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Abstract. The concentration of free and lipid-bound myo-inositol (MI) was measured in 
outer and inner cortical zones and in outer and inner medullary zones of the dog kidney. 
Lipid-bound MI was highest in the outer cortex (0.86 pmole/g wet wt) and decreased pro- 
gressively to the inner medulla (0.28 pmole/g). In contrast free MI was highest in the outer 
medulla (18.4 +_ 2.2 pmole/g wet wt) as compared to the cortical zones (3.45 ? 0.19 and 5.30 
2 0.33 pmole/g in outer and inner zones, respectively). The concentration ratio of free MI in 
outer medullary zone cellular water to plasma water was in excess of 1OOO. We cannot 
attribute this high MI concentration to tubular transport because this transport system is 
present in cortical zone proximal tubules. Water diuresis did not deplete outer medullary MI 
significantly which suggests that the high medullary MI is independent of the medullary 
countercurrent mechanism. 

Free myo-inositol (MI) is present in most 
cells in concentrations that greatly exceed 
that found in serum ( 1  -5) (Table I). While it 
would be reasonable to attribute this in- 
tracellular concentration of MI to active 
membrane transport, this has been difficult 
to establish in most tissues. Active trans- 
port of MI is known only to occur in the 
intestinal mucosa (6), choroid plexus (7), 
and kidney (8) and possibly in brain (9). 
Such transport has not been demonstrable 
in liver (10) and skeletal muscle (5). 

The kidney is an organ of special impor- 
tance in MI metabolism. It possesses a 
sodium-linked specific active transport  
system in the proximal tubule brush border 
membrane (8) which normally leads to 
reabsorption of nearly all the MI filtered by 
the glomerulus. In addition, the kidney is 
the only significant organ in which MI 
breakdown occurs within the mammalian 
organism (1  1 ) .  

Because of the unique role of the kidney 
in MI metabolism, the present study was 
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originally undertaken to determine whether 
or  not the kidney cortex, which is engaged 
in active transport of MI, contains higher 
concentrations of free MI than the renal 
medulla. When the zone of greatest MI 
concentration was found to be in the outer 
medullary zone rather than in the cortical 
zones, we examined the effect of water 
diuresis on the MI concentration. 

Methods. Materials. MI and a-methyl- 
D-mannopyranoside were purchased from 
Sigma Chemical Company, St. Louis, Mis- 
souri. Nembutal was purchased from Ab- 
bott Laboratories, North Chicago, Illinois, 
and 3% SE-30 on 100/120 mesh Gas-Chrom 
Q from Applied Science, State College, 
Pe nn s y 1 vania . 

Protocol of study. Mongrel dogs (six 
control and four water-loaded) weighing 
14-18 kg were fed standard dog chow and 
water ad libitum before the experiment. 
Unilateral nephrectomy was performed on 
anesthetized animals. In some experiments 
unanesthetized dogs were given a n  in- 
tragastric administration of water amount- 
ing to 5% of body weight. After 2 hr and 25 
min the dogs were anesthetized and a kid- 
ney removed. 

The kidneys were placed on ice and per- 
fused through the renal artery with 100- 150 
ml of ice-cold 0.90% saline solution. With 
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TABLE I. REPRESENTATIVE TISSUE LEVELS OF W~YO-INOSITOL 

Tissue 

Tissue MI 
MI 

Species (pmole/g) Plasma MI Ref. No. 

