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Border Membranes of Rats Administered 1,2 Dimethylhydrazine
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Department of Medicine, Michael Reese Hospital and Medical Center, Pritzker School of Medicine,
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Abstract

Dimethylhydrazine (DMH) is a potent procarcinogen with se-
lectivity for the colon. To determine whether alterations in the
lipid composition and fluidity of rat colonic brush border mem-
branes existed before the development of DMH-induced colon
cancer, rats were injected s.c. with this agent (20 mg/kg body
weight per wk) or diluent for 5, 10, and 15 wk. Animals were
killed at these time periods and brush border membranes were
prepared from proximal and distal colonocytes of each group.
The "static" and "dynamic" components of fluidity of each
membrane were then assessed, by steady-state fluorescence po-
larization techniques using limiting hindered fluorescence an-
isotropy and order parameter values of the fluorophore 1,6 di-
phenyl-1,3,5-hexatriene (DPH) and fluorescence anisotropy
values of DL-249-anthroyl) stearic acid and DL-12(9-anthroyl)
stearic acid, respectively. Membrane lipids were extracted and
analyzed by thin-layer chromatography and gas-liquid chroma-
tography. Phospholipid methylation activity in these membranes
was also measured using S-adenosyl-L-methionine as the methyl
donor.

The results of these studies demonstrate that: (a) the lipid
composition and both components of fluidity of proximal DMH-
treated and control membranes and their liposomes were similar
at all time periods examined; (b) at 5, 10, and 15 wk the "dynamic
component of fluidity" of distal DMH-treated membranes and
their liposomes was found to be higher, similar, and lower, re-
spectively, than their control counterparts; (c) the "static com-
ponent of fluidity" of distal DMH-treated membranes and their
liposomes, however, was similar to control preparations at all
three time periods; and (d) alterations in the lipid composition
and phospholipid methylation activities appeared to be respon-
sible for these differences in the "dynamic component of fluidity"
at these various time periods.

Introduction

Characteristics that serve to distinguish malignant from normal
cells include their ability to proliferate independently of normal
regulatory mechanisms, invade normal tissue, and metastasize
(1). Increasing evidence suggests that these characteristics may
be modulated by the nucleus of the tumor cell and surface mem-
branes (1).
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Colorectal cancer is a leading cause of death among adult
patients with internal malignancies and is incurable in approx-
imately one-half of the patients at the time of initial diagnosis
(2). Prior studies have utilized various chemical carcinogens to
induce colonic neoplasia in experimental animals, as a means
of investigating some of the biological characteristics of these
tumors (3, 4). One such carcinogen, 1,2 dimethylhydrazine
(DMH),' has been extensively studied. DMHis a colonic pro-
carcinogen that requires metabolic activation within the host to
become active (4). This agent in weekly doses of 20 mg/kg of
body weight produces colonic carcinoma in virtually 100% of
animals, with a latency period of -6 mo (5-7). DMH-induced
tumors closely parallel human colon cancer with respect to clin-
ical and pathologic features (4). Furthermore, the vast majority
of colonic neoplasms occur distally with this carcinogen, par-
alleling the distribution of human tumors (4, 8). Using this model
of experimental colon cancer, several investigators have reported
biochemical changes in rat colonic tissue prior to the develop-
ment of overt tumors (4, 9, 10). To date, however, similar studies
have not been performed in plasma membranes of rat colono-
cytes. Our laboratory has recently devised techniques for the
isolation of brush border (11) and basolateral (12, 13) plasma
membranes from rat proximal and distal colonocytes. Regional
differences have been noted in the lipid fluidity2 and lipid com-
position of these colonic antipodal plasma membranes (12, 13).

Considerable attention has been focused on membrane lipid
fluidity and its relationship to the malignant transformation
process. Several laboratories have reported alterations in the flu-
idity of cancer cells (15-17). The present studies were, therefore,
undertaken to examine whether changes in the "static and dy-
namic components of fluidity" and lipid composition exist in
brush border membranes prepared from colonocytes of animals
treated with DMHfor 5, 10, and 15 wk, i.e., before the devel-
opment of colonic cancer. In view of the regional differences
previously noted in these parameters as well as the predilection
for the development of distal tumors with DMH,both proximal
and distal plasma membranes were examined in these studies.
The data from these experiments demonstrate that "premalig-
nant" alterations in the dynamic component of fluidity and lipid

1. Abbreviations used in this paper: 2-AS, DL-2-(9-anthroyl) stearic acid;
12-AS, DL-12-(9-anthroyl) stearic acid; DMH, 1,2 dimethylhydrazine;
DPH, 1,6 diphenyl-l,3,5-hexatriene.
2. The term "lipid fluidity" as applied to anisotropic bilayer membranes
is used to denote the relative motional freedom of the lipid molecules
or substituents thereof. A more detailed description of the sense in which
the term is used is given in Schachter et al. (14). Briefly, as evaluated by
steady-state fluorescence polarization of lipid fluorophors, fluidity is as-
sessed via the parameters of the modified Perrin relationship described
in Methods. An increase in fluidity corresponds to a decrease in either
the correlation time, T,,, or the hindered anisotropy, r,,, of the fluoro-
phore. Hence, the term combines the concepts of the "dynamic and
static (lipid order) components" of fluidity.
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composition of distal brush border membranes can be detected
and serve as the basis for the present report.

