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Abstract

We studied the effects of varying degrees and durations of
hypernatremia on the brain concentrations of organic com-
pounds believed to be important, so-called “idiogenic” osmoles
in rats by means of conventional biochemical assays, nuclear
magnetic resonance spectroscopy, and high-performance liquid
chromatography. There were no changes in the concentrations
of these osmoles (specifically myoinositol, sorbitol, betaine,
glycerophosphorylcholine [GPC], phosphocreatine, glutamine,
glutamate, and taurine) in rats with acute (2 h) hypernatremia
(serum Na 194+5 megq/liter). With severe (serum Na 180+4
meq/liter) chronic (7 d) hypernatremia, the concentrations of
each of these osmoles except sorbitol increased significantly:
myoinositol (65%), betaine (54%), GPC (132%), phosphocre-
atine (73%), glutamine (143%), glutamate (84%), taurine
(78%), and urea (191%). Together, these changes account for
35% of the change in total brain osmolality. With moderate
(serum Na 159+3 megq/liter) hypernatremia, more modest but
significant increases in the concentrations of each of these os-
moles except betaine and sorbitol were noted. When rats with
severe chronic hypernatremia were allowed to drink water
freely, their serum sodium as well as the brain concentrations
of all of these organic osmoles except myoinositol returned to
normal within 2 d. It is concluded that: idiogenic osmoles play
an important role in osmoregulation in the brain of rats sub-
jected to hypernatremia; the development of these substances
occur more slowly than changes in serum sodium; and the
decrease in concentration of myoinositol occurs significantly
more slowly than the decrease in serum sodium which occurs
when animals are allowed free access to water. These observa-
tions may be relevant to the clinical management of patients
with hypernatremia. (J. Clin. Invest. 1990. 85:1427-1435.)
brain « high performance liquid chromatography « hypernatre-
mia  idiogenic osmoles * nuclear magnetic resonance

Introduction

So-called “idiogenic™ osmoles have been postulated to develop
in the brain cells of patients suffering from chronic elevations
in the osmolality of their extracellular fluid. Moreover, the
rapid correction of the osmolality of such patients, especially
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pediatric patients, is associated with the development of cere-
bral edema (1). It has been known for more than 30 years that
changes in tissue sodium and potassium concentrations can-
not account for all of the observed change in tissue osmolality
which occur during chronic hypernatremia (2). The inorganic
and organic solutes that maintain equality between extracellu-
lar and intracellular brain osmolality during this adaptation to
hyperosmotic stress have been investigated by several groups.
Arieff and his associates (3, 4) demonstrated that organic os-
moles accumulated in the brains of chronic but not acute hy-
pernatremic rabbits. Other investigators have shown that the
levels of some amino acids and their derivatives such as gluta-
mine, glutamate, taurine, and urea rise in the brains of chronic
hypernatremic animals, and account for about half of the in-
crement of total brain osmoles (5, 6). However, many of the
idiogenic osmoles have not yet been characterized in brain
tissue.

Polyols and trimethylamines accumulate intracellularly in
marine animals, plants, and bacteria when extracellular or en-
vironmental osmolarity is significantly increased (7, 8). Re-
cently, with the use of nuclear magnetic resonance (NMR)'
spectroscopy, gas chromatography, and enzymatic analysis,
polyols (sorbitol and myoinositol) and trimethylamines (glyc-
erophosphorylcholine [GPC] and betaine) were identified in
high concentrations in renal papillae of antidiuretic animals
(9-12). It has not been tested whether these molecules also
serve as osmoles in brain during adaptation to hyperosmolar
states.

In this study, we investigated the significance of polyols
and trimethylamines as idiogenic osmoles developing in the
brain of hypernatremic rats using conventional biochemical
assays, NMR spectroscopy, and high-performance liquid chro-
matography (HPLC). In addition, we examined the time
course of the changes of these osmoles during the recovery
phase of hypernatremia.

