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Measuring Intracerebral Osmolytes in Hyponatremic Disorders

Editorial

Hyponatremia is the most common electrolyte disorder diag-
nosed in the hospital setting (1). Patients develop nausea and
malaise when the plasma sodium concentration decreases from
a normal level of 140 to ~ 125 mM (2). When the plasma
sodium concentration falls below 120 mM, lethargy, headache,
and seizures may occur (2). These gastrointestinal and neuro-
logic symptoms have been attributed to cerebral edema which
is present during the first few days after the decrease in plasma
sodium (2-4). Importantly, permanent neurologic sequelae
rarely develop, except possibly in premenopausal women (5—
6). What are the known volume regulatory mechanisms which
minimize cerebral edema thereby preventing prolonged swell-
ing of the brain? Studies in animals have focused on three
important adaptive responses which result in the normalization
of cerebral volume. First, within minutes after the development
of brain edema, the increase in cerebral interstitial hydrostatic
pressure causes interstitial fluid to flow into the cerebrospinal
fluid (7, 8). Excess fluid in the cerebrospinal space then enters
the systemic circulation via the arachnoid villi. Second, and
quantitatively most important, is the osmotic loss of water due
to cellular efflux of sodium and potassium salts. This response
is maximal in less than 24 h (9—11). The final regulatory pro-
cess is the loss of organic osmolytes which accounts for ~ '
of the total decrease in cerebral osmole content (12—14). The
particular organic compounds involved were unknown until re-
cently, and were fittingly called ‘‘idiogenic osmoles.’’

The brain’s utilization of organic osmolytes for volume reg-
ulation is not unique. Organic osmolytes are used by numerous
prokaryotic and eukaryotic cells to osmoregulate (15-24).
These compounds can be conveniently subdivided into three
groups: (a) polyols, (b) neutral amino acids, and (c¢) methyl-
amines and urea (25). The particular organic osmolyte utilized
is both organism and organ specific. Previous studies in mice
and rats have demonstrated that during chronic hyponatremia,
the brain content of glutamate, glutamine, taurine, glycerophos-
phorylcholine, phosphocreatine/creatine, and myoinositol are
significantly decreased (12-14).

What is the clinical significance of these changes in brain
organic osmolyte content? Several predictions can be made if
one assumes that (a) the decrease in cerebral osmole content
is a slow process requiring days for completion, (b) cerebral
volume normalizes only when the loss of organic osmoles is
maximal, and (c) clinical symptoms correlate with the degree
of cerebral edema. The first prediction is that hyponatremia
which develops slowly over several days is less likely to be
associated with gastrointestinal or neurologic symptoms. This
is what has been observed clinically (2). Second, severe acute
hyponatremia should result in maximal cerebral swelling and
morbidity. Interestingly, premenopausal women appear to be
uniquely susceptible to severe acute hyponatremia and develop
permanent neurologic sequelae associated with cerebral edema
and herniation (6, 26). It has been hypothesized that these
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women have less efficient mechanisms for minimizing cerebral
edema following the initial influx of water induced by hypona-
tremia (6, 26). In contrast, data obtained from a survey of
practicing nephrologists suggests that severe acute hypona-
tremia (sodium concentration = 105), does not result in neuro-
logic damage (5). Furthermore, age, sex, and hypoxic episodes
were unrelated to clinical outcome. It is clear that a randomized
prospective trial is required to determine whether sex differ-
ences play a role in the adaptation to acute hyponatremia.

The normalization of cerebral volume in the presence of
chronic hyponatremia (> 48 h of duration), creates a dilemma
for the clinician. Experimental data from animals suggests that
the rapid correction of the plasma sodium concentration results
in brain shrinkage because of the slow recovery of several or-
ganic osmolytes (9, 10, 13, 27). Moreover, an overshoot in
cerebral sodium and chloride content has been described (13).
It is generally accepted that the rapid correction of chronic
severe hyponatremia (> 12 meq/liter in the first 24 h, or > 18
meq/liter in the initial 48 h of therapy) can cause the osmotic
demyelination syndrome (5, 28). This syndrome first described
by Adams et al. (29) is characterized by demyelinating lesions
in the pons (central pontine myelinolysis), basal ganglia, thala-
mus, corticomedullary junctions, and periventricular white mat-
ter. Patients develop delayed (2—-6 d) pseudobulbar palsy, spas-
tic quadraparesis, stupor, coma, and death. Several possible
mechanisms have been postulated for the loss of myelin with
preservation of neuronal axons and cell bodies: (a) physical
shearing of axons from their myelin sheaths with subsequent
loss of myelin, (b) an overshoot in cell sodium and chloride
content with low organic osmolyte levels, and (c) cell anoxia
resulting from brain shrinkage. Clearly, further experiments are
required to address these possibilites.

Magnetic resonance imaging (MRI) is the imaging tech-
nique of choice to detect demyelinating brain lesions (30, 31).
However, MRI is not sufficiently sensitive to resolve mild de-
myelination and may not demonstrate lesions until a month
after the onset of symptoms. In this issue of The Journal, (32)
Videen et al. have used proton magnetic resonance spectroscopy
(MRS) to measure changes in intracerebral organic osmolytes
in 12 patients with moderate chronic hyponatremia (sodium
~120 meq/liter) (33, 34). The authors measured the cerebral
osmolyte content in occipital grey and parietal white matter.
Myoinositol was decreased to the greatest extent. Significant
reductions in choline containing compounds, creatine/phospho-
creatine and N-acetylaspartate were also detected. Grey matter
osmolytes were remeasured in four treated patients at follow-
up 814 wk later (mean plasma sodium 131 meq/liter). Differ-
ence spectra clearly demonstrated a significant recovery of
myoinositol, choline containing compounds, and N-acetylaspar-
tate. In the one patient who had a normal plasma sodium (139
meq/liter) at 14 wk, all four osmolytes recovered completely.
No patients developed osmotic demyelination syndrome.

The study by Videen et al. demonstrates that proton MRS
is an important new tool for assessing the changes in cerebral
osmolytes in patients with hyponatremia. Further experiments
are needed to measure the time course of these changes during
the generation and recovery phases of hyponatremia, respec-

Measuring Intracerebral Osmolytes in Hyponatremic Disorders 441



tively. An important question is whether measurements of cere-
bral osmolytes can be used to predict the development of the
osmotic demyelination syndrome. The answer to this question
may determine whether cerebral proton MRS studies will be
helpful in the therapy of a given patient with severe chronic
hyponatremia, for calculating the appropriate rate of correction
of the plasma sodium concentration.

Ira Kurtz
Division of Nephrology
UCLA School of Medicine

References

1. Anderson R. J., H. Chung, R. Klunge, and R. W. Schrier. 1985. Hypona-
tremia: A prospective analysis of its epidemiology and the pathogenetic role of
vasopressin. Ann. Intern. Med. 102:164—168.

2. Rose, B. D. 1994. Clinical Physiology of Acid-Base and Electrolyte Disor-
ders. McGraw-Hill, 4th ed. New York. 669-672, 709-712.

3. Strange, K. 1992. Regulation of solute and water balance and cell volume
in the central nervous system. J. Am. Soc. Nephrol. 3(1):12-27.

4. Sterns, R. H. 1989. The treatment of hyponatremia: Unsafe at any speed?
AKF Neph. Letter. 6:1-10.

5. Sterns, R. H., Cappuccio, J. D., Silver, S. M., and Cohen, E. P. 1994.
Neurologic sequelae after treatment of severe hyponatremia: A multicenter per-
spective. J. Am. Soc. Nephrol. 4:1522-1530.

6. Ayus, J. C., Wheeler, J. M., and Arieff, A. I. 1992. Postoperative hypona-
tremic encephalopathy in menstruant women. Ann. Intern. Med. 117:891-897.

7. Holliday, M. A., Kalayci, M. N, and Harrah, J. 1968. Factors that limit
brain volume in response to acute and sustained hyper- and hyponatremia. J.
Clin. Invest. 47:1916—1928.

8. Melton, J. E., Patlak, C. S. Pettigrew, K. D., and Cserr, H. F. 1987. Volume
regulatory loss of Na, Cl, and K from rat brain during acute hyponatremia. Am.
J. Physiol. 252:F661-F669.

9. Thurston, J. H., and R. E. Hauhart. 1987. Brain amino acids decrease in
chronic hyponatremia and rapid correction causes brain dehydration: possible
clinical significance. Life Sci. 40:2539-2542.

10. Sterns, R. H., Thomas, D. J., and Herndon, R. M. 1989. Brain dehydration
and neurologic deterioration after correction of hyponatremia. Kidney Int. 35:69—
75.

11. Verbalis, J. G., and Drutarosky, M.D. 1988. Adaptation to chronic hypoos-
molality in rats. Kidney Int. 34:351-360.

12. Thurston, J. H., Sherman, W. R., Hauhart, R. E., and Kloepper, R. F.
1989. Myoinositol: A newly identified nonnitrogenous osmoregulatory molecule
in mammalian brain. Pediatr. Res. 26(5):482-485.

13. Lien, Y. H., Shapiro, J. I, and Chan, L. 1991. Study of brain electrolytes
and osmolytes during correction of chronic hyponatremia. Implications for the
pathogenesis of central pontine myelinolysis. J. Clin. Invest. 88:303-309.

14. Verbalis, J. G., and Gullans, S. R. 1991. Hyponatremia causes large

442 I Kurtz

sustained reductions in brain content of multiple organic osmolytes in rats. Brain
Res. 567:274-282.

15. Measures, J. C. 1975. Role of amino acids in osmoregulation of non-
halophilic bacteria. Nature (Lond.). 257:398—400.

16. Barnett, N. M., and Naylor, A. W. 1966. Amino acid and protein metabo-
lism in Bermuda grass during water stress. Plant Physiol. 41:1222-1230.

17. Stewart, G. R., and Lee, J. A. 1974. The role of proline accumulation in
halophytes. Planta (Berl). 120:279-289.

18. Shank, R. P., and C. F. Baxter. 1973. Metabolism of glucose, amino acids,
and some related metabolites in the brains of toads (Bufo Boreas) adapted to
fresh water or hyperosmotic environments. J. Neurochem. 21:301-313.

19. Matsushima, O., Katayama, H., Yamada, K., and Kado, Y. 1984. Occur-
rence of free D-alanine and alanine racemase activity in bivalve molluscs with
special reference to intracellular osmoregulation. Mar. Biol. Lett. 5:217-225.

20. Awapara, J. 1962. Free amino acids in invertebrates: a comparative study
of their distribution and metabolism. /n Amino Acid Pools. J. T. Holden, editor.
Elsevier, New York. 158-175.

21. Baxter, C. F., and Ortiz, C. L. 1966. Amino acids in the maintenance of
osmotic equilibrium in brain tissue. Life Sci. 5:2321-2329.

22. Brown, A. D., and Simpson, J. R. 1972. Water relations of sugar-tolerant
yeasts: the role of intracellular polyols. J. Gen. Microbiol. 72:589-591.

23. Borowitzka, L. J., and Brown, A. D. 1974. The salt relations of marine and
halophilic species of the unicellular green alga, Dunaliella. The role of glycerol as
a compatible solute. Arch. Microbiol. 96:37-52.

24. Garcia-Perez, A., and Burg, M. B. 1991. Role of organic osmolytes in
adaptation of renal cells to high osmolality. J. Mem. Biol. 119:1-13.

25. Yancey, P. H., Clark, M. E,, Hand, S. C., Bowlus, R. D., and Somero,
G. N. 1982. Living with water stress: Evolution of osmolyte systems. Science
(Wash. DC) 217:1214-1222.

26. Fraser, C. L., Kucharczyck, J., Arieff, A. I, et al. 1989. Sexual differences
result in increased morbidity from hyponatremia in female rats. Am. J. Physiol.
256:R880—R88S5.

27. Verbalis, J. G., and S. R. Gullans. 1993. Rapid correction of hyponatremia
produces differential effects on brain osmolyte and electrolyte reaccumulation in
rats. Brain Res. 606:19-27.

28. Karp, B. I, and Laureno, R. 1993. Pontine and extrapontine myelinolysis:
A neurological disorder following rapid correction of hyponatremia. Medicine
(Balt.). 72:359-373.

29. Adams, R. D., Victor, M., and Mancall, E. L. 1959. Central pontine
myelinolysis. Arch. Neurol. Psychiatry. 81:154—172.

30. Clifford, D. B., Gado, M. H., and Levy, B. K. 1989. Osmotic demyelination
syndrome. Lack of pathologic and radiologic imaging correction. Arch. Neurol.
46:343-347.

31. Berl, T. 1990. Treating hyponatremia: damned if we do and damned if
we don’t. Kidney Int. 36:1006—1018.

32. Videen, J. S., Michaelis, T., Pinto, P., and Ross, B. D. 1995. Human
cerebral osmolytes during chronic hyponatremia; A proton magnetic resonance
spectroscopy study. J. Clin. Invest. 95:788-793.

33, Kreis, R., Farrow, N. A., and Ross, B. D. 1990. Diagnosis of hepatic
encephalopathy by proton magnetic resonance spectroscopy. Lancet. 336:635—
636.

34. Michaelis, T., Merboldt, K.-D., Hanicke, W., Gyngell, M. L., Bruhn, H,,
and Brahm, J. 1991. On the identification of cerebral metabolites in localized 'H
NMR spectra of human brain in vivo. NMR Biomed. 4:90-98.



