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Taurine (Tau), an amino acid that abounds in brain, 
has been implicated in inhibitory neuromodulation 
and osmoregulation, the latter function being mani- 
fested by Tau release along with osmotically obligated 
water in response to brain tissue edema. A previous 
study (Hilgier and Olson: J. Neurochem. 62:197-204, 
1994) had shown that simple hyperammonemia (HA) 
induced in rats by daily administration of ammonium 
acetate resulted in a decrease of both tissue specific 
gravity indicative of edema and Tau content, in basal 
ganglia (BG) but not in cerebral cortex (CC). By con- 
trast, rats with hepatic encephalopathy (HE) follow- 
ing administration of a hepatotoxin, thioacetamide, 
were characterized by CC edema and an increased 
Tau content in both BG and CC. In the present study, 
we tested the following parameters that may poten- 
tially have affected Tau distribution in the two mod- 
els: a) spontaneous, and stimulated (hypoosmolarity- 
induced) release of loaded [3H] Tau in vitro from CC 
and BG slices; b) blood Tau content; and c) uptake of 
[14C] Tau in vivo from blood to brain corrected for 
[3H] water passagethe so-called brain uptake index 
(BUI). 

The two edema-affected structures: BG in the HA 
model and CC in the HE model, showed increased 
spontaneous Tau release. Edema-associated sponta- 
neous release of Tau may favor inhibitory neuro- 
transmission contributing to the pathomechanism of 
HA or HE. Stimulated release, reflecting the ability 
of the tissue to reduce water content, was decreased 
in the BG from HA rats, in agreement with the pos- 
tulated role of Tau in osmoregulation. Stimulated re- 
lease was unchanged in CC of HE rats. Neither spon- 
taneous nor stimulated release of Tau were affected in 
CC of HA rats or in BG of HE rats. HE, but not HA, 
was associated with elevated blood content and in- 
creased BUI for TAU, which in combination, contrib- 
uted to the increase of Tau content in CC. The latter 
phenomenon adds to the list of metabolic changes dis- 
tinguishing simple HA from toxic liver damage, re- 

emphasizing the crucial role of factors other than am- 
monia in the pathomechanism of HE. 
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INTRODUCTION 
Taurine (Tau), an amino acid that abounds in brain, 

has been implicated in inhibitory neuromodulation and 
osmoregulation (for recent reviews and references, see 
Martin, 1992; Law, 1994; Pasantes-Morales et al., 1994; 
Vitarella et al., 1994; Law, 1995). The putative osmo- 
regulatory function of Tau has been deduced from its 
release with osmotically obligated water in response to 
conditions that cause tissue edema. This phenomenon has 
been demonstrated in vivo (Solis et al., 1988; Wade eta]., 
1988), but also in brain slices (Law, 1994, 1995), cultured 
neurons (Schousboe et al., 1990), and astrocytes in cul- 
ture (Pasantes-Morales et al., 1990). Recently, Tau re- 
lease from astrocytes was shown to be highly correlated 
with regulatory volume decrease (Vitarella et al., 1994). 

There are multiple reasons to assume the involve- 
ment of Tau in the pathomechanism of hepatic enceph- 
alopathy (HE) and other pathological conditions of the 
brain related to hyperammonemia (HA). Ammonia at 
pathophysiologically relevant concentrations stimulates 
specifically the release of Tau from glial cells in culture 
(Albrecht et al. ,  1994a; Faff-Michalak et al., 1994). HA 
or HE are often associated with brain edema resulting 
primarily from ammonia-induced swelling of astrocytes 
(Ede and Williams, 1984; Ganz et al., 1989; Norenberg 
et al., 1991). Also, either HE or HA in different models 
was found to be accompanied by changes in blood and 
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brain Tau content (Zimmermann et al., 1989; Maddison 
et al., 1990; Bosman et al., 1992; Hilgier and Olson, 
1994), including its distribution between the intracellular 
and extracellular space of the brain (Bosman et al., 
1992), and in depolarization induced Tau release from 
brain slices (Wysmyk et al., 1991). However, the mag- 
nitude and direction of the changes differed with the 
models and brain regions, and the relative contribution of 
different factors determining Tau distribution has not 
been evaluated in detail. A previous study (Hilgier and 
Olson, 1994) had shown that simple HA induced in rats 
by daily administrations of ammonium acetate produced 
a decrease of tissue specific gravity indicative of edema 
in basal ganglia (BG) but not in cerebral cortex (CC), 
whereas an opposite effect was observed in rats with HE 
following administration of a hepatotoxin, thioaceta- 
mide. The question arose whether, and in what degree, 
the HA- or HE-induced edema was related to, or was 
reflected by, the ability of the structures to accumulate 
and release Tau. In the present study, therefore, we in- 
vestigated the release of preloaded radiolabeled Tau from 
CC and BG slices. We chose to consider, in addition, 
spontaneous release in isosmotic medium, and a release 
stimulated with hypoosmotic medium, reflecting the 
ability of the tissue to osmoregulate in vitro. 