Methods

Animal models. Four groups of male Sprague-Dawley rats weighing
300-350 g were investigated: group 1, normal rats; group 2, rats sub-
jected to severe acute hypernatremia; group 3, rats subjected to moder-
ate chronic hypernatremia; and group 4, rats subjected to severe
chronic hypernatremia. Normal rats were allowed ad libitum normal
rat chow (Wayne Lab Blox, Ralston Purina Co., St. Louis, MO) and
water. Acute hypernatremia was induced by the intraperitoneal injec-
tion of 0.8 ml/100 g body weight of 4 M NaCl as described by Chan
and Fishman (13). These rats were then killed 2 h after injection. Rats
with moderate hypernatremia were gavaged with 1 ml/100 g body
weight of 5% NaCl twice daily for 7 d as described by Holliday et al.
(14). Rats were allowed to eat solid food and drink 5% saline ad libi-
tum. Rats with severe chronic hypernatremia were treated similarly to

1. Abbreviations used in this paper: GABA, y-aminobutyric acid; GPC,
glycerophosphorylcholine; NMR, nuclear magnetic resonance; TSP,
trimethylsilylproprionate.
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those in group 3 except that gavage with 5% saline was administered
every other day instead of daily.

In addition, the recovery phase of hypernatremia was studied. Rats
with severe chronic hypernatremia were allowed to drink water ad lib.
for 1 or 2 d and were then killed. Daily weights and serial serum
osmolalities and Na and urea nitrogen concentrations during induc-
tion and therapy of hypernatremia were determined.

Preparation of brain extracts. Rats were anesthetized with pento-
barbital (50 mg/kg i.p.) and rapidly decapitated using a rodent guillo-
tine with the head quick frozen in liquid nitrogen and stored until
subsequent extraction at —70°C. Upon performance of the extraction
procedure, a portion of brain tissue was dried at 100°C in an oven for
16 h to determine brain water content. The bulk of brain tissue was
homogenized while cooled in liquid nitrogen and rapidly mixed with 4
ml of 6% perchloric acid. The mixture was then centrifuged at 0°C at
12,000 g for 20 min. The supernatant was removed and neutralized to
pH 7.0 with 30% KOH. The neutralized extract was then passed
through a Sep-Pak C18 cartridge (Millipore Corp., Bedford, MA) and
stored at —70°C.

Biochemical assays. Sorbitol content was measured by enzymatic
assay with sorbitol dehydrogenase (EC 1.1.1.14) using commercial kits
(No. 670057, Boehringer Mannheim Biochemicals, Indianapolis, IN).
An aliquot of 200 ul of brain extract was used for this assay.

Myoinositol content was measured by enzymatic assay with inosi-
tol dehydrogenase (EC 1.1.1.18, from Enterobacter aerogenes, Sigma
Chemical Co., St. Louis, MO) as described by Weissbach (15). An
aliquot of 25 ul of brain extract was used for this assay.

Betaine content was measured by periodide precipitation method
described by Barak and Tuma (16). An aliquot of 500 ul of brain
extract was used for this assay.

GPC content was measured by enzymatic assay with phospholipase
D (EC 3.1.4.4, from Streptomyces chromofuscus, Boehringer Mann-
heim Biochemicals) and choline oxidase (EC 1.11.13.17, Sigma Chem-
ical Co.) as described by Takayama et al. (17) and modified by Bag-
nasco et al. (11). An aliquot of 50 ul of brain extract was used for this
assay.

NMR spectroscopy. Brain osmoles were quantitated with NMR
spectroscopy methods. An aliquot of 1 ml of brain extract was lyophi-
lized and reconstituted in 0.7 ml of D,O containing 2.5 mM sodium
3-trimethylsilylproprionate (TSP, Sigma Chemical Co.), an internal
chemical shift and concentration standard, and placed in a 5-mm
NMR tube (Wilmad Glass Co., Inc., Buena, NJ). '"H-NMR spectros-
copy was performed using a 300-MHz (7.0 T) 10-cm vertical-bore
cryomagnet and an AM 300 spectrometer (Bruker Instruments, Inc.,
Billerica, MA). 'H-NMR spectra were obtained at 300 MHz using a
sweep width of 10 ppm and 16K data arrays, and 128 scans collected
with 90° pulses applied every 10 s. The integral of each peak was
analyzed relative to the integral of the TSP peak as described by Gul-
lans and co-workers (12).

HPLC. HPLC was performed using a Sugar-Pak 1 column (Waters
Associates, Milford, MA) as described by Wolff et al. (18). An aliquot
of 50 ul of brain extract was injected and eluted with 0.1 mM calcium
disodium EDTA at 0.5 ml/min and 80°C. Metabolites were detected
with a refractive index detector (Altex Scientific, Inc., Berkeley, CA)
and analyzed with a computer (CDS 401, Varian Associates, Inc., Palo
Alto, CA).

Statistics. One-way analysis of variance was performed to demon-
strate differences among group means. Comparison of group means
with the control was done using Student’s ¢ test for unpaired data
employing Scheffe’s method to correct for multiple comparisons (19).
Significance levels are reported at the P < 0.05 and P < 0.01 levels.