Methods

Isolation ofproximal and distal colonic epithelial cell brush border mem-
branes. Male albino rats of the Sherman strain weighing 75-100 g were
given weekly s.c. injections of diluent or 1,2 dimethylhydrazine dihy-
drochloride (Sigma Chemical Co., St. Louis, MO) at a dose of 20 mg/
kg body weight for 5, 10, and 15 wk. The stock solution for injections
consisted of 400 mg of DMHdissolved in 100 ml of water containing
37 mgEDTAand was adjusted to pH 6.5 with sodium hydroxide (18).
The animals were maintained on a pelleted diet (Camm Maintenance
Rodent Diet, CammResearch Institute, Inc., Wayne, NJ) with water
and food ad libitum. At 5-wk intervals, control and DMH-treated animals
were fasted for 18 h with water ad libitum before sacrifice. For each
control or DMH-treated preparation, six animals were killed rapidly by
cervical dislocation and their colons were excised. The cecum from each
animal was discarded, and the remaining large intestine divided into two
parts: proximal and distal (19). Epithelial cells, relatively devoid of goblet
cells, were then obtained from each segment using a technique that com-
bined chelation of divalent cations with mild mechanical dissociation
as described (11 - 13).

The cells from each segment were then pooled separately and used
to isolate brush border membranes as previously described (11). The
purity of each membrane preparation was assessed by the marker enzymes
total alkaline phosphatase (p-nitro-phenylphosphatase) and cysteine-
sensitive alkaline phosphatase (11); specific activity ratios [(purified
membrane)/(original homogenates)] ranged from 16 to 20 for these en-
zymes (Table I). The corresponding values for NADPHcytochrome c
reductase, succinic dehydrogenase, and sodium, potassium-dependent
adenosine triphosphatase, marker enzymes for microsomal, mitochon-
drial, and basolateral membranes, respectively, ranged from 0.50 to 1.50

in each of these membrane preparations (11). Protein was estimated by
the method of Lowry et al. (20). Liposomes were prepared from the
extracted lipids of each membrane as previously described (21).

Fluorescence polarization studies. Three fluorophores were used: 1,6
diphenyl-1,3,5-hexatriene (DPH), DL-2-(9-anthroyl) stearic acid (2-AS),
and DL-12-(9-anthroyl) stearic acid (12-AS). All compounds were ob-
tained from Aldrich Chemical Co. (Milwaukee, WI) or Molecular Probes
Inc. (Junction City, OR). Steady-state fluorescence polarization studies
were performed using a Perkin-Elmer 65040 spectrofluorometer (Perkin-
Elmer Corp., Norwalk, CT) adapted for fluorescence polarization. The
methods used to load the membranes and liposomes and the quantifi-
cation of the polarization of fluorescence have been described (21-25).
In this regard, however, it should be noted that, as evaluated by steady-
state fluorescence polarization of lipid fluorophores, "fluidity" has usually
been assessed via the fluorescence anisotropy r, without further resolution
of the components that determine r. Recent studies with the rodlike
fluorophore DPH, however, have demonstrated that the rotations of this
probe are hindered in both artificial and biological membranes (26-28).
Therefore, the fluorescence anisotropy of such a fluorophore is not ad-
equately described by the Perrin equation but by a modified relationship
(29, 30): r = r. + (ro - r,,,)[TJ(T, + Tf)], where r is the fluorescence
anisotropy, ro is the maximal limiting anisotropy, taken as 0.365 for
DPHand 0.285 for the anthroyl probes (25), rO is the limiting hindered
anisotropy, T,, is the correlation time, and Tf is the mean lifetime of the
excited state. The r,, values of DPH in natural and artificial bilayer
membranes are high and largely determine r (14, 31). The r,, values of
DPHcan also be used to define an order parameter, S, where S = (r,,/
ro)'O (29, 30). The rO and S values of DPHcan, therefore, be used to
assess the "static component of fluidity" of membranes. Unlike DPH,
the anthroyl probes (2-AS and 12-AS) yield relatively low values of r.,
in bilayer membranes (14, 31). Their rvalues reflect mainly Tc, the speed
of rotation, and can be used to assess the "dynamic component of fluidity"
of membranes.

Table I. Purification of Brush Border Membranes of Proximal and Distal Colonocytes after 5, 10, and 15 wk of Administration of DMH
or Diluent Assessed by the Specific Activities of the Marker Enzymes Alkaline Phosphatase and Cysteine-sensitive Alkaline Phosphatase*

Specific activity of marker enzyme

Proximal Distal

Duration of treatment Preparations n AP CSAP AP CSAP

wk nmol mgr' protein min-'

Control homogenate 10 18.3±1.0 16.5±0.9 15.6±1.3 13.3±1.2
Control membrane 10 328.6±11.2 280.3±8.2 256.3±10.6 217.1±9.8

5 (18) (17) (16) (16)
DMHhomogenate 10 20.6±0.8 17.6±0.7 15.2±1.2 13.8±1.1
DMHmembrane 10 331.3±7.6 281.2±9.7 261.4±11.8 220.3±12.2

(16) (16) (17) (16)
Control homogenate 10 19.4±1.1 15.8±1.2 15.0±1.1 12.2±1.2
Control membrane 10 316.4±12.1 273.4±11.2 254.2±6.7 211.3±1.2

10 (16) (17) (17) (17)
DMHhomogenate 10 18.2±1.3 15.8±1.2 13.6±1.7 11.3±8.3
DMHmembrane 10 310.7±15.6 268.3±14.3 248.3±11.7 207.6±9.9

(17) (17) (18) (18)
Control homogenate 8 19.1±1.6 16.3±1.5 13.1±1.3 11.2±1.1
Control membrane 8 326.3±9.6 277.6±10.3 260.0±14.3 221.1±13.9

15 (17) (17) (20) (20)
DMHhomogenate 8 16.9±1.5 14.3±1.6 13.6±1.4 10.7±1.4
DMHmembrane 8 324.7±10.6 268.3±11.5 256.7±11.7 215.4±10.2

(19) (19) (19) (20)

* Values represent means±standard error of number of preparations indicated under n. Numbers in parentheses represent fold purifications of
membrane values compared to starting homogenate values. Abbreviations: AP, alkaline phosphatase; CSAP, cysteine-sensitive alkaline phospha-
tase.
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In the present studies r<, values for DPHwere calculated from r
values as previously described by Van Blitterswijk et al. (32). The content
of each fluorophore in the membranes and liposomes was estimated
fluorometrically as described by Cogan and Schachter (33). Final molar
ratios of probe/lipid ranged from 0.001 to 0.002 and the anisotropy
differences noted in these studies could not be ascribed to differences in
probe concentration in the preparations. Corrections for light scattering
(suspensions minus probe) and for fluorescence in the ambient medium
(quantified by pelleting the preparations after each estimation) were made
routinely, and the combined corrections were <3%of the total fluores-
cence intensity observed for DPH-loaded preparations and <5%of that
observed for anthroylstearate-loaded suspensions. No changes in the ex-
cited-state lifetimes, as assessed by total fluorescence intensity were dem-
onstrated using each probe in each membrane or liposome preparations
(19-25).

Composition studies. Total lipids were extracted from the membranes
by the method of Folch et al. (34). Cholesterol and phospholipids were
measured by the methods of Zlatkis et al. (35) and Ames and Dubin
(36), respectively. The phospholipid composition of the extracts was fur-
ther examined by thin-layer chromatography according to the procedure
of Katz et al. (37). Fatty acids of the total lipid extracts were derivatized
as described by Gartner and Vahouny (38). Fatty acid methyl esters were
determined on a Hewlett-Packard 5790A gas-liquid chromatograph
(Hewlett-Packard Co., Palo Alto, CA) equipped with a flame ionization
detector and interfaced with a Hewlett-Packard 3390A integrator, using
authentic fatty acid methyl esters to identify retention times (38).

Assay of phospholipid methylation. The methylation of phospholipids
was measured by incorporation of the [3H]methyl group from S-adenosyl-
L-[methyl-3H]methionine (5.0-15.0 Ci/mmol) into phospholipids (39,
40). The reaction mixture (500 Al) contained buffer (50 mMTris-acetate,
pH 8.0), S-adenosyl-L-[methyl-3H]methionine [200 tM, 4 uCi] and
plasma membranes (200 Ag of protein). The reaction was initiated by
the addition of membranes and run at 370C for 60 min, unless otherwise
indicated. The reaction was terminated by addition of 3 ml of chloroform/
methanol/2 N hydrochloric acid (6:3:1, vol/vol) followed by addition of
2 ml of 0.1 MKCGin 50%methanol. The mixture was vigorously vortexed
twice and then centrifuged at 200 g for 10 min. The aqueous phase was
aspirated, the chloroform phase washed with 2 ml of 0.1 MKCl in 50%
methanol, and I ml of the chloroform phase was transferred to a scin-
tillation vial. After the solvent was evaporated to dryness under a stream
of nitrogen, 10 ml of ACSscintillation fluid (Amersham Corp., Arlington
Heights, IL) was added and the radioactivity was measured in a Beckman
LS 6800 liquid scintillation system (Beckman Instrument Corp., Palo
Alto, CA).

To identify the products of phospholipid methylation, the chloroform
phase was evaporated to dryness under nitrogen gas at 250C and the
residue dissolved in 100 AI of chloroform. The sample was applied on a
silica Gel Gplate and the chromatogram developed in chloroform/pro-
pionic acid/n-propyl alcohol/water (2:2:3: 1, vol/vol) at 230C in ascending
mode. The phospholipid standards were chromatographed simulta-
neously and their positions visualized by exposure to iodine vapors. The
areas corresponding to the standard phospholipids (phosphatidyletha-
nolamine, phosphatidyl-N-monomethylethanolamine, phosphatidyldi-
methylethanolamine, and phosphatidylcholine) were scraped separately
and extracted with chloroform/methanol (2: 1, vol/vol), and radioactivity
was quantified as described above.

The chemical identity of the methylated products was further estab-
lished by two-dimensional chromatography (41) and by hydrolysis of
the phospholipids and identification of their free bases as described by
Schneider and Vance (42). Additionally, both labeled and unlabeled S-
adenosyl-L-methionine were routinely purified by ion-exchange before
use (43).

Histological studies. At 5, 10, and 15 wk 1-cm proximal and distal
colonic segments from each control and DMH-treated animal killed
were immediately fixed in 4%paraformaldehyde. Fixed specimens were
then embedded in paraffin for light microscopic examination and stained
with hematoxylin and eosin (18).

Statistical methods. All results are expressed as mean values±standard

error. Paired or unpaired t tests were used for all statistical analysis. A
P value <0.05 was considered significant.

Materials. S-adenosyl-L-[methyl-3H]methionine (5.0-15.0 Ci/mmol)
was obtained from New England Nuclear (Boston, MA). Fatty acids,
methyl esters, gas-liquid chromatography columns and lipid standards
were all purchased from Applied Science Corp. (State College, PA) and/
or Supelco (Bellefonte, PA). All other materials were obtained from either
Fisher Chemical Co. (Fairlawn, NJ) or Sigma Chemical Co. unless oth-
erwise indicated.

Results

Light microscopic studies. Earlier light microscopic studies (4,
7) conducted on the effect of DMHon colonic epithelial histology
have revealed that with the present regimen used for adminis-
tration of DMH(20 mg/kg body weight per wk), severe atypia
or carcinoma in situ did not appear until at least 14-16 wk,
microscopic adenocarcinomas developed between 12 and 18 wk,
and visible adenocarcinomas were present in the majority of
animals by 18-24 wk. Despite extensive sampling of the proximal
and distal segments of colon in control and DMH-treated ani-
mals, no evidence of severe atypia, carcinoma in situ, or micro-
scopic adenocarcinomas were evident at 5, 10, or 15 wk by light
microscopic examination. A representative example of the his-
tologic appearance of the distal segment of rat colonic mucosa
after 15 wk of DMHtreatment is shown in Fig. 1.

* t

4f

Figure 1. Typical light microscopic appearance of distal colonic mu-
cosa after 15 wk of DMHtreatment. Severe atypia, carcinoma in situ,
or microscopic adenocarcinoma is not evident. (hematoxylin and
eosin, X 183) (original magnification).
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Other investigators have also reported that DMHadminis-
tration can cause inflammation of the colon which may later
subside (44). In the present study, minimal inflammation was
noted in the proximal and distal colonic segments, was equally
distributed in these segments, and did not appear to differ in
intensity after 5, 10, and 15 wk of treatment with DMH. It is,
therefore, unlikely that inflammation per se was responsible for
the biochemical alterations noted in the distal DMH-treated
membranes (see below).

Fluorescence polarization studies. The static and dynamic
components of lipid fluidity of brush border membranes and
their liposomes prepared from proximal and distal colonocytes
of control and DMH-treated rats at 5, 10, and 15 wk were as-
sessed by steady-state fluorescence polarization techniques, uti-
lizing rX and S values of DPHand r values of 2-AS and 12-AS,
respectively. The results of these studies are summarized in Ta-
bles II and III. As can be seen from these tables, both components
of lipid fluidity of proximal control and DMH-treated mem-
branes and their liposomes were similar at each time point using
the three fluorophores. Microvillus membranes prepared from
control and DMH-treated enterocytes of the small intestine also
had similar fluidity values at all time points using these probes
(not shown). As shown in Table II, however, this was not found
to be true for distal colonic membranes and their liposomes. As

assessed by the r values of 2-AS and 12-AS, at 5 wk distal DMH-
treated membranes and liposomes were more fluid than their
distal control counterparts. At 10 wk, the fluidity of these mem-
branes and liposomes was similar. By 15 wk, distal DMH-treated
membranes and liposomes were less fluid than their control
counterparts. The ratio of rDmH/roonetoI for both anthroyl probes,
therefore, progressively increased in distal membranes from 5
to 15 wk (Fig. 2). Thus, the dynamic component of fluidity of
DMH-treated membranes, relative to control membranes be-
came progressively less in this colonic segment over 15 wk. The
static component of fluidity of these distal membranes and their
liposomes, however, as assessed by r. and S values of DPH,
were similar at all time points (Table III).