In a previous study we found that HA and HE 
produced opposite changes in Tau content in the cerebral 
regions studied: HA decreased Tau specifically in the 
edematous BG, whereas HE increased Tau in both CC 
and BG, albeit the increase was somewhat less pro- 
nounced in the edema-affected CC (Hilgier and Olson, 
1994). Here we tested the hypothesis that this discrep- 
ancy may be due to different effects of HA and HE on the 
amount of Tau transported across the blood-brain barrier. 
To this end, we evaluated the parameters determining 
Tau distribution: blood Tau content and the brain uptake 
index (BUI) for radiolabeled Tau. 

METHODS 
Induction of HA and HE 

HA and HE were produced in rats (Wistar, 130- 
220g), respectively, by 3 daily i.p. injections of 600 
mg/kg ammonium acetate or 250 mg/kg of thioaceta- 
mide. Control animals received daily injections of an 
equivalent volume of physiological saline. HA rats were 
decapitated 1 hr, and HE rats 24 hr after the last injec- 
tion. Both treatments produce brain ammonia of -0.6 
mmoles/kg, and changes in physiological and biochem- 
ical parameters typical for moderate HA (for recent ref- 
erences to both models, see Albrecht et al., 1994b). 

Tissue Slices 
Next, 0.4 mm thick slices of CC (frontal cortex, 

transverse section) and BG (coronal section, posterior to 

bregma) were freshly prepared in ice-cold PBS solution 
with a McIlwain tissue chopper. 

Water Content 

net weight loss after evaporation to dryness at 105°C. 
Water content in the slices was calculated from the 

[3H]Tau Loading and Release 
Similar to the method described by Hilgier et al. 

( 1  991) for D-aspartate release, slices were incubated 
with 1 pCi of [3H]Tau in a standard Krebs-Henseleit 
buffer containing 10 mM glucose and 1.2 mM calcium 
for 20 min at 37°C. Superfusion was performed in a 
6-channel Brandel instrument in the same buffer at 0.5 
mumin. Fractions were collected every 1 min, starting 
after 15 min of superfusion. Hypoosmolar stimulation 
consisted of lowering the NaCl concentration from 140 
mM to 40 mM for 6 min. The release data are expressed 
as fractional release, i.e., the percentage of total remain- 
ing radioactivity lost during each 1 min collection pe- 
riod. 

Blood Taurine Measurements 
Heparinized blood obtained at sacrifice was centri- 

fuged to remove cells, and deproteinized with an equal 
volume of 0.6M HCIO,. Plasma Tau was analyzed using 
HPLC following derivatization with o-phthalaldehyde as 
previously described for brain amino acids (Hilgier and 
Olson, 1994). Amino acids derivatives were detected in 
the eluate with a fluorescence detector. 

Taurine Brain Uptake Index (BUI) 
BUI for Tau was measured using [14C]Tau and 

[3H]water as standard using Oldendorf’s procedure 
(Oldendorf, 1971) as modified by Albrecht et al. 
(1994b). Animals were anesthetized with ether. The 
right common carotid artery then was surgically exposed 
and cannulated. A 0.2 ml solution containing 2 pCi of 
tritiated water and 0.5 pCi of [U-l4C]Tau was injected 
into the artery within 1 sec and the animals were decap- 
itated 15 sec after injection. The ratio of 14C to 3H in the 
brain tissue ipsilateral to the injection and rostral to the 
midbrain was determined by liquid scintillation spec- 
trometry following tissue solubilization in Soluene 100. 
BUI was calculated by dividing the 14C/3H ratio in the 
tissue by the same ratio in the injected mixture and mul- 
tiplying the results by 100. 

Statistical Analysis 
All results are expressed as the mean 2 SE, with 

the number of experiments in parentheses. Statistical 
evaluation of the results was carried out with one-way 
ANOVA followed by Duncan’s post hoc test. 
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Fig. 1 .  Release of preloaded [3H]Tau from slices of cerebral cortex (CC) or basal ganglia 
(BG) of control rats. Perfusion medium was either Krebs-Henseleit buffer throughout (con- 
trol), or was changed to a hypoosmotic solution (hypo) for fractions 2-7 (Pulse). Values are 
means of 6-1 1 tests, with SE not exceeding 5%. 

RESULTS 
Figure 1 shows typical release profiles of [3H] Tau 

from CC and BG slices. A gradual decrease of fractional 
release, typical of cerebral slice preparations (Saransaari 
and Oja, 1992; Law, 1994), was reversed by hypoos- 
motic medium. 

Water content increased by 4% in cerebral cortex of 
HE animals and in basal ganglia of HA animals (Table I), 
which is in agreement with a previous study (Hilgier and 
Olson, 1994). 