Results

Effects of hypernatremia on the concentrations

of organic brain osmoles

Physiologic measurements. The serum sodium increased from
141%2 to 194+5 meq/liter 2 h after hypertonic saline injection
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Table I. Serum Sodium, Urea Nitrogen, Osmolality,
and Brain Water Content

Rat group (n)
Chronic Chronic
Acute hypernatremia, hypernatremia,
Normal  hypernatremia moderate severe
®) (5) (5) (6)

Serum Na

(megq/liter) 141+2 194+5* 159+3% 180+4**
Serum urea

nitrogen

(mg/dl) 15+2 28+3* 20+2 43+5%
Serum osmolality

(mosmol/kg) 301+2 402+8* 350+7* 4039
Brain water

content (%) 77.6£1.0  74.5+0.3* 77.4+0.6 77.1+£0.8

n, number of rats in each group. Values are means+SD.
* P <0.01 vs. normal rats; *P < 0.01 vs. moderate chronic hypernatremic rats.

(group 2). The serum osmolality increased from 301+2 to
402+8 mosmol/kg, and brain water content decreased from
77.6£1.0% to 74.5+0.3%. Increases in serum urea nitrogen
also occurred, probably reflecting prerenal azotemia (Table I).

Chronic hypernatremia developed with oral salt loading.
When rats were gavaged with 5% saline daily, they developed
moderate chronic hypernatremia with serum sodium 159+3
meq/liter and serum osmolality 350+7 mosmol/kg (group 4).
When saline was given every other day, the rats developed
severe chronic hypernatremia with serum sodium 180+4
megq/liter and osmolality 403+9 mosmol/kg (group 3) (Table
I). It was noted that the serum urea nitrogen level was higher in
rats with severe chronic hypernatremia than those with moder-
ate chronic hypernatremia (43+5 vs. 20+2 mg/dl). The rats
with severe hypernatremia lost more weight than the rats with
moderate hypernatremia (25% vs. 22%). The brain water con-
tent in both groups was not significantly different from that in
normal rats (Table I). In both groups, all the rats survived the
induction of chronic hypernatremia.

Biochemical assays. Table II shows the concentrations of
myoinositol, betaine, and GPC in brain tissue from each group
of rats using biochemical assays. In normal rats, myoinositol,
betaine, and GPC concentrations were 4.73+1.37, 0.97+0.18,
and 0.83+0.12 mmol/kg H,0, respectively. The concentra-

Table II. Brain Osmoles Measured by Biochemical Assays

Rat group (n)
Chronic Chronic
Acute hypernatremia, hypernatremia,
Normal hypernatremia moderate severe
8) (5) ) (6)
mmol/kg H,0
Myoinositol 4.73%+1.37 5.76+2.06  7.50+1.06% 8.55+1.07*
Betaine 0.97+0.18 0.90+0.08  1.14+0.16 1.92+0.45*
GPC 0.83+0.12 0.78+0.11 1.19+£0.16%  2.19+0.32*

n, number of rats in each group. Values are means+SD.
* P < 0.01 vs. normal rats; *P < 0.05 vs. normal rats.



tions of these three osmoles were unchanged in rats with acute
hypernatremia. In rats with severe chronic hypernatremia, the
concentrations of myoinositol, betaine, and GPC were in-
creased significantly to 8.55+1.07, 1.92+0.45, and 2.19+0.32
mmol/kg H,O, respectively. In rats with moderate chronic
hypernatremia, both myoinositol and GPC increased signifi-
cantly to 7.50+1.06 and 1.19+0.16 mmol/kg H,O, whereas
the concentration of betaine was not different. from that of
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normal rats. The sorbitol concentration was very low in brain
tissue of normal rats (7513 umol/kg H,O) and rats with se-
vere chronic hypernatremia (83+17 pmol/kg H,0) and was
not significantly different between the two groups.

NMR spectroscopy. Fig. 1 shows the "H-NMR spectra of
brain extract from a normal rat (4) and a rat with severe
chronic hypernatremia (B). The most prominent peaks repre-
sent N-acetyl aspartate (2.02 ppm) and phosphocreatine (3.03
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Figure 1. "H-NMR spectra of brain extracts. (4) Normal rat; (B) severe chronic hypernatremic rat. These spectra are sum of 128 transients each
and are referenced to TSP. Peaks derived from N-acetyl aspartate (NAA4), y-aminobutyric acid (GABA), glutamine, glutamate, aspartate (4SP),
amino acids (44), phosphocreatine (PCr), glycerophosphorylcholine (GPC), betaine (B), taurine (T), and myoinositol (M) have been labeled.
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and 3.93 ppm). The peak area of N-acetyl aspartate (relative to
TSP) in chronic severe hypernatremia was not different from
normal, while the relative peak area of phosphocreatine was
markedly increased with severe chronic hypernatremia. The
peaks in the range 2.0-2.8 ppm represent primarily amino
acids including glutamate (2.32, 2.34, 2.36 ppm), glutamine
(2.38, 2.40, 2.42 ppm), aspartate (2.78, 2.80, 2.84, 2.86 ppm).
It was evident that the relative peak areas of glutamate and
glutamine were greater in rats with severe chronic hypernatre-
mia than normal rats. The major peaks of polyols and tri-
methylamines were located between 2.1 and 3.9 ppm: GPC,
3.23; betaine, 3.26; myoinositol, 3.27, 3.57, 3.59, 3.61, and
4.06; and sorbitol, 3.85 ppm. We observed the increases in the
peak areas attributable to GPC, betaine, and myoinositol in
rats with severe chronic hypernatremia compared with normal
rats. The sorbitol peak was not visualized in either spectra,
reflecting the low concentrations of this substance in rat brain.
Also noted in this region were peaks attributable to taurine
(3.41, 3.43, 3.45 ppm) as well as glutamine and glutamate
(3.72-3.79 ppm). The peaks attributable to all three amino
acids were increased in hypernatremic rats. The spectra of
brain extracts from rats with acute hypernatremia were similar
to those of normal rats and, thus, were not shown. Table III
shows the results of osmole quantitation using the 'H-NMR
studies of brain extracts from the four groups of rats. The
concentrations of myoinositol, betaine, and GPC in the brain
of normal rats were 4.61+0.77, 0.14+0.05, and 1.00+0.21
mmol/kg H,O, respectively. The changes in brain osmoles in
each experimental condition were consistent with those from
the biochemical assays (Table II), i.e., myoinositol, betaine,
and GPC were increased significantly in rats with severe
chronic hypernatremia (7.63+1.56, P < 0.01; 0.26+0.09, P
< 0.05; and 3.09+0.29, P < 0.01), but did not change in rats
with acute hypernatremia. In rats with moderate chronic hy-
pernatremia, myoinositol (7.01£1.18, P < 0.01) and GPC
(1.56+0.12, P < 0.01) were increased, but betaine was un-
changed. It was noted that the amount of myoinositol and
GPC detected was comparable with these two methods, while
betaine concentrations measured with periodide precipitation
method were seven to eight times higher than when measured
with the NMR method.

Table I11. Brain Osmoles Measured by NMR Methods

The results of quantitation of other organic molecules with
prominent peaks are also shown in Table III. The phospho-
creatine concentrations were increased significantly in chronic
moderate (4.11+0.54) and severe (5.21+0.15) hypernatremic
animals compared to control (3.01+0.38) and acute hyperna-
tremic rats (2.79+0.43). Glutamate, glutamine, and taurine
which are the most abundant amino acids and their derivatives
in rat brain, all increased significantly in chronic moderate
hypernatremia (17.14%+2.37, 7.30+0.33, and 3.68%+0.38
mmol/kg H,O, respectively) and chronic severe hypernatre-
mia (21.76x1.41, 10.16+0.88, and 5.40+0.45) compared to
those in controls (11.84+0.95, 4.30+0.34, and 2.65+0.28). In
acute hypernatremic rats, there were no significant changes in
the concentrations of these three amino acids. The level of
N-acetyl aspartate was also quantitated and was not signifi-
cantly different among the four groups. Other amino acids
which are less abundant were not measured.

HPLC. Fig. 2 shows representative chromatograms of
brain extracts from a normal rat (@) and a rat with severe
chronic hypernatremia (b). The peak assignments were: A,
glucose (retention time in minutes, 8.1); B, myoinositol (10.1);
C, taurine (11.0); D, unidentified metabolite (11.5), E, GPC
(12.4); F, unidentified metabolite (14.9); G, urea (15.6); H,
glutamine (17.1); and 7, betaine (18.0). The peak assignments
were in agreement with those reported by Wolff et al. (18). It
was noted that the peak areas of myoinositol, taurine, GPC,
urea, glutamine, and betaine were all increased in rats with
severe chronic hypernatremia. The retention time for sorbitol
was 13.4 min. There was no measurable peak corresponding to
sorbitol observed on any chromatogram.

The results of quantitation of major organic osmoles from
HPLC studies are summarized in Table IV. The concentra-
tions of myoinositol, betaine, and GPC in brain tissue of nor-
mal rats were 6.01+0.23, 0.48+0.09, and 1.27+0.18 mmol/kg
H,O, respectively. The changes of myoinositol, betaine, and
GPC in each experimental condition were consistent with
those obtained from biochemical assay and NMR studies. In
rats with acute hypernatremia, there were no significant
changes in the concentrations of these three osmoles. In rats
with severe chronic hypernatremia, myoinositol (7.89+0.45, P
< 0.01), betaine (0.74+0.08, P < 0.01), and GPC (2.95+0.18,

Rat group (n)
Chronic Chronic
Acute hypernatremia, hypernatremia,
Normal hypernatremia moderate severe
8) 5) (5) (©)

mmol/kg H,O
Myoinositol 4.61+0.77 4.33+0.66 7.01£1.18* 7.63+1.56*
Betaine 0.14+0.05 0.15+0.04 0.24+0.09 0.26+0.09*
GPC 1.00£0.21 1.31£0.25 1.56+0.12* 3.09+0.29*
Phosphocreatine 3.01+0.38 2.79+0.43 4.11+0.54* 5.21+0.15*
~ Glutamate 11.84+0.95 11.36+0.91 17.14+2.37* 21.76x1.41*
Glutamine 4.30+0.34 3.74+0.71 7.30+0.33* 10.16+0.88*
Taurine 2.65+0.28 2.79+0.46 3.68+0.38* 5.40+0.45*

n, number of rats in each group. Values are means+SD. * P < 0.01 vs. normal rats; *P < 0.05 vs. normal rats.
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Figure 2. HPLC chromato-
grams of brain extracts. (a)
Normal rat; (b) severe chronic
hypernatremic rat. For com-
parison, the same amount of
brain extract from each rat was
applied to the Sugar-Pak 1 col-
umn and eluted with Ca
EDTA at 0.5 ml/min and
80°C. Peak assignments are: 4,
glucose; B, myoinositol; C,
taurine; D, unidentified; E,
GPC; F, unidentified; G, urea;
H, glutamine; and /, betaine.

Time (min)

PR N TS TR U RO WA TR SR S SR S |

7 9 11 13 15 17 19
Time (min)

P < 0.01) were increased significantly compared with normal
rats. In rats with moderate chronic hypernatremia, myoinosi-
tol (7.3110.89, P < 0.05) and GPC (1.88+0.36, P < 0.05) were
significantly increased, whereas betaine (0.53+0.07, P = NS)
was not. The concentrations of myoinositol and GPC deter-
mined with the three methods were similar. The betaine con-
centrations measured with HPLC were between the values
measured with the biochemical assay and NMR methods.

As for glutamine, taurine, and urea, the concentrations
were 4.37+0.37, 3.62+0.43, and 4.40+0.66 mmol/kg H,O in
normal rats. In rats with acute hypernatremia, only urea in-
creased significantly to 7.59+0.80 (P < 0.01). In rats with
moderate chronic hypernatremia, concentrations of glutamine
(7.18+0.46) and taurine (5.42+0.43) increased significantly
compared with normal rats (both P < 0.01). In rats with severe
chronic hypernatremia, glutamine (10.62+0.67), taurine
(6.45+0.44), and urea (12.82+1.72) were all significantly ele-
vated compared to normal rats (all P < 0.01). The change of

Table IV. Brain Osmoles Measured by HPLC Methods

Rat group (n)
Chronic Chronic
Acute hypernatremia, hypernatremia,
Normal hypernatremia moderate severe
) ) 4) “4)
mmol/kg H,O
Myoinositol  6.01+0.23 5.93+0.15 7.31+0.89% 7.89+0.45*
Betaine 0.48+0.09 0.54+0.09 0.53+0.07 0.74+0.08*
GPC 1.27+0.18 1.47+0.22 1.88+0.36*  2.95+0.18*
Glutamine  4.37+0.37 4.56+0.68  7.18+0.46* 10.62+0.67*
Taurine 3.62+0.43 3.47+0.56 5.42+0.43*  6.45+0.44*
Urea 4.40+0.66 7.59+0.80* 6.04+0.20  12.82+1.72*

n, number of rats in each group. Values are means+SD.
* P < 0.01 vs. normal rats; *P < 0.05 vs. normal rats.

brain urea was in proportion to that of serum urea nitrogen
(Table I).

Organic osmole concentrations during recovery

from hypernatremia

Physiologic studies. Rats with severe hypernatremia were al-
lowed to drink water ad /ib. and killed 1 or 2 d later. Fig. 3
shows the time course of the changes in body weight (4), serum
sodium (B), and brain water contents (C) during the recovery
phase. The rats gained 17+1% of initial body weight within 24
h of free water access. On the second day they gained another
5%. The serum sodium dropped from 180+4 to 155+3 in the
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Figure 3. Physiologic studies of the recovery phase from severe
chronic hypernatremia. Time course of the change of (4) body
weight, (B) serum sodium, and (C) brain water content. *P < 0.05
and **P < 0.01 vs. initial value.
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first day and to 146+2 meq/liter in the second day. The brain
water content increased slightly from 77.1+0.8% to 78.5+0.5%
on the first day then returned to the normal range on the
second day. All the rats survived the recovery from chronic
hypernatremia prior to sacrifice.

NMR spectroscopy and HPLC measurements. Fig. 4 shows
the time course of the changes in myoinositol (4), betaine (B),
and GPC (C) concentrations as measured with '"H-NMR spec-
troscopy in rat brains obtained during the recovery from
chronic severe hypernatremia. It was noted that myoinositol
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Figure 4. Time course of the change in organic brain osmole concen-
trations during recovery from severe chronic hypernatremia. (4)
Myoinositol; (B) betaine; and (C) GPC. *P < 0.05 and **P < 0.01
vs. value seen in untreated severe chronic hypernatremia. The hori-
zontal zone indicates the normal range of the individual osmoles
(normal meanzx1 SD).
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was not changed on the first day and only reduced slightly on
the second day to a value still above the normal range
(6.73+0.50 vs. 4.61+0.77 mmol/kg H,O, P < 0.05). Betaine
and GPC, however, reduced rapidly to 0.14+0.02 and
1.47+0.16 mmol/kg H,O on day 1 and returned to within the
normal range (0.11+0.03, and 1.03+0.28, respectively) on day
2. Phosphocreatine (3.45+0.58), glutamine (4.42+0.52
mmol/kg H,0), glutamate (11.51+1.32), and taurine
(2.43+£0.29 mmol/kg H,O) concentrations measured with
NMR also returned to within the normal range 2 d after access
to free water. The results of quantitation of myoinositol, be-
taine, GPC, glutamine, and taurine with HPLC in this time-
course study were in close agreement with those obtained from
'"H-NMR.

Discussion

Organic molecules serve important biological functions in the
process of cellular osmoregulation. When extracellular osmo-
lality increases, organic molecules accumulate in the cells,
thus, maintaining cell volume and counteracting the pertur-
bation of enzyme function and protein structure by high con-
centrations of inorganic ions and other molecules such as urea
(7, 8).

There appear to be three major groups of organic mole-
cules which serve a function as biological osmoles: polyols,
trimethylamines and amino acids and their derivatives (7, 8).
In the past, the studies of brain in hyperosmolar state have
been mainly focused on the accumulation of amino acids and
their derivatives. Arieff and others reported a doubling of brain
amino acid content in response to chronic hypernatremia in
rabbits (3). In this study, the increase of amino acid accounted
for approximately half of the estimated idiogenic osmoles, as-
suming the amino acids were present in an osmotically active
form in brain cells. Thurston and coworkers have reported
increases in 16 of 19 amino acids measured in the brains of
hypernatremic mice (6). Although Ullrich reported high con-
centration of GPC in dog papilla as early as 1956 (20) the
importance of polyols and trimethylamines in the osmoregu-
lation in mammalian tissue has been only rediscovered re-
cently by Balaban, Guder, Burg, Gullans, and their associates
(9-12, 21). In this study, using three different approaches, we
have demonstrated that the brain concentrations of myoinosi-
tol, betaine, and GPC, the major osmoles in renal papilla, are
increased in the brain of rats with chronic hypernatremia, but
not in acute hypernatremia (Tables II-IV). Whereas myoino-
sitol and GPC concentrations increase in response to both
moderate and severe hypernatremia, betaine concentrations,
apparently, increase only when hypernatremic is severe. Sor-
bitol, another renal osmole, is present in very low concentra-
tions in rat brain which does not change with hypernatremia.
Phosphocreatine, a methylamine which does not play a role as
osmole in renal papilla, however, is increased in response to
chronic hypernatremia, but not to acute hypernatremia. Alto-
gether, myoinositol, betaine, GPC, and phosphocreatine can
account for about 7% of the total brain osmolality change
during chronic severe hypernatremia.

Although in general, the three methods of chemical analy-
sis agreed quite well, there was a discrepancy between the
NMR and HPLC measurements of betaine with the biochemi-
cal method which consistently yielded higher values. This dis-



crepancy is probably due to nonspecific precipitation of per-
iodide with other trimethylamines which could effect the bio-
chemical method but not the NMR or HPLC techniques.

There are very few reports on the brain content of polyols
and trimethylamines in the literature. Wirthensohn and others
have reported that the GPC content in rat brain is 0.70 mmol/
kg wet weight or 0.90 mmol/kg H,O (21), which is in agree-
ment with our results. Arieff et al. (22) have reported that
myoinositol and sorbitol levels in rat brain were 6.3 and 0.05
mmol/kg H,0, respectively. Both were similar to the values we
obtained from rat brain extracts. More recently, while this
manuscript was in preparation, Heilig et al. (23) presented
their NMR measurements of brain osmole contents in rats
subjected to a degree of chronic hypernatremia (serum sodium
151 meq/liter) similar to that seen in our moderate chronic
hypernatremia model. They reported that the normal brain
myoinositol, betaine, and GPC levels were 62, 3, and 8 nmol/
mg protein, respectively, while in chronic hypernatremic rats,
the levels were 90, 3, and 13 nmol/mg protein, respectively.
These results are similar to those observed in our study. The
levels of amino acids and phosphocreatine in rat brain mea-
sured in our study are consistent with previous studies (5, 6,
23). Our observations confirmed that glutamine, glutamate
and taurine are the major amino acids involved in brain os-
moregulation. The response of phosphocreatine to chronic
hypernatremia is also in agreement with the recent study by
Heilig et al. (23).

The animal models we adopted are similar to those re-
ported by Holliday et al. (14), and our physiologic findings
concerning changes in serum sodium, and osmolality in gen-
eral agree with theirs. Interestingly, the rats developed severe
chronic hypernatremia in our studies received less salt than
those with moderate hypernatremia. It is likely that rats with
severe hypernatremia were in volume depletion state which
was evident by the fact that the serum urea nitrogen level was
higher in rats with severe hypernatremia than in rats with
moderate hypernatremia and that there was more weight loss
in rats with severe hypernatremia. The volume depletion stim-
ulates the renin-angiotensin-aldosterone system thus reduces
the urinary loss of sodium and facilitates development of hy-
pernatremia (24). Our results concerning brain water and os-
mole content in rats with acute hypernatremia were also con-
sistent with previous studies in this area (4): 2 h after high
concentrated saline injection, the brain water content was re-
duced while brain osmoles remained in the normal range. As
Arieff and co-workers (3, 4) suggested, in acute hypernatremia,
there is no measurable difference between intracellular and
extracellular fluid osmolality because of water efflux and in-
creases in intracellular ion concentrations. In rats with moder-
ate and severe chronic hypernatremia, the brain water content
is within the normal range (Table I), and osmolality is not
different between intracellular and extracellular fluids, pri-
marily because of increases in the cellular concentrations of
organic osmotically active molecules.

The contribution of the organic osmoles to the total osmo-
lality change in chronic hypernatremia is substantial. To cal-
culate the contribution, we have to assume that all of these
molecules are osmotically active, thus the osmotic activity co-
efficient of individual molecule is close to 1. The total incre-
ment of myoinositol, betaine, GPC, and phosphocreatine in
the brain of rats with severe chronic hypernatremia is esti-
mated to be 7 mmol/kg H,O. As the osmolality increases by

about 100 mosmol/kg, the contribution of these four osmoles
is about 7%. The increases of glutamate, glutamine and taurine
(Tables III and IV) are consistent with previous reports (5, 6)
and account for about 20% of estimated increase in osmolality.
The concentration of urea in brain tissue is similar to the
serum urea concentration as urea is freely permeable to the cell
membrane (3). The contribution of urea to the total osmolality
change is about 8%. Altogether, the organic osmoles measured
in this study can account about 35% of the total osmolality
change in chronic hypernatremia.

Idiogenic osmoles have been postulated to be the mole-
cules which fill up the gap between the measured change of
osmolality and total changes contributed by electrolytes (2, 3).
As mentioned above, the organic molecules which we mea-
sured can account for 35% of the total osmolality change in the
brain during chronic hypernatremia. We, therefore, reviewed
previous studies in this area in order to estimate the percentage
of the osmolality which is still “idiogenic.” The contributions
of electrolytes and other solutes to the changes in brain osmo-
lality for various durations and degrees of hypernatremia re-
ported in different studies are summarized in Table V. In acute
hypernatremia, it appears that changes in the concentration of
brain electrolytes account for the majority of osmolality
change as Arieff et al. (3) have been suggested. In chronic
hypernatremia, the contribution of electrolyte concentration
changes to the change in brain osmolality appears to be con-
troversial. In the study by Holliday and his co-workers (14),
the contribution of potassium is only 1%. However, when in-
tracellular potassium was calculated, the increment was 10
mmol/kg consisting of 12% of the change of intracellular os-
molality. The contributions of both sodium and chloride are in
the range of 23-50% (3, 6, 14) arising mainly from the increase
in concentration of these electrolytes in the extracellular fluid.
The increase of intracellular sodium can only account for 4%
of the change of intracellular osmolality (14). The total contri-
bution of electrolytes to the changes in tissue osmolality can be
estimated about 50-60%. The wide range of contributions of
amino acids to the total change in tissue osmolality are pri-
marily due to differences in the selection of amino acids mea-
sured. It was highest (42%) when total amino acids were quan-
titated with the Ninhydrin test (3) and lowest (8%) when only
glutamine, glutamate, and aspartate were measured (5). In
general, the contributions of organic solutes to the observed
change in brain osmolality during hypernatremia are: amino
acids 20-30%, urea 8-9%, and polyols and methylamines, to-
gether 7-10%. Therefore, the vast majority of total change in
brain osmolality can be accounted by changes in the concen-
trations of measured solutes. In other words, there are no sig-
nificant idiogenic brain osmoles.

During the recovery phase of hypernatremia, serum so-
dium and body weight returns to nearly normal in 2 d. The
brain water content increased 24 h after free access to water
and then returned to a normal level on the second day. The
rats appeared to tolerate this treatment well. The concentra-
tions of betaine and GPC (Fig. 4, B and C) as well as phos-
phocreatine, glutamine, glutamate, and taurine in brain tissue
declined in parallel to the reduction in serum sodium concen-
tration. However, myoinositol concentrations remained ele-
vated even when serum Na returned to normal (Fig. 4 4). Itis
not clear why the organic osmoles behave differently during
the recovery phase, and this is certainly a topic for further
investigation.
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Table V. Contribution of Electrolytes and Other Solutes to the Osmolality Change in Brains of Animals with Hypernatremia

Contribution to osmolality change

Animal

Change of Reference
Duration species osmolality Na* K* Cl- Other solutes number
mmol/kg %
Acute hypernatremia
h
1 Rat 139 24 24 ND Amino acids, 1 13
Urea, 4
1 Rabbit 60 38 32 18 ND 3
2 Rat 101 ND ND ND Urea, 3 *
3 Rat 117 30 19 30 ND ' 14
4 Rat 55 ND ND ND Amino acids, 0 S
4 Rabbit 96 21 26 24 Amino acids, 14 3
9 Rabbit 118 29 19 25 ND 25
Chronic hypernatremia
d
3 Rat 74 ND ND ND Polyols, 9 26
4 Rat 83 ND ND ND Amino acids, 8 5
4 Mouse 80 19 26 ND Amino acids, 28 6
Urea, 9
5 Rat 50 ND ND ND Amino acids, 14 23
Methylamines, 4
Polyols, 6
7 Rat 80 25 1 25 ND 14
7 Rabbit 80 8 5 15 Amino acids, 42 3
58 28 21 19 ND
-7 Rat 102 ND ND ND Amino acids, 20 *
Methylamines, 4
Polyols, 3
Urea, 8

ND, not determined. * Current study.

In summary, the brain content of myoinositol, betaine,
GPC, and phosphocreatine are increased in rats with chronic
hypernatremia and may account 7% of the observed increase
in tissue osmolality. Sorbitol appears not to play a role in this
experimental condition. Other organic solutes including glu-
tamine, glutamate, taurine, and urea measured in this study
can account for 28% of total osmolality change in chronic
hypernatremia. During the recovery from hypernatremia, all
these osmoles except myoinositol return to normal range in 2
d while myoinositol level remains elevated. The retention of
myoinositol may have clinical implications concerning the de-
velopment of brain edema accompanying rapid correction of
hypernatremia.
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