effect on growth control through naturally occurring mitogens
such as platelet-derived growth factor (8) or epidermal growth
factor (9). One of the earliest events in growth stimulation
produced by these mitogens is an increase in sodium influx into
resting cells (10-13), and these changes in sodium transport
and cell proliferation are inhibited by the diuretic amiloride
(10-16).

Furthermore, cancer cells have an increased cytoplasmic or
nuclear sodium/potassium ratio which is more than three times
the ratio found in their untransformed counterparts (17-19)
which suggests that the transport of various intracellular ions
are altered at some stage in the malignant process. Because of
the postulated role of sodium in growth control mechanisms,
we examined transport changes in the colonie mucosa of car
cinogen-treated CFi mice after 4 weeks of treatment with the
carcinogen DMH.3 This strain of mice is known to develop

premalignant changes as early as 1 week after 6 weekly treat
ments with DMH (20).

Additional studies were performed in DBA/2 mice, a strain
which is resistant to the development of large bowel cancers
following similar DMH treatments (21).

We found that DMH treatment increased neutral chloride-
independent sodium absorption (which may partly reflect a
sodium-hydrogen exchange process) in the distal colon of CFi
mice. These results suggest that changes in sodium transport
are associated with colonie carcinogenesis.
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'The abbreviations used are: DMH, 1,2-dimethylhydrazine; pd, potential
difference; Isc, short-circuit current; C, conductance; .Ot. unidirectional flux of
sodium from mucosa to serosa; .0â€žt,unidirectional flux of sodium from serosa to
mucosa; .C,',,net movement of sodium; MAM, methylazoxymethanol.

MATERIALS AND METHODS

Nonfasting adult female CF, mice (Charles River Breeding Labora
tory) weighing between 19 and 21 g or adult female DBA/2 mice
(Charles River Breeding Laboratory) weighing between 20 and 22 g
were used in all experiments, and were kept under identical conditions
of cyclic 12 h light and dark. Regular Purina Chow and water were
allowed ad libitum.

The carcinogen DMH (Aldrich Chemical Company) was freshly
prepared on the day of injection and dissolved in 0.9% saline and
injected s.c. into the groin in a dose of 20 mg/kg weekly for 4 weeks in
a negative flow hood. Control animals were s.c. injected with an
identical volume 0.9% saline. All animals receiving the carcinogen were
kept in a negative flow hood for 12 h to prevent atmospheric contami
nation.

The Ringer's solution contained (in mM): Na, 140; K, 5.2; Ca, 1.2;

Mg, 1.2; HCOj, 25; HPO4, 2.4; H2PO4, 0.4; Cl, 119.8; and glucose 10.
K, Ca, and Mg salts of sulfate and the Na salt of isethionate were used
to replace Cl in some experiments in the identical molar concentrations
of the chloride salts used in standard Ringer's solution mentioned

above.
One week after their last injection animals were sacrificed by cervical

dislocation and the colon was removed and rinsed with iced standard
or chloride-free Ringer's solution. Since preliminary studies failed to

demonstrate any difference in stability of the tissue (assessed as the
ability of the tissue to maintain its short circuit current and spontaneous
potential difference overtime) whether or not the seromuscular layer
was stripped, all experiments were performed on pieces of colon con
taining all layers including the mucosa. Tissues were stable for 3 h
although experiments were completed within 90 min. Two proximal
and two distal pieces of colon were mounted within 10 min of sacrifice
in Lucite chambers (area, 0.28 cm2) and bathed on the mucosa! and
serosa! side with equal volumes of standard or chloride-free Ringer's
solution at 37"C continuously oxygenated with 95% O2-5% CO2 and

circulated using a bubble lift mechanism.
The spontaneous electrical potential difference pd across the tissue

was monitored through 4% agar bridges placed near each membrane.
The bridges were made from an identical solution to that bathing the
tissues to avoid junction potentials and were connected to calomel
electrodes and a direct reading potentiometer and clamp box (DVC
1000; WPI Instruments, New Haven) under short-circuited conditions
after the device had been balanced to allow for series resistance of the
bathing solution. Tissues were clamped to O m V by a current passed
automatically by the clamp box to buck out the spontaneous pd except
for a period of 10 s every 5 min when the tissues were returned to open-
circuit conditions in order to record the spontaneous potential differ
ence. The current required to buck out to spontaneous pd was contin
uously recorded as Isc and G of the tissues was calculated according to
Ohm's Law. 22Na (New England Nuclear, Boston, MA) was used to

measure unidirectional fluxes of sodium across unstripped pieces of
bowel under short-circuited conditions and tissues were matched by
conductance so that paired tissues varied by no more than 15% as
described previously (22). Accumulation studies indicated that a con
stant rate of 22Na movement across the unstripped bowel was achieved

10 min after the addition of the isotope and flux samples were taken at
least 15 min after the addition of the isotope. Two flux samples were
taken 15 min apart and the sample was replaced with an identical
volume of Ringer's or chloride-free Ringer's solution. Hot side samples

in triplicate, blanks or flux samples were made up to the same volumes
and mixed with scintillation fluid (Formula 963, New England Nuclear)
and counted on a Beckman Gamma Counter (300 system). Fluxes were
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Table 1 Coloniesodiumtransportin CF\ micein standard Ringer'ssolution

All results expressedas mean Â±SEM.
JSf be'

â€¢Â»iEq/cm2/h.
*Electricalpotential in mV.
' Conductancein mS.
'' /' valuecomparing I)Mi I treated animalswith controls usingunpaired Student's / test.
'' NS, not significant.

ff

ControlsProximal
colon (n =11)Distal

colon (n =10)DMH

x 4wkProximal
colon (n =10)P*Distal

colon (n =12)^7.1

Â±0.57.7
Â±0.86.0

Â±0.7NS'6.2

Â±0.4NS12.7

Â±0.812.9
Â±0.610.6

Â±0.9NS11.8

+0.5NS5.6

Â±0.85.2
Â±1.14.7

Â±1.1NS5.6

Â±0.6NS1.4

Â±0.21.0
Â±0.10.7

Â±0.1<0.0250.7

Â±0.1<0.052.9

Â±0.33.1
Â±0.61.9

Â±0.4NS1.3

Â±0.2<0.0112.9

Â±0.79.6
Â±0.710.4

Â±0.7<0.02511.1

Â±0.7NS

Table 2 Coloniesodiumtransportin CF, micein chloride-freeRinger'ssolution

All results expressedas mean Â±SEM.

JÃ•T be' PdÂ»

ControlsProximal
colon (n â€”13)Period

I*Period
II'P'Distal

colon (n =12)Period!Period

IIPfDMH

X 4wkProximal
colon (n =15)Period

IPeriod
IIPfP"Distal

colon (n =15)Period
1Period
IIPfP*7.2

Â±0.38.7
Â±0.6<0.00255.3

Â±0.45.6
Â±0.4NS7.6

Â±0.58.8
Â±0.5<0.05NS5.4

Â±0.36.0
Â±0.3<0.025NS8.9

Â±0.39.6
Â±0.4NSÂ«7.3

Â±0.46.9
Â±0.4NS9.0

Â±0.59.8
Â±0.5NSNS8.8

Â±0.48.0
Â±0.5<0.05<0.011.8

Â±0.31.2
Â±0.4NS2.0

Â±0.51.2
Â±0.5<0.011.4

Â±0.51.1
Â±0.7NSNS3.4

Â±0.52.1
Â±0.5<0.025<0.051.3

Â±0.11.1
Â±0.1<0.0052.0

Â±0.12.1
Â±0.1NS1.3

Â±0.11.0
Â±0.1NSNS1.5

Â±0.11.6
Â±0.1NS<0.0012.1

Â±0.31.6
Â±0.2NS4.9

Â±0.34.8
Â±0.3NS2.0

Â±0.21.5
Â±0.2<0.005NS3.5

Â±0.23.5
Â±0.2NS<0.0216.8

Â±0.418.6
Â±0.7<0.00111.1

Â±0.211.4
Â±0.2<0.0116.8

Â±0.418.6
Â±0.4<0.005NS11.8

Â±0.412.1
Â±0.4NSNS

*Electricpotential in mV.
' Conductancein mS.
'' Basalflux period beforethe addition of amiloride.
'' Flux period followingthe addition of amiloride.
' /' valuecomparingchange betweenperiods I and II usingpaired Student's t test.
*NS, not significant.
* /' valuecomparing DMH-treated animalswith controls usingunpairedStudent's / test.

calculated using a replacement flux formula on a desk top computer.
In chloride-free experiments the effect of amiloride (Merck Sharpe and
Dolimi') was determined by measuring 22Na fluxes before and 15 min

after the mucosa! addition of 0.1 mM amiloride when steady state
conditions were reestablished as determined by initial accumulation
studies; this diuretic has been shown to inhibit the increase in sodium
influx induced by mitogenesis or by malignant transformation in cul
tured cells (23).

Values are expressed as mean Â±standard error of the mean. Statis
tical analyses were performed using the paired or unpaired Student's I

test as appropriate. Significance was considered to be achieved when P
< 0.05.

RESULTS
Studies in CF| Mice. Experiments with NaCl-Ringer's solu

tion; Table 1 presents the effects of 4 weeks of DMH treatment
on the .li;,', J,\;i|, and J"e* sodium fluxes across segments of
proximal and distal colon from CFi mice bathed with NaCl-
Ringer's solution. DMH treatment produced no significant

change in J^;! in the distal or proximal colon. The most notable
effects of DMH treatment were decreases in Isc and transmural
pd by 50 and 38%, respectively, in the proximal colon and by
30 and 58%, respectively, in the distal colon. Tissue conduct

ance, G, in the proximal colon of DMH-treated animals was
lower than in control animals but was not significantly changed
in the distal colon.

Experiments with chloride-free Ringer's solution; when prox

imal and distal colonie segments from control and DMH-
treated CFi mice were bathed with NaCl-Ringer's solution net

sodium absorption was appreciably greater than the Isc. This
result suggests that colonie sodium in both groups mainly
reflects one or more neutral sodium transport processes. Be
cause a preponderance of chloride-dependent sodium transport
could mask a smaller chloride-independent sodium transport
process, sodium absorption in control and DMH-treated ani
mals was examined under chloride-free conditions.

Table 2 presents unidirectional and net sodium fluxes across
segments of proximal and distal colon from control and DMH-
treated C Fi mice under chloride-free conditions. Compared
with the results in Table 1 in the basal (period I, preamiloride)
values of JÂ¡ÃœIand JUSin proximal and distal colon from control
animals were significantly lower in chloride-free Ringer's solu

tion, and under these conditions ,C,:| and Isc were similar in
both colonie segments. Taken together these results indicate
that sodium absorption throughout the normal (I , mouse
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Table 3 DBA/2 Mice. Colonie sodium transpon in chloride-free Ringer's solution

All results expressed as mean Â±SEM.

ControlsProximal
colon (n -11)Period

I'Period
II'P1Distal

colon (n =12)Period
IPeriod

IIPfDMH

x 4wkProximal
colon (n13)Period!Period

IIP'P*Distal

colon (n =12)Period!Period

IIPfP"JÃ•Ã•"8.1

Â±0.49.8
Â±0.6<0.026.7

Â±0.47.6
Â±1.0NS8.3

Â±0.59.1
Â±0.8NSNS8.4

Â±0.59.3
Â±1.0NS<0.02JUT9.5

Â±0.710.1
Â±0.6NS*9.1

Â±0.59.5
Â±0.6NS10.5

Â±0.410.7
Â±0.8NSNS9.8

Â±0.610.4
Â±1.2NSNSJA-1.4

Â±0.50.3
Â±0.8NS2.4

Â±0.51.9
Â±1.2NS2.2

Â±0.71.6
Â±1.3NSNS1.4

Â±0.81.1
Â±0.9NSNSIsc"1.5

Â±0.21.2
+0.2<0.0052.6

Â±0.12.4
Â±0.1NS1.5

+0.11.4
Â±0.1NSNS2.0

Â±0.12.0
Â±0.1NS--â€¢(UHMPd*-2.2

Â±0.2-1.8
Â±0.2<0.001-4.9

Â±0.3-4.7
Â±0.5NS-2.1

Â±0.2-1.9
Â±0.2<0.005NS-3.5

Â±0.2-3.1
Â±0.2<0.02<0.001<?19.3

Â±1.220.5
Â±1.5<0.0214.3

Â±0.215.7
Â±0.3NS19.1

Â±1.421.0
Â±1.5<0.005NS16.5

Â±1.017.9
Â±1.0<0.005NS

*/iEq/cmVh.
* Electric potential in mV.
' Conductance in mS.
'' Basal flux period before the addition of amiloride.
' Flux period following the addition of amiloride.
' /' value comparing change between periods I and II using paired Student's r test.
* NS, not significant.
* /' value comparing DMH-treated animals with controls using unpaired Student's t test.

colon mainly represents a neutral chloride-dependent sodium

transport process.
Table 2 also demonstrates that in the basal state J^, Juif,and

J"c'tin proximal colon, were similar in control and DMH-treated
animals. In contrast in DMH-treated distal colon, J^| (8.8 Â±
0.4, MEq/cm2/h) and jÂ£;(3.4 Â±0.5 /iEq/cm2/h) were greater
than in control colon (7.3 Â±0.4 /Â¿Eq/cm2/h,P < 0.01, and 2.0
Â±0.5 MEq/cm2/h, P < 0.05, respectively). Whereas DMH

treatment decreased Isc and pd in both the proximal and distal
colon when bathed in NaCl-Ringer's solution, these changes
were observed only in the distal colon under chloride-free
conditions. It should be noted that JÃœÃ•and Isc were identical in
control distal colon, whereas J"e*twas more than twice the Isc
in DMH-treated distal colon. This difference, which was ob
served only under chloride-free conditions suggests that DMH
treatment induces a neutral chloride-independent sodium trans
port process which may reflect a sodium-hydrogen exchanger.
As sodium-hydrogen exchange has been shown to be amiloride
sensitive in a variety of other epithelia (23), the effects of 0.1
DIMamiloride on sodium transport was determined after com
pletion of the basal flux periods.

As shown in Table 2 amiloride had no effect on Jâ€ž,;'or J^,:Â¡
across proximal colon from control or DMH-treated animals.
The increase in JJÂ¡Â¡seen in proximal and distal colon from both
control and DMH-treated animals was similar. However, in
distal colon from DMH-treated animals, amiloride significantly
decreased JÃœIfrom 8.8 Â±0.4 /iEq/cm2/h to 8.0 Â±0.5 Â¿Â¿Eg/cm2/
h (P < 0.05) and JÂ¡Sfrom 3.4 Â±0.5 //Eq/cm2/h to 2.1 Â±0.5
fiEq/cm2/h (P < 0.025) without changing the electrical prop
erties of the tissue. Amiloride also decreased Ju*tin distal colon

from control animals, but there was no significant decrease in
IN.Jms-

Studies in DBA/2 Mice. Since significant differences between
control and DMH-treatment in (I, mice were observed under
chloride-free conditions, all experiments with DBA/2 mice were
conducted under identical chloride-free conditions. Table 3

presents unidirectional and net sodium fluxes across segments
of proximal and distal colon from control and DMH-treated
DBA/2 mice. J"e*and Isc were similar in both colonie segments
in controls and DMH-treated animals. There was no significant
difference between JS or JÂ£.a,in proximal or distal colon from

DBA/2 mice following DMH treatment and instead of an
increase in distal colonie ,!â€ž;!observed in C'F, mice there was

an insignificant decrease from 2.4 Â±0.5 ^Kq/cnv/li to 1.4 Â±
0.8 ftEq/cm2/h (P value not significant) in distal colon from

DBA mice following DMH treatment. It should be noted that
although DMH treatment failed to increase net sodium absorp
tion in tissue from DBA/2 mice, DMH treatment resulted in a
significant decrease in both Isc from 2.6 Â±0.1 /iEq/cm2/h to
2.0 Â±0.1 /lEq/cmVh (P < 0.001) and pd from -4.9 Â±0.3 mV
to -3.5 Â±0.2 mV (/>< 0.001).

Unlike ( F, mice under chloride-free conditions the mucosal
addition of 0.1 IHMamiloride between period I and II failed to
produce a significant decrease in J^:Â¡or J"| in either controls
or DMH-treated DBA/2 mice suggesting that no basal or DMH
induced amiloride sensitive sodium absorption was present in
any of the colons from this strain of mouse.

DISCUSSION

In the present study 4 weeks of DMH treatment resulted in
a significant increase in net sodium absorption in the distal
colon of CFi mice. This increase was electroneutral and was
observed only under chloride-free conditions. It reflected an
increase in the unidirectional mucosal to serosal flux of sodium
which was at least partly amiloride sensitive. DMH treatment
therefore appears to stimulate a sodium absorptive process in
the distal colon of CF, mice which has the characteristics of a
sodium-hydrogen exchange (i.e., electroneutrality and inhibi
tion by amiloride).

In previous studies we demonstrated that 15 weeks of DMH
treatment resulted in a significant increase in electroneutral
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sodium absorption in the distal colon of Sprague-Dawley rats
(24). In contrast with the findings in CFi mice, the DMH-
induce increase in sodium absorption in rat distal colon was
evident when tissues were bathed in Nad-Ringer's solution but

there was no significant increase in chloride absorption and the
effect of amiloride was not determined. However, it is possible
that DMH treatment produces similar changes in colonie so
dium transport in both species.

Despite the fact that occasional clusters of atypical cells have
been observed in the colonie mucosa from DMH-treated CF]
mice, appreciable changes in mucosal morphology and altera
tions in thymidine labeling of colonie crypt cells were not
observed until 1 week after 6 weekly injections of DMH (20).
Stimulation of sodium absorption by DMH would therefore
appear to precede the carcinogen-induced changes in mucosal
morphology and crypt cell kinetics.

The CFi mouse model of colonie carcinogenesis mirrors the
sporadic development of large bowel cancers in humans since
the majority of tumors develop in the distal colon and rectum
(25). It is of interest that the principal site of altered sodium
transport was in the distal colon of CFi mice in these experi
ments.

Although a differential susceptibility of various mouse strains
to DMH-induced colon cancer has been recognized for some
time (26), this was thought to be related to the inability of
resistant strains to metabolize the carcinogen DMH to its active
metabolite methylazoxymethanol. Recent experiments with the
active metabolite MAM have demonstrated that proliferative
changes were not induced in resistant strains when the meta
bolic conversion of DMH to MAM was bypassed by direct
administration of MAM (27). Although the indigenous prolif
erative characteristics of a strain of mice are a key factor in the
expression of neoplastic transformation and ultimate tumor
frequency, the failure of DMH to induce an increase in sodium
absorption in the resistant strain of DBA mice lends further
evidence to support the hypothesis that a carcinogen-induced
increase in sodium absorption may be a functional change
associated with a loss of growth control and neoplastic trans
formation.

It cannot be determined from the present study whether these
early changes are an integral part of the carcinogenic process
or represent a less specific response to DMH in susceptible
strains of mice. More recent studies in our laboratory have
demonstrated that a sustained increase in sodium absorption
was not observed after 20 weeks of DMH treatment in gross
tumors mounted in Ussing chambers. Net sodium absorption
was significantly lower in gross tumors (n = 6) compared with
controls (n = 6) 0.1 Â±0.5 nEq/cm2fti versus 2.8 Â±1.2 /tEq/
cm2/h, respectively (P < 0.05). Two or more factors may be

responsible for this phenomenon. First, we have reported a
change in kinetic parameters of the Na-K ATPase pump in this
model following DMH treatment such that the affinity is higher
for sodium resulting in higher transport rates. At higher levels
of intracellular sodium a lower Vm^value results in lower levels
of sodium transport compared with controls (28). Second, we
have reported a relative depolarization of the apical membrane
by the time gross tumors develop (29) in addition to the trans-
mural depolarization reported in the present and a previous
study (30). Decreased pump activity and an increase in intra-
cellular sodium during the process of carcinogenesis would
depolarize the colonocyte plasma membrane as we have re
ported (29). The increase in intracelluiar sodium would be
expected to decrease the concentration gradient across the
apical cell membrane and therefore the driving force for sodium

entry would dissipate and the net absorption of sodium across
malignant mucosa would also decrease. Therefore, a sustained
increase in sodium absorption does not appear to be necessary
during the latter stages of carcinogenesis although an early
increase occurs in this model and it may be a nonobligate
regulatory signal for cellular proliferation preceding transfor
mation. By the time transformation occurs intracelluiar sodium
may have risen to a level that prevents apical sodium entry.

It is not clear whether amiloride would inhibit the develop
ment of tumors in this model by partly preventing the influx of
sodium although Sparks et al. have reported that amiloride
does decrease intracelluiar sodium and tumor cell proliferation
in a H6 hepatoma and DMA/J mammary carcinoma in vivo
(31). This data is difficult to interpret in light of the known
effects of amiloride on protein synthesis separate from its action
on sodium uptake (32).

Many observations on the action of growth factors support a
fundamental role of sodium in growth control mechanisms. For
example, early acting milogons stimulate sodium transport (10-
16) and normally nonmitogenic substances became mitogenic
when induced to stimulate sodium fluxes under certain condi
tions (15, 33). In cultured cell systems the initiation of DNA
synthesis depends upon the concentration of sodium in the
culture media (14, 15, 34). Furthermore, amiloride blocked
mitogen-induced sodium fluxes and DNA synthesis with similar

dose dependence (14, 15) and dose response rates have been
shown to be similar for both the sodium influx and DNA
synthesis induced by mitogens (12, 35). The link between so
dium influx and the stimulation of DNA synthesis is unclear
but the possibilities include an increase in intracelluiar pH by
activating a Na/H exchange (13, 36, 37), an activation of the
Na-K ATPase pump (38, 39), an increase in specific protein

phosphorylation (40, 41) and a rise in levels of intracelluiar
calcium (42).

Our results demonstrate that DMH enhanced sodium ab
sorption in the distal colon of OF, mice which ultimately
undergoes malignant transformation. The changes in sodium
transport (which may reflect stimulation of sodium-hydrogen

exchange at the apical cell membrane) occurs early in the
process of carcinogenesis before there is histolÃ³gica! or cell
kinetic evidence of altered growth of the colonie mucosa and
may therefore, precede the loss of growth control observed in
this model of carcinogenesis. The observation that an increase
in sodium influx appears to be associated with subsequent
malignant transformation is supported by the finding that
DMH treatment had no effect on sodium transport in distal
colon of DBA/2 mice which does not undergo malignant trans
formation or the proximal colon of CF, mice which is not the
target organ of colonie carcinogenesis in this model. Although
multiple mitogenic signals have been observed in growth stim
ulation, enhanced sodium influx may be one of several signals.
The present study cannot distinguish between obligatory or
nonobligate regulatory events. However, it has recently been
suggested that a combination of mitogenic signals may be
synergistic in stimulating growth so that the increase in sodium
influx observed in these experiments may enhance the mitogen-
icity of other as yet undetermined signals which ultimately
trigger growth (43). Further studies are required to determine
the effects of DMH on colonie sodium transport and its role in
carcinogenesis, however there may be a common basis to our
findings in DMH-treated mouse colon and the increase in
sodium influx observed in mitogen-treated cell cultures.
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