HE increased both the spontaneous and stimulated 
release of Tau from CC by about 40% (Table TI). Thus, 
the stimulatory effect of hypoosmotic medium, defined 
as the ratio of (stimulated release rate)/(spontaneous re- 
lease rate), was unchanged. HE induced no changes in 
Tau release from BG (Table 11). HA increased by 18% 
the spontaneous Tau release from BG, but did not affect 
the stimulated release: as a result, the stimulatory effect 
of the hypoosmotic medium decreased (Table 111). HA 
produced no changes in Tau efflux in CC (Table 111). 

HE increased by 94% the blood Tau content, and 

by 83% the BUI for Tau, whereas HA did not affect 
either of the two parameters (Table IV). 

DISCUSSION 
In both experimental models, an increase of spon- 

taneous release of newly loaded Tau in vitro correlated 
with HA- or HE-induced swelling of the brain region 
from which the slices were derived. Swelling-induced 
increase of Tau release most likely reflected opening of 
(an) osmosensitive anion channel(s) permeable to Tau, 
such as that demonstrated in brain slices (Law, 1994, 
1995) and cultured glial cells (Jackson and Strange, 
1993; Jackson et al., 1994; Pasantes-Morales et al., 
1994). However, it is difficult to define the cellular or 
compartmental origin of release in a brain slice (for a 
review and discussion, see Saransaari and Oja, 1992). 
By calculating the release for fractions collected after the 
first 15 min of superfusion, we disregarded a priori most 
of the extracellular Tau moving with the fast phase (for 
discussion, see Saransaari and Oja, 1992; Law, 1994). 
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TABLE I. Effect of HE and HA on the Water Content in Cerebral Cortex and Basal Ganglia of Rat 

Water content (%) 

Model Brain region Control Exoerimental % Change 
HE 

HA 

Cerebral cortex 
Basal ganglia 
Cerebral cortex 
Basal ganglia 

79.15 2 0.61 ( 5 )  82.58 * 0.46* (8) 
76.49 * 1.30 (5) 71.58 * 1.58 (8) 
79.38 * 0.61 ( 5 )  79.15 t 0.68 (8) 
77.26 f 1.20 (5) 81.84 * 0.50* (8) 

+ 4  
nsa 
ns 

+5.9 

*Indicates values statistically different vs. controls (P < 0.05) 
"ns, statistically insignificant. 

TABLE 11. Eftlux of [3H]-Taurine From Cerebral Cortex and Basal Ganglia Slices Obtained From Animals With HEt 

Brain region Perfusate Control HE % Change 

Cerebral cortex Isosmotic 0.52 2 0.02 (6) 0.72 2 0.02" (3) +44 
Hypoosmotic 0.62 t 0.03 (11) 0.86 -t- 0.10* (9) + 39 
Ratio 1.21 * 0.12 (6) 1.22 2 0.09 (3) nsa 

Basal ganglia Isosmotic 0.60 k 0.03 (8) 0.58 k 0.02 (4) ns 
Hypoosmotic 0.76 k 0.03 (6) 0.78 k 0.05 (4) ns 
Ratio 1.26 2 0.11 (6) 1.35 2 0.14 (4) ns 

'Values are expressed as the percent of remaining activity released per min (fractional release), calculated for the 20 min superfusion period 
illustrated in Figure 1 .  
*Indicates values statistically different vs. controls (P < 0.05). 

statistically insignificant. 

TABLE ITI. Efflux of [3H]-Taurine From Cerebral Cortex and Basal Ganglia Slices Obtained From Animals With HA' 

Brain region Perfusate Control HA % Change 

Cerebral cortex Isosmotic 0.52 f 0.02 (6) 0.47 2 0.02 (7) nsa 
Hypoosmotic 0.62 * 0.03 (1 1) 0.57 * 0.00 (8) ns 
Ratio 1.21 5 0.24 (6) 1.23 2 0.21 (6) ns 

Hypoosmotic 0.76 * 0.03 (6) 0.80 rf: 0.02 (6) ns 
Basal ganglia Isosmotic 0.60 L 0.03 (8) 0.71 * 0.01* (6) + 18.3 

Ratio 1.27 f 0.09 (6) 1.13 f 0.05** (6) - 10.8 

'Values are expressed as the mean percent of remaining activity released per min (fractional release), calculated for the 20 min superfusion 
period illustrated in Figure 1. 
*Indicates values statistically different vs. controls (P < 0.05); **tendency (P < 0.1). 
'ns, statistically insignificant. 

Of the different cell types and compartments included in 
the slice, astrocytes are the cells that primarily undergo 
swelling in a variety of hyperammonemic conditions in 
vivo (Ganz et al., 1989) and upon treatment with am- 
monia in vitro (Norenberg et al., 1991; and references 
therein). In cultