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The use of dimethylsulfoxide (DMSO) as 
a cryoprotective agent has been studied in 
depth (1). With regard to the drug's inter- 
action with cell membranes, it has been 
clearly shown that it crosses animal cell 
membranes rapidly (1, 2) and, indeed, is 
able to enhance the movement of other 
drugs through cell membranes (3). In an 
evaluation of DMSO on a specific physio- 
logic function of renal tubule cells, i.e., 
concentrative uptake of amino acids in vi- 
fro,  Holtzapple et al. (4) found no deleter- 
ious effect. They also reported that DMSO 
enables rat renal cortex slices to be frozen 
at -30" and thawed without impsirment of 
amino acid uptake. Although Abbot's 
studies (5) have shown no deleterious ef- 
fects of DMSO on rabbit renal cortical 
slices as judged by enzymatic criteria, Pil- 
lion et al. (6) have reported an effect of 
DMSO on enzymes in perfused isolated 
rabbit kidney. After perfusing for 60 min 
at 37" with solutions containing DMSO, 
they found a marked increase in urinary y- 
glutamyl transpeptidase, an enzyme nor- 
mally associated with the brush border 
membrane. 

We have examined the effects of in vitro 
incubation with DMSO on isolated rat 
renal brush border membranes with em- 
phasis on changes in the localization of 
protein and enzyme activity as well as 
morphologic appearance determined by 
electron microscopy. The results of thus 
utilizing DMSO as a membrane probe 
form the basis of this report. 

Materials and methods. Experiments 
were performed using 250- to 300-g male 
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Sprague-Dawley rats (Charles River, 
Mass.) fed ad libitum on Purina rat chow. 
Rats were sacrificed by decapitation and 
the kidneys were removed, decapsulated, 
and placed in ice-cold saline. The microvil- 
lar fraction from the kidney cortex was 
isolated in ST buffer (0.25 M sucrose, 0.01 
M triethanolamine hydrochloride, pH 7.6) 
by the modified method of Kinne and 
Kinne-Saffran (7, 8). The increase of spe- 
cific activity of alkaline phosphatase (9) in 
the isolated brush border fraction over the 
homogenate was four- to fivefold in water 
suspensions. Electron-microscopic control 
of the brush border fraction indicated re- 
producibly good quality of microvillar 
preparations. 

The membrane fraction to be treated 
was suspended in ST buffer. Protein con- 
centration of the suspension, as deter- 
mined by the method of Lowry et al. (lo), 
was adjusted to the range of 3 to 3.5 mg/ 
ml. For treatment with DMSO, constant 
ionic concentration was maintained by re- 
placing solvent water with DMSO. No 
other substance could be found which 
would act as a control for changes in os- 
motic pressure of the incubation medium 
caused by the presence of DMSO. Replace- 
ment of 10, 15, and 20% of solvent water 
with DMSO resulted in final DMSO con- 
centrations of 1.4, 2.1, and 2.8 M ,  respec- 
tively. All experiments were conducted at 
37" for the incubation time designated. 
Control samples containing the same 
amount of membrane protein without 
DMSO were incubated at 37" along with 
treated samples. After incubation, the iso- 
lated brush border membrane fractions 
were centrifuged for 20 min at 35,OOOg at 
4". The protein and enzyme activities 
which did not sediment after centrifuga- 
tion at 35,OOOg were called the solubilized 
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portion of the brush border fraction. The 
solubilized fractions and the sediments 
were dialyzed separately against Tris- 
NaCl buffer (0.15 M NaCl, 0.01 M Tris- 
HCI, pH 7.6) for 18 hr at 4". Protein con- 
centration and enzyme activities of each 
fraction were determined and expressed as 
percentage of total activity recovered. 

Alkaline phosphatase (EC 3.1.3.1) deter- 
minations were performed according to a 
standard procedure (9). Aminopeptidase 
(EC 3.4.1.2.) was assayed according to the 
method of Goldmann et al. (11). Analyses 
of y-glutamyl transpeptidase and y-gluta- 
my1 hydrolase (EC 2.3.2.2) activities were 
performed according to the procedure of 
Glossmann and Neville (12). Maltase (EC 
3.2.1.20) activity was determined accord- 
ing to the procedure of Dahlqvist (13). 

Results and discussion. The effect of 
prolonged incubation and DMSO concen- 
tration on the solubilization of protein and 
enzyme activities from brush border mem- 

branes is shown in Table I .  Incubation for 
10 rnin in the presence of increasing con- 
centrations of DMSO did not result in any 
significant increase in amount of mem- 
brane protein solubilized . Enzyme activi- 
ties showed an increased solubility with 
increasing concentration of DMSO. Incu- 
bation of brush border membranes at 37" 
for 10-60 min resulted in a release of pro- 
tein and enzyme activities into the 35000g 
supernatant (Table I). y-Glutamyl trans- 
peptidase was the only enzyme activity 
which was not solubilized to some extent 
after 10 min of incubation at 37", but was 
after 30 min in the absence of DMSO. 
Other than this, no significant effect of 
prolonged incubation time on the solubili- 
zation of total protein or enzyme activity 
could be seen in the absence of DMSO. 
When added to the membrane incuba- 
tions, DMSO caused a greater release of 
enzyme activities than of total protein for 
all time periods studied. After incubation 

TABLE I .  EFFECT OF PROLONGED INCUBATION ON PERCENTAGE RECOVERY OF PROTEIN AND ENZYME 
ACTIVITIES FROM DMSO-TREATED MEMBRANES. a 

DMSO con- 
centration 

( M I  Protein or enzyme 

Percentage of total in supernatant fraction 

10 min 30 min 60 min 

1.4 

2.1 

2.8 

0 Protein 
Alkaline phosphatase 
Aminopeptidase 
y-Glutamyl transpeptidase 
y-Glutamyl hydrolase 
Maltase 
Protein 
Alkaline phosphatase 
Aminopeptidase 
y-Glutamyl transpeptidase 
y-Glutamyl hydrolase 
Maltase 
Protein 
Alkaline phosphatase 
Aminopeptidase 
y-Glutamyl transpeptidase 
y-Glutamyl hydrolase 
Maltase 
Protein 
Alkaline phosphatase 
Aminopeptidase 
y-Glutamyl transpeptidase 
y-Glutamyl hydrolase 
Maltase 

10.33 f 0.51 

2.62 +- 0.25 

1.93 2 0.67 
2.35 * 0.12 
5.43 f 0.51 
5.66 * 1.17 

3.19 f 0.23 

0.07 2 0.04 

10.72 2 0.78 

2.25 f 0.40 
4.45 f 0.56 
4.31 f 1.06 

6.17 f 0.51 
12.38 f 1.34 

7.04 & 0.95 
5.14 +- 0.93 
7.10 f 0.39 

13.59 2 1.55 

8.43 +- 1.13 

7.58 2 1.01 

5.06 2 0.50 

7.63 f 0.68 

7.00 f 0.83 

5.80 f 0.60 

10.27 f 0.61 
3.17 f 0.10 
2.77 +- 0.05 

1.24 f 0.66 

11.84 f 0.79 
6.53 ? 0.47 

7.65 +- 0.72 
1.86 f 0.75 
4.87 +- 1.05 

2.99 f 1.08 

2.37 f 0.13 

4.95 f 1.06 

11.79 f 0.69 
3.24 f 0.28 

2.97 f 1.29 

2.92 * 0.23 
14.31 f 0.20 

7.80 f 1.22 
8.95 f 1.50 
2.93 -+ 1.30 
5.77 & 1.20 

3.16 2 0.27 

1.38 f 0.72 

9.34 2 0.85 

12.94 f 0.02 
9.24 f 0.16 

7.89 & 0.40 

7.10 2 0.05 

7.79 2 0.07 

7.26 f 0.52 

a The isolated brush border membranes were incubated at 37" for 10, 30, or 60 min, with or without 1.4, 2.1, 
or 2.8 M DMSO, after which the samples were centrifuged at 35,OOOg for 20 min at 4". Protein concentration and 
enzyme activities were measured in pellets and supernatants after dialysis against 0.15 M NaCl in 0.01 M Tris, pH 
7.6. Results are the means f SE of four to six determinations and are expressed as the percentage of total 
appearing in the supernatant fraction. 
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of membranes with 1.4 M DMSO for 10,30, 
or 60 min, y-glutamyl transpeptidase activ- 
ity in the soluble fraction increased dra- 
matically (three- to fourfold) with time. 
Protein and alkaline phosphatase showed 
a slight but significantly increased solubil- 
ity after 60 min of incubation with 1.4 M 
DMSO; 7-glutamyl hydrolase activity in 
the solubilized fraction was slightly de- 
creased with time, although the decrease 
is not statistically significant after 60 min. 
After incubation with 2.8 M DMSO for 10 
min, no further release of protein or en- 
zymes from the brush border membranes 
with time was seen. 

Table I1 shows the relative enzyme ac- 
tivities and solubilization factors in the 
solubilized fractions of brush border mem- 
branes incubated with and without 
DMSO. The relative enzyme activity for 
each enzyme is the ratio of the total en- 
zyme activity in the DMSO-treated brush 

border fractions (sum of the 35,OOOg super- 
natant + pellet) to that of the same 
amount of untreated (incubated without 
DMSO) membrane. A value of 1.0 would 
indicate no inhibition or enhancement and 
100% recovery of total enzyme activity. All 
values of relative enzyme activity are very 
close to 1.0, indicating that DMSO had no 
deleterious effect on the enzyme proteins 
themselves. The enzymic proteins of the 
microvilli appear to be extremely durable 
under conditions of incubation at 37" with 
or without DMSO. 

The solubilization factor is the ratio of 
the percentage of enzyme activity solubi- 
lized to that of the protein solubilized. A 
ratio greater than 1.0 would indicate the 
preferential release of enzymic protein to 
total protein. The solubilization factors in 
Table I1 show that 21-62% of the total pro- 
tein solubilized after 10 min at 37" with 
varying concentrations of DMSO shows 

TABLE 11. EFFECT OF INCUBATION CONDITIONS ON THE RELATIVE ENZYME ACTIVITY AND SOLUBILIZATION 
FACTOR OF MARKER ENZYMES FOR BRUSH BORDER MEMBRANES TREATED WITH DMSO. 

DMSO con- 
centration 

Enzyme ( M I  
Alkaline phosphatase 

0 
1.4 
2.1 
2.8 

Aminopeptidase 

y-Glutamyl transpepti- 
dase 

y-Glutamyl hydrolase 

Maltase 

0 
1.4 
2.1 
2.8 

0 
1.4 
2.1 
2.8 

0 
1.4 
2.1 
2.8 

0 
1.4 
2.1 
2.8 

Time of incubation at 37" 
~ ~~ 

10 min 

R.E.A."  S . F . b  

30 min 60 min 

R.E.A.  S.F. R.E.A.  S.F.  

- 0.31 
1.22 ? 0.25 0.51 
1.23 ? 0.31 0.50 
1.12 f 0.28 0.56 

- 0.25 
1.21 f 0.11 0.53 
1.06 f 0.02 0.57 
1.00 f 0.09 0.62 

- 
1.19 f 0.06 
1.01 f 0.07 
0.99 f 0.12 

- 
1.10 f 0.05 
1.10 2 0.08 
0.97 k 0.09 

- 
1.28 f 0.21 
1.06 f 0.08 
1.04 ? 0.14 

0.01 
0.21 
0.42 
0.52 

0.19 
0.42 
0.57 
0.56 

0.23 
0.40 
0.41 
0.43 

- 0.31 - 0.27 
0.85 2 0.06 0.55 0.94 ? 0.06 0.65 

1.09 ? 0.002 0.71 

- 0.27 - 0.27 
0.96 f 0.16 0.42 0.93 f 0.17 0.55 

1.21 f 0.001 0.60 

- 
1.05 k 0.02 

- 
1.11 2 0.01 

- 
0.94 f 0.18 

0.29 - 
0.65 0.83 f 0.07 

1.14 2 0.01 

0.12 - 
0.16 0.91 k 0.13 

1.33 f 0.01 

0.23 - 
0.41 0.97 f 0.15 

0.95 ? 0.001 

0.25 
0.63 

0.61 

0.12 
0.20 

0.50 

0.25 
0.40 

0.55 

a Relative enzyme activity (R.E.A.)  is calculated as the ratio of enzyme activity in the DMSO-treated brush 
border fractions (sum of 35,OOOg supernatant + pellet) to that in the same amount of untreated preparation. The 
results given are the means from three experiments with duplicate assays in each experiment f the standard error. 

I ,  Solubilization factor (S.F.) is the precentage in Table I of enzyme activity solubilized divided by that of the 
protein solubilized. A ratio above 1 .O indicates preferential release of enzyme relative to protein and vice versa. 
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enzyme activities. This suggests the pref- 
erential extraction of nonenzymatic pro- 
tein from the brush border membranes by 
treatment at 37” with or without DMSO. 
The data suggest that DMSO itself causes 
a greater release of enzyme activities than 
total protein, since most of the protein sol- 
ubilization occurred during incubation in 
the absence of DMSO. For y-glutamyl 
transpeptidase, treatment with 1.4 M 
DMSO for 10 min increases the percentage 
of protein with enzyme activity solubilized 
from 0 to 21 % . The increasing solubility of 
y-glutamyl transpeptidase and decreasing 
solubility of y-glutamyl hydrolase in 1.4 A4 
DMSO with time are emphasized by their 
respectively increasing and decreasing sol- 
ubilization factors and the constancy of 
their relative enzyme activities. The de- 
creasing solubilization factor of y-gluta- 
my1 hydrolase with prolonged incubation 
time is not a result of enzyme inhibition or 
denaturation since the R.E.A. is not de- 
creased. No explanation for this phenome- 
non has been found. In addition, the ratio 
of total enzyme activity in the 30- or 60- 
min samples to the total activity in the 10- 
min samples is very close to 1.0 in all 
cases. 

Monitoring of preparations and treat- 
ments of brush border membranes with 
DMSO by negative-contrast electron mi- 
croscopy showed no obvious morphological 
changes resulting from DMSO treatment. 

Our findings indicate that DMSO when 
incubated at 37” with isolated rat renal 
brush border membrane causes little solu- 
bilization of the nonenzymatic protein 
components (0.4-3.3 %) and a correspond- 
ingly slight release (2-9%) of intrinsic en- 
zyme activities. The facts that amino acid 
uptake by rat cortical slices incubated 
with DMSO is unaltered (4) and that 
DMSO administered chronically to rats 
does not impair renal cortical transport 
mechanisms (14) provide evidence of func- 
tional integrity in the presence of DMSO 
and lend support to our observations. Pil- 
lion et al. (6), using isolated rabbit kidney 
perfused with and without DMSO, have 
shown an obvious increase in urinary y- 
glutamyl transpeptidase levels throughout 
the course of a 60-min perfusion period in 

the absence of DMSO and a further in- 
crease in urinary enzyme upon perfusion 
with DMSO. Our data also show an effect 
of the drug superimposed upon that of the 
prolonged incubation of isolated brush bor- 
der membranes. 

Summary. Data from biochemical anal- 
yses indicate that isolated rat kidney 
brush border microvilli tolerate treatment 
with DMSO. Total membrane protein as 
well as the marker enzymes alkaline phos- 
phatase , aminopeptidase , y-glutamyl 
transpeptidase , y-glutamyl hydrolase, and 
maltase are solubilized only slightly by 
DMSO treatment. 
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