Plasma 

Reproductive organs 
Seminal vesicles 
Epidid ymis 
Testis 

Nervous system 
Cerebral cortex 
CSF 

Endocrine glands 
Pituitary 
Thyroid 

Viscera 
Spleen 
Pancreas 
Liver 
Kidney 

Whole 

Muscle 
Skeletal 

Dog 
Rabbit 
Rat 

Rat 
Rat 
Rabbit 

Rabbit 
Rabbit 

Rabbit 
Rabbit 

Rabbit 
Rabbit 
Rat 

Rat 

Rat 

0.025 
0.042 
0.063 

35.2 
11.9 
5.7 

13.4 
0.47 

23.4 
12.6 

5.64 
2.77 
0.57 

4.51 

0.18 

558 
184 
136 

319 
11 

557 
300 

134 
65 

9.0 

72 

2.85 

'I Determined in this laboratory. 

the kidney still on ice, the renal capsule was 
removed and a median longitudinal slice 
with a thickness no greater than 0.4 cm was 
cut .  The inner and outer cortical and 
medullary section were identified visually 
and separated. Each isolated section was 
blotted, frozen in liquid nitrogen, and 
placed in a vial standing in powdered dry 
ice. The samples were subsequently stored 
at -70". 

To measure the dry weight of the tissue, 
the stored tissue was taken to a -20" cold 
room. There, in two cases, single, other- 
wise duplicate or triplicate frozen samples 
were cut on dry ice, weighed, placed in 
tared vials that had been preheated for at 
least 24 hr in a 110" oven, and then the vials 
and samples were put back in the oven until 
constant weight was reached; in most cases, 
it took 48 hr. 

Tissue sodium, urea, and MI assay. Fro- 
zen sections of kidney, with an average 
weight of 93.4 mg, were sliced and weighed 

as  in the dry weight assay. They were 
added to 1.5 ml of ice-cold 0.65 N per- 
chloric acid with 3.23 nglml of a-methyl- 
D-mannopyranoside as an internal standard 
and immediately homogenized in a Polytron 
(Brinkman Instruments, Inc., Westbury, 
N.Y.) with a PTlOST blade at a setting of 8 
for 45 sec, and then put in ice water until all 
samples were prepared. The homogenate 
was centrifuged at 20,OOOg for 12 min in a 
refrigerated International centrifuge. The 
pellets from two kidneys were stored at 
-70" for lipid MI assay. One milliliter of 
supernate was neutralized with KOH - im- 
idazole KC1 buffer (12), to a pH of 6-7 
and recentrifuged. 

Two hundred microliters of the neu- 
tralized supernate was analyzed for sodium 
and urea. Sodium levels were determined 
by flame photometry (Model 143, In- 
strumentation Laboratory, Inc., Lexington, 
Mass.). Urea was measured on a Beckman 
BUN Analyzer 2. 
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Calculation of the concentration of mi- 
cromoles MI per gram H,O and per gram 
intracellular H,O in the basal kidneys was 
based on the mean percentage water con- 
tent for four kidneys. Calculations were 
based on the sodium, urea, H20, and MI 
levels determined for that kidney. 

For the calculation of the intracellular 
concentration of MI, the values of the inulin 
space in dog kidneys by deJairala et al. (13) 
were used. The level of intracellular water 
was considered to be the difference be- 
tween the percentage composition of water 
in the kidney and the percentage level of 
inulin space. It was assumed that the levels 
of MI in the extracellular space were the 
same as serum levels. (This, indeed, is 
probably an overestimate because the 
saline perfusion most likely reduced the 
extracellular concentration of MI.) Since 
the tissue levels of MI are so much greater 
than the serum levels, the extracellular 
concentration of MI was negligible. 

Duplicate samples of 400 pl of the neu- 
tralized supernate were prepared for 
gas - liquid chromatography as described 
by Molitoris et al. (14) except that 200 pl of 
silylation reagent were used instead of 100 
pl. Gas chromatography of samples from 
two of the basal kidneys was carried out by 
the method of Hipps et al. (15) as modified 
by Molitoris et al. (14). The remaining sam- 
ples were analyzed on a Hewlett-Packard 
5880A gas-liquid chromatograph, with ni- 
trogen at a flow rate of 50 mVmin as the 
carrier gas on 3% SE-30, on 100/120 mesh 
Gas-Chrom Q. The area of the MI deriva- 
tive peak was determined by means of a 
Hewlett-Packard Model 5880A Level 4 
Integrator (Hewlett- Packard Co., Palo 
Alto, Calif.). The recovery of a-methyl-D- 
mannopyranoside derivative was measured 
by peak height instead of area due to a 
slight overlap of a small preceding peak. 
Lipid MI assay. The extraction was a 

modification of the method of Palmano et 
al. (4): the pellets after PCA precipitation 
and centrifugation were twice extracted at 
room temperature with 4 ml of a CHCl,/ 
MeOH/concentrated HC1 solution (500: 
500:3). The phases were separated with 
0.8 ml of 1 N HC1 with 30 mM CaCl,. 

The organic phases were combined and 
dried under N2. The lipid was resuspended 
in 6 ml of CHClJMeOH (1:l). Duplicate 
samples of 1 ml of this solution were placed 
in an ampule; the solvent was evaporated 
under a flow of N,; 1 ml of 6 M HCl was 
added; and the ampules were sealed in 
vacuo. The samples were hydrolyzed for 20 
hr at 120". Following the hydrolysis the am- 
pules were allowed to cool to room temper- 
ature and then broken. The HCl was re- 
moved by vacuum desiccation over NaOH 
pellets for 3 hr. Forty microliters of 0.1 
mg/ml a-methyl mannoside solution were 
added to the ampule followed by lyophili- 
zation. The samples were transferred to 
silylation vials by three washings with 1 ml 
of H20. Next, the samples were lyophi- 
lized, silylated, and then assayed for MI by 
the method of Hipps et al. (15) as modified 
by Molitoris et al. (14). 

Results are presented as mean * SE. The 
significance of differences between means 
was evaluated by Student's t test for paired 
data. A P value less than 0.05 was consid- 
ered significant. 

Results. The mean sodium and urea con- 
centrations were similar in the outer and 
inner cortex and rose successively in the 
outer and inner medulla (Table 11). Little 
change in water content was observed. In 
the basal kidneys the outer medullary 
sodium concentration was 42% greater and 
the inner medullary sodium concentration 
was 115% greater than mean cortical con- 
centrations. These results confirm an ear- 
lier report by others (16). The increase in 
urea concentrations in the medullary zones 
was greater than that observed for sodium. 
As a manifestation of the medullary coun- 
tercurrent exchange, outer medullary con- 
centration of urea increased to 91 mmole/kg 
H20, over 5-fold that of the cortex, and 
inner levels over 18-fold to 330 mmole/ 

The mean concentration of free MI was 
lowest in the outer cortical zone and rose 
50% in the inner cortical zone. The outer 
medullary zone had a mean MI concentra- 
tion of 18.4 pmole MVg wet wt, which was 
430% greater than in the outer cortical 
level. The mean concentration of MI in the 

kg H2O. 
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TABLE 11. SODIUM, UREA, AND FREE AND LIPID- YO-INOSITOL LEVELS I N  DOG KIDNEY 
ZONES BEFORE AND AFTER WATER DIURESIS 

Lipid MI 
Free MI Free MI tissue (Pmole/g 

Na Urea H2O (pmole/g wet wt) 
(meqhiter) (mM) (%) wet wt) Free Mi plasma6 (n = 2) 

1 .  Outer cortex 
2. Inner cortex 
3. Outer medulla 
4. Inner medulla 

5.  Outer cortex 
6. Inner cortex 
7. Outer medulla 
8. Inner medulla 

131 * 13" 
117 * 1 1  

267 k 20 
176 ? 7 

114 k 6 
123 k 10 

165 * 16 
142 k 9 

Basal 
14 k 3 80.6 f 0.3 3.45 0.19 
17 * 3 80.2 k 0.5 5.30 * 0.33 
91 2 7 86.1 2 1.0 18.4 2 2.2 

330 k 50 87.7 ? 1.5 14.1 * 0.4 

Water diuresis 
8.2 ? 3.1 80.4 2 0.7 3.38 ? 0.18 
6.2 * 2.5 82.2 k 2.5 5.20 * 0.43 
26 k 5 85.5 2 1.3 16.2 2 1.2 
50 * 10 87.3 k 0.5 9.12 k 0.80 

138 0.861 
212 0.843 
732 0.386 
564 0.277 

135 
208 
648 
366 

Statistical comparisons (*P < 0.05; **P < 0.01) 
3 v s 7  * 3 v s 7 * *  1 < 2  * 
4 v s 8  ** 4 v s 8  ** 2 < 3 * *  

2 < 4 * *  
8 < 4 * *  
5 < 6 * *  
6 < 7 * *  
6 < 8 * *  
8 < 7 * *  

Values given are mean 2 SE; II = 4, except where indicated. 
* Calculated on basis of normal dog plasma determined in our laboratory as 0.025 mM. 

inner medullary zone was lower than in the 
outer medullary zone but the difference was 
not significant. 

In  order  t o  determine whether the 
medullary concentration of MI was linked 
to the renal medullary countercurrent ex- 
change mechanism, four dogs were studied 
after water diuresis. Water loading resulted 
in a marked decrease in medullary sodium 
and urea concentrations. The sodium con- 
centration dropped to 81 and 62% of basal 
levels in the outer and inner medulla (P < 
0.05 and P < 0.005). The outer and inner 
medullary urea concentrations in the kid- 
ney after water diuresis were, respectively, 
28% (P < 0.005) and 15% (P < 0.01) of the 
basal levels. Using 2[Na] + [urea] as an 
estimate of osmolality, water loading low- 
ered the mean inner medullary osmolality 
from 864 to 380 o s d k g  H,O. The inner 
medullary levels of Na and urea after water 
loading are close to those found by Levitin 
et al. (17) in dog kidneys 2 hr after water 
loading. 

Water diuresis produced no significant 
change in MI concentrations in most of the 
kidney. Water diuresis lowered outer  
medullary concentration MI concentration 
by 12% but this change was not significant. 
Water diuresis lowered mean MI concen- 
tration in the inner medullary zone by 36%. 
This decrease was significant (P < 0.005). 
As in the basal kidneys, the difference be- 
tween the MI levels of the two cortical 
zones after diuresis remained significant (P 
< 0.005). 

In two kidneys of control dogs, the con- 
centration of lipid-MI levels were two to 
three times higher in cortical than medul- 
lary zones. There was little difference be- 
tween levels of the inner and outer cortex, 
and inner and outer medulla. 

Discussion. Previous workers have mea- 
sured MI either in renal cortex (18) or in 
whole kidney (4) and so have not recog- 
nized the high concentration we report to 
be present in medullary zones. We found 
the mean concentration in the outer  
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medullary zone to be 18.4 pmolelg wet wt 
which was five times that in the outer corti- 
cal  zone. Most of the MI in the outer  
medulla must be intracellular because the 
plasma concentration of MI is less than 
1/500th that found in the outer medullary 
zone. In addition, the kidneys were per- 
fused with saline which removed most of 
the contained plasma. 

We have calculated the molar concentra- 
tions of MI per gram of H 2 0  and per gram 
of intracellular H 2 0  in the kidney. Before 
water loading values ranged from 4.28 k 
0.24 pmole per gram of H20 and 5.89 k 
0.33 pmole per intracellular gram of H 2 0  in 
the outer cortex to 21.2 * 2.7 pmole per 
gram of H 2 0  and 30.1 k 3.9 pmole per in- 
tracellular gram of H 2 0  in the outer medul- 
lary zone. The latter value indicates that the 
cellular concentration of MI may be over 
1000-fold that of plasma if intracellular MI 
existed in free solution. In the water-loaded 
kidneys mean MI concentrations varied 
from 4.24 -+- 0.23 pmole MI per gram of 
H 2 0  and 5.79 -+- 0.34 pmole MI per gram of 
intracellular H20 in the outer cortex to 19.0 
pmole MI per gram of H20 and 27.0 -+- 2.0 
pmole MI per gram of intracellular H 2 0  in 
the outer medulla. 

The concentration of MI in the outer 
medullary zone of the kidney is among the 
highest reported levels of MI for any tissue. 
Only rat seminal vesicle (1) and the rabbit 
pituitary (2) have greater MI concentrations 
(see Table I). However, due to the rela- 
tively low plasma MI level in dogs, the 
outer renal medullary zone has the largest 
known tissue-to-plasma MI gradient. The 
kidney before water loading has tissue-to- 
plasma MI values 31% greater than that of 
rat seminal vesicle, the tissue with the sec- 
ond highest gradient. 

The discovery of this very high free MI 
concentration in the outer medullary zone 
was unexpected. We had anticipated that 
the greatest concentration would be in the 
cortex where the proximal tubular seg- 
ments are located because that portion of 
the tubule contains the MI transport mech- 
anism (8). Glucose which also is trans- 
ported in the proximal tubule has its highest 
concentration in the renal cortex (19). 

What other explanations can be offered 
for the remarkable concentration of MI in 
the outer medullary zone? One possibility 
that we have considered is that the concen- 
tration of MI in this zone is linked to the 
medullary osmotic gradient in a similar 
manner to that which leads to the medullary 
concentration of urea. Against this possi- 
bility is the fact that the greatest mean con- 
centration was not observed in the inner 
medullary zone but in the outer medullary 
zone.  Much more importantly,  water  
diuresis greatly reduced medullary urea 
concentration without significant change in 
outer medullary MI concentration. Water 
diuresis did decrease inner medullary MI 
significantly so that countercurrent con- 
centration mechanisms may have been par- 
tially responsible for the MI concentration 
in this zone. 

A third possibility that we have consid- 
ered is that MI was being synthesized in the 
renal medulla and that the cells were rela- 
tively impermeable to MI. While such a 
mechanism may explain the high concen- 
tration of MI in seminal fluid (20), no evi- 
dence exists for such permeability barriers. 
All previous cell studies show a relatively 
rapid exchange of intra- and extracellular 
MI and increased synthesis would not be 
expected to sustain a concentration gra- 
dient of this magnitude (5, 9, 10). 

Last, we have considered that MI may 
enter renal medullary cells by a process not 
involving active transport. Maintenance of 
increased intracellular concentration of MI 
would in this model require binding by 
some intracellular component. Precedent 
for such a mechanism of maintaining the 
intracellular concentration of MI appears to 
exist in epitrochlearis muscle of the rat. 
Molitoris et al. (5) could find no evidence of 
active transport of MI, although MI rapidly 
entered and left the cell. In this tissue, the 
intracellular to extracellular MI gradient of 
fourfold was attr ibuted to intracellular 
binding of MI by an undetermined cellular 
component. If such a mechanism is respon- 
sible for the MI concentration in the outer 
medulla, it should be relatively easy to de- 
termine the existence of the putative MI 
binding component in the outer medulla. 
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Measurements of MI present in phos- 
pholipids in the perchloric acid precipitate 
do not parallel those of free MI. Although 
this fraction may not have contained all the 
lipid inositol, the highest concentration was 
noted in the outer cortex with much lower 
concentrations in the medulla. As lipid- 
associated MI is a relatively constant con- 
stituent of plasma membrane, the lower 
lipid MI in the medullary zones can proba- 
bly be attributed to decreased cellularity 
and increased extracellular fluid of the 
medulla as compared to the cortex. 

Histologically, the outer medulla is dis- 
tinguished from the inner medulla by the 
presence of thick ascending limbs of Loops 
of Henle. Considered part of the distal 
tubule, the thick ascending limbs have low 
water permeability and are the site of active 
transtubular chloride transport, the energy 
input for countercurrent multiplication in 
the renal medulla. The thick ascending limb 
extends from the medulla into the cortex; if 
the thick ascending limb were the source of 
marked MI concentration in the outer 
medullary zone, then its extension into the 
cortex could explain the higher levels of MI 
found in the inner cortex compared to the 
outer cortex. 
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