Because DMHhas been shown to increase the rate of renewal
of the colonic epithelium (4), it was conceivable that some of
our results could have been influenced by altered colonocyte
populations. If, for example, "younger" cells (closer to the crypts)
contained brush border membranes with different 2-AS and 12-
AS anisotropy values, changes in proliferative rates could influ-
ence fluidity determinations. To test this possibility, we used a
method previously described by our laboratory (45) to isolate
two populations of colonocytes, "older" cells (closer to the sur-
face) and "younger" cells from the crypt region. Brush border
membranes were prepared from these cells and estimations of

Table II. Fluorescence Polarization Studies of Brush Border Membranes and Liposomes of Proximal
and Colonocytes Using 2-AS and 12-AS after 5, 10 and 15 wk of Administration of DMHor Diluent*

Duration of 2-AS Anisotropy, 12-AS Anisotropy,
treatment Preparations (n) rat 250C r at 25°C

wk

Control (P)f membranes (10) 0.113±0.002 0.103±0.002
Control (P) liposomes (5) 0.085±0.003 0.077±0.003
DMH (P) membranes (10) 0.113±0.001 0.105±0.001

5 DMH (P) liposomes (5) 0.084±0.002 0.078±0.002
Control (D) membranes (10) 0.114±0.002 0.112±0.002
Control (D) liposomes (5) 0.087±0.002 0.085±0.002
DMH (D) membranes (10) 0.102±0.002§ 0.100±0.002§
DMH (D) liposomes (5) 0.078±0.001§ 0.076±0.002§

Control (P) membranes (12) 0.105±0.002 0.098±0.001
Control (P) liposomes (4) 0.078±0.001 0.074±0.002
DMH (P) membranes (12) 0.104±0.002 0.097±0.001

10 DMH (P) liposomes (4) 0.077±0.003 0.074±0.002
Control (D) membranes (12) 0.110±0.001 0.103±0.001
Control (D) liposomes (4) 0.083±0.002 0.077±0.001
DMH (D) membranes (12) 0.110±0.001 0.104±0.001
DMH (D) liposomes (4) 0.083±0.002 0.078±0.002

Control (P) membranes (8) 0.108±0.005 0.107±0.003
Control (P) liposomes (5) 0.080±0.002 0.080±0.003
DMH (P) membranes (8) 0.111±0.002 0.110±0.002

15 DMH (P) liposomes (5) 0.082±0.003 0.083±0.002
Control (D) membranes (8) 0.110±0.002 0.108±0.002
Control (D) liposomes (5) 0.081±0.002 0.080±0.002
DMH (D) membranes (8) 0. 120±0.001§ 0.1 18±0.001§
DMH (D) liposomes (5) 0.094±0.002§ 0.092±0.002§

* Values represent means±standard error. t Abbreviations: D, distal; P, proximal.
some values of same colonic segment.

§ P < 0.05 or less compared to control membrane or lipo-
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Table III. Fluorescence Polarization Studies of Brush Border Membrane and Liposomes of Proximal
and Distal Colonocytes Using DPHafter 5, 10 and 15 wk of Administration of DMHor Diluent*

Limiting hindered
Duration of Anisotropy, anisotropy, Order parameter,
treatment Preparations (n) rat 250C r,, at 250C Sat 250C

wk

Control (P)t membranes (10) 0.216±0.004 0.188±0.004 0.718±0.007
Control (P) liposomes (5) 0.163±0.005 0.117±0.005 0.566±0.007
DMH (P) membranes (10) 0.212±0.005 0.183±0.005 0.708±0.009

5 DMH (P) liposomes (5) 0.161±0.005 0.115±0.006 0.561±0.009
Control (D) membranes (10) 0.244±0.004 0.225±0.003 0.785±0.006
Control (D) liposomes (5) 0.184±0.004 0.145±0.005 0.630±0.009
DMH (D) membranes (10) 0.241±0.005 0.221±0.005 0.778±0.009
DMH (D) liposomes (5) 0.182±0.005 0.143±0.005 0.626±0.008

Control (P) membranes (12) 0.217±0.002 0.189±0.003 0.720±0.005
Control (P) liposomes (4) 0.162±0.004 0.116±0.005 0.564±0.008
DMH (P) membranes (12) 0.221±0.004 0.195±0.004 0.731±0.007
DMH (P) liposomes (4) 0.164±0.003 0.119±0.004 0.571±0.008
Control (D) membranes (12) 0.234±0.002 0.212±0.002 0.762±0.004
Control (D) liposomes (4) 0.176±0.003 0.135±0.003 0.608±0.007
DMH (D) membranes (12) 0.234±0.004 0.212±0.003 0.762±0.006
DMH (D) liposomes (4) 0.175±0.004 0.133±0.004 0.604±0.007

Control (P) membranes (10) 0.217±0.006 0.189±0.008 0.719±0.009
Control (P) liposomes (5) 0.163±0.004 0.117±0.005 0.567±0.009
DMH (P) membranes (10) 0.226±0.004 0.201±0.004 0.742±0.008
DMH (P) liposomes (5) 0.167±0.004 0.123±0.005 0.580±0.009

15 Control (D) membranes (10) 0.242±0.003 0.223±0.003 0.782±0.006
Control (D) liposomes (5) 0.180±0.003 0.140±0.004 0.619±0.008
DMH (D) membranes (10) 0.245±0.002 0.227±0.002 0.789±0.005
DMH (D) liposomes (5) 0.182±0.003 0.143±0.003 0.625±0.006

* Values represent means±standard error. t Abbreviations: D, distal; P, proximal.

the 2-AS and 12-AS anisotropy values revealed no difference in
fluidity (not shown). These results, therefore, excluded more
rapid renewal as an explanation for our observations.

Phospholipid methylation studies. Our laboratory has re-
cently demonstrated that phospholipid methylation activity in
rat colonic brush border membranes can increase the lipid flu-
idity of this membrane (46). It was, therefore, of interest to ex-
amine phospholipid methylation activity in colonic brush border
membranes of control and DMH-treated animals. As shown in
Table IV, phospholipid methyltransferase specific activity was
similar in proximal membranes prepared from both groups of
animals at all three time points examined.

DMH-treated distal brush border membranes, however,
possessed significantly higher activity than control membranes
at 5, 10, and 15 wk (Table IV). Evaluation of the kinetic param-
eters of the enzymatic activities in both distal membranes by
double reciprocal plots (47), revealed that the enzyme in DMH-
treated membranes had higher maximal velocity (V.) values,
but similar Kmvalues at each time period (Table IV).

It was conceivable that a separate methyltransferase with
similar Kmbut different V.,. values was induced by DMHtreat-
ment in these distal membranes (4, 9, 19). The enzyme present
in DMH-treated membranes, however, was found to possess the
same pH optimum (pH 8.0) as its control counterpart, and its
activity was similarly influenced by 0.05% Triton X-100 (stim-

ulated by 20%), 10 mMATP(75% inhibition), and trypsin treat-
ment (20% inhibition) as previously described for the distal co-
lonic control methyltransferase (46). Although these observations
do not totally exclude the possibility that the methyltransferase
present in DMH-treated membranes is a separate enzyme, they
do suggest that this is unlikely. Further studies will be necessary,
however, to clarify this issue.

Lipid composition studies. Prior studies in model bilayers
and natural membranes have correlated a high lipid fluidity with
low molar ratios of cholesterol/phospholipid and sphingomyelin/
lecithin (48-51). A low ratio of protein/lipid (wt/wt) (21) as well
as less saturated or shorter fatty acyl chains in phospholipids
(50, 52), also has been associated with a higher membrane lipid
fluidity. It was, therefore, of interest to examine these parameters
in brush border membranes prepared from proximal and distal
colonocytes of control and DMH-treated animals at 5, 10, and
15 wk. The results of these studies are summarized in Table V.
At each time period, proximal control and DMH-treated mem-
branes possessed similar values for all parameters evaluated. This
was also the case for distal membranes at 5 wk. At 10 wk, how-
ever, both the sphingomyelin content (Table VI) and the sphin-
gomyelin/lecithin molar ratio (Table V) were greater in distal
DMH-treated brush border membranes as compared to their
control membrane counterparts. At 15 wk, distal DMH-treated
membranes again had a greater sphingomyelin content and
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Figure 2. Ratio of the fluorescence anisotropy, r, at 250C in DMH-
treated and control distal brush border membranes at the time periods
indicated, as assessed by steady-state fluorescence polarization using
the fluorophores (A) DL-2-(9-anthroyl) stearic acid (2-AS) and (B) DL-
1249-anthroyl) stearic acid (12-AS).

sphingomyelin/lecithin molar ratio than control membranes.
They also possessed a higher saturation index (Table V). This
was due to a decrease in arachidonic acid (20:4) in the DMH-
treated membranes compared to controls (Table VII).

Discussion

The experimental results demonstrate that alterations in the dy-
namic component of fluidity of brush border membranes and

their liposomes could be detected in the preneoplastic colon of
rats after the administration of the chemical carcinogen DMH.
These changes were restricted to membranes and liposomes pre-
pared from distal colonocytes and, furthermore, varied with du-
ration of administration (5-15 wk) of this agent.

Differences in the dynamic component of fluidity of control
and DMH-treated distal membranes and their liposomes were
seen at the earliest time period examined, i.e., after 5 wk of
DMH. At this time, DMH-treated membranes and liposomes
were found to be more fluid than their control counterparts.
Analysis of compositional parameters previously shown to cor-
relate with differences in membrane fluidity (21, 48-52, 53),
however, revealed that both membranes possessed similar values
for each parameter. Because previous studies had demonstrated
increases in a number of enzymatic activities in preneoplastic
colonic tissue of DMH-treated animals (4, 9, 10), phospholipid
methyltransferase activity was analyzed in both membranes. This
latter enzyme was of particular interest because our laboratory
had recently correlated increases in its activity with increases in
rat colonic brush border membrane fluidity (46). The activity
of this enzyme was found to be significantly increased in distal
DMH-treated membranes compared to distal control mem-
branes. In both proximal membranes, however, methyltrans-
ferase activity was similar. Evaluation of kinetic parameters from
double reciprocal plots (47), moreover, demonstrated a higher
Vmax for this enzyme in DMH-treated distal membranes than
control membranes but similar Km values. It bears emphasis,
however, that the number of enzyme units was not monitored
in these studies. Hence, these alterations in the DMH-treated
membranes could result from changes in the number of enzyme
units as well as from alterations in the function of each unit.

The relationship of this increased methyltransferase activity
to the fluidity changes noted in the distal DMH-treated mem-
branes remains unclear at this time. Although it is certainly pos-
sible that the increase in its activity might, at least partially, be
responsible for the increased dynamic component of fluidity
seen in the 5-wk distal DMH-membranes, based on prior ob-
servations in our laboratory (46) and others (54), it was surprising
that it did not influence the static component of fluidity as well.
Additionally, the content of phosphatidylethanolamine and

Table IV. Phospholipid Methyltransferase Specific Activities and Kinetic Parameters in Brush Border Membranes
of Rat Proximal and Distal Colonocytes after 5, 10, and 15 wk of Administration of DMHor Diluent*

Proximal Distal
Duration of Specific activities and
treatment kinetic parameterst Control DMH Control DMH

wk

Sp act 447.9±11.9 449.5±41.3 336.8±30.5 475.3±12.0§
5 VmM,, 438.7±40.1 758.4±21.4§

Km - 111.3±6.8 105.1±9.7

Sp act 442.0±29.6 374.5±48.1 338.0±10.1 575.5±29.0§
10 VM- 467.7±30.7 752.4±39.3§

Km - 103.6±10.2 112.1±11.9

Sp act 420.5±13.3 465.4±13.7 304.0±30.1 474.2±36.0§
15 V. 400.1±43.2 741.3±18.6§

Km 99.4±11.1 110.6±12.4

* Values represent means±standard error of six separate preparations of each membrane. t Values for specific activity and V.: pmol/mg pro-
tein per h. Values for K.: AM. § P < 0.05 or less compared to control distal values.
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Table V. Compositional Analysis of Lipid Extracts of Brush Border Membranes of Rat Proximal
and Distal Colonocytes after 5, 10, and 15 wk of Administration of DMHor Diluent *

Duration of treatment (wk)

5 10 15

Parameter C(P) DMH(P) C(D) DMH(D) QP) DMH(P) C(D) DMH(D) C(P) DMH(P) C(D) DMH(D)

Cholesterol/ 0.78 0.72 0.90 0.79 0.85 0.96 0.96 0.87 0.79 0.78 0.87 0.83
phospholipid ±0.06 ±0.07 ±0.06 ±0.08 ±0.05 ±0.06 ±0.04 ±0.06 ±0.04 ±0.03 ±0.04 ±0.03
(mol/mol)

Sphingomyelin/ 0.42 0.47 0.48 0.46 0.40 0.44 0.35 0.45 0.39 0.45 0.41 0.47
lecithin ±0.04 ±0.02 ±0.05 ±0.03 ±0.03 ±0.06 ±0.03 ±0.04§ ±0.03 ±0.03 ±0.01 ±0.02§
(mol/mol)

Protein/lipid 0.62 0.65 0.61 0.66 0.64 0.66 0.67 0.69 0.71 0.70 0.69 0.70
(wt/wt) ±0.10 ±0.06 ±0.07 ±0.07 ±0.07 ±0.03 ±0.08 ±0.07 ±0.04 ±0.06 ±0.05 ±0.06

Saturation 0.35 0.36 0.38 0.43 0.35 0.39 0.40 0.43 0.32 0.37 0.37 0.47
indext ±0.02 ±0.01 ±0.02 ±0.02 ±0.02 ±0.02 ±0.01 ±0.01 ±0.02 ±0.02 ±0.01 ±0.03§

Abbreviations: C, control; D, distal, P, proximal. * Values represent means±standard error of six separate preparations of each membrane except
for the saturation index values listed under C(D) and DMH(D) for 15 weeks where 12 preparations were analyzed. f Calculated as (the total
number of saturated residues)/(the sum of the number of each type of unsaturated residue multiplied by the number of double bonds in that
residue). § P < 0.05 or less compared to control values of same segment.

phosphatidylcholine was no different in distal DMH-treated and
control membranes. Although speculative, another possibility
to explain the present observations might be that the anthroyloxy
probes sense a particular lipid microenvironment and that the
increased methyltransferase activity selectively alters this mi-
croenvironment. If this were true, gross lipid composition or
studies with DPHmight show no change. Further studies will,
however, be necessary before this issue is resolved.

After 10 weeks of DMH, no significant difference in either
component of lipid fluidity appeared to exist between distal
DMH-treated and control membranes or their liposomes. De-
spite this latter finding, certain compositional differences were
noted between the two distal membranes. The DMH-treated

membranes had higher methyltransferase activity as well as a
greater molar ratio of sphingomyelin/lecithin. This elevated ratio
was secondary to an increased sphingomyelin content in the
DMHmembranes. Theoretically, the former difference might
produce an increase in fluidity while the latter difference should
result in a decrease in the fluidity of DMH-treated membranes
(46, 51). In that no difference in fluidity could be detected, how-
ever, this data suggests that these differences either did not in-
fluence the lipid fluidity or served to offset each other, thereby,
maintaining a relatively similar fluidity in both distal membranes.

Brush border membranes and liposomes prepared from distal
colonocytes of animals which had received DMHfor 15 wk had
a lower dynamic component of fluidity than control prepara-

Table VI. Composition of Lipid Extracts of Brush Border Membranes of Rat Distal
Colonocytes after 5, 10, and 15 wk of Administration of DMHor Diluent *

Total lipid of brush border membranes according to duration of treatment (wk)

5 10 15

Component Control DMH Control DMH Control DMH

%(wtlwt) %(wtlwt) %(wtlwtJ %(wt/W) %(wtlwt) %(wtlwt)

Cholesterol 24.71±1.38 22.03±1.47 26.69±0.84 24.89± 1.32 25.0 1±0.72 24.33±0.48
Cholesterol esters 3.56±1.19 3.06±0.94 2.12±0.78 2.92±0.50 2.25±0.81 2.69±0.51
Triacylglycerols 3.53±0.91 3.06±0.64 2.61±0.62 2.69±0.80 2.76±0.48 2.11±0.57
Fatty acids 17.47±1.42 16.01±1.66 12.29±0.54 13.23±1.50 14.81±0.47 14.18±0.32
Phosphatidylcholine 20.66±2.18 23.78±1.69 26.18±1.14 26.29±1.95 24.63±1.39 25.76±0.96
Lysophosphatidylcholine 0.60±0.20 0.80±0.20 0.80±0.17 0.96±0.29 0.75±0.14 0.83±0.20
Sphingomyelin 9.64±0.47 11.04±0.61 9.18±1.07 12.06±0.88t 9.98±0.37 11.78±0.58t
Phosphatidylethanolamine 17.58±1.07 19.03±0.79 17.23±0.74 15.42±1.30 15.67±0.33 16,111±0.53
Other phospholipids 4.85±0.95 3.00±0.99 3.40±0.77 2.50±0.67 4.20±0.61 3.06±0.81

* Values represent means±standard error of eight separate preparations of each membrane. t P < 0.05 or less compared to control values of
similar time periods.
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Table VII. Compositional Analysis of Total Fatty Acids of Brush Border Membranes of
Rat Distal Colonocytes after 5, 10, and 15 wk of Administration of DMHor Diluent*

Duration of treatment (wk)

5 10 15

Fatty acids Control DMH Control DMH Control DMH

%by mass %by mass %by mass %by mass %by mass %by mass

14:0 0.63±0.06 0.58±0.12 0.31±0.15 0.91±0.15 0.27±0.03 0.24±0.04
14:1 0.88±0.04 0.86±0.06 0.70±0.07 0.90±0.04 0.41±0.06 0.46±0.03
16:0 25.88±0.28 26.53±0.65 24.34±0.59 26.72±1.46 23.28±1.47 26.52±1.64
16:1 2.25±0.25 2.36±0.24 1.35±0.28 2.03±0.04 0.66±0.10 0.77±0.12
18:0 16.70±0.47 17.86±0.46 16.45±0.65 15.64±0.09 17.14±1.22 17.68±1.39
18:1 26.50±0.16 26.16±0.20 25.14±0.46 23.85±1.53 22.05±0.66 23.75±0.61
18:2 14.04±0.31 13.48±0.52 12.22±0.13 11.82±0.20 13.57±0.51 12.96±1.01
20:4 13.64±0.21 12.18±0.63 13.92±0.18 12.66±0.57 14.61±1.36 9.98±0.75t
22:6 0.96±0.16 0.95±0.13 0.80±0.17 0.90±0.35 2.17±0.20 2.01±0.40
24:0 2.45±0.60 2.07±0.61 2.66±0.68 1.91±0.50 4.01±1.31 3.76±0.47

* Values represent means±standard error of six separate preparations of each membrane for the 5- and 10-wk period and 12 separate membrane
preparations of the 15-wk period. t P < 0.01 or less compared to control values at similar time periods.

tions. These membranes again had increased methyltransferase
activity and a higher molar ratio of sphingomyelin/lecithin. Ad-
ditionally, they were now found to possess a higher saturation
index than control membranes. This difference should lead to
a decrease in the fluidity of DMH-treated membranes relative
to their control counterparts (50, 52), which agrees with the
present findings. The higher saturation index in treated mem-
branes was due to a decrease in arachidonic acid (20:4) compared
to control values. Although the mechanism(s) responsible for
these membrane fatty acid differences are presently unclear, fur-
ther studies should prove interesting in that arachidonic acid is
a precursor of prostaglandins and prostacyclin (PGI2), substances
previously shown to influence cellular proliferation (55-57).

These alterations noted in the dynamic component of fluidity
and lipid composition of DMH-treated membranes and lipo-
somes were restricted to the distal segment of the rat large in-
testine. This is particularly interesting in view of the marked
predilection for the development of tumors in this colonic seg-
ment in animals treated with DMH(4, 8, 58). The specific rea-
son(s) that underlie this increased propensity to develop distal
neoplasms in this cancer model remain unclear (8). This feature,
taken together with the present data, however, suggests that the
distal membrane alterations noted may more likely reflect the
malignant transformation process itself than any effect of the
drug per se.

Chemical carcinogenesis in this rat colon adenocarcinoma
model, as in humans, appears to represent a multistage process
(59, 60). Although speculative, the present data would suggest
that alterations in the lipid fluidity and composition of plasma
membranes of colonocytes may play a role in the early stage(s)
of the malignant transformation process. Additional factor(s)
would then be necessary for the development of carcinoma in
certain of these cells. Further studies in this animal model of
colon adenocarcinoma should elucidate the cellular mechanisms
responsible for the membrane alteration noted in the present
experiments as well as clarify their functional significance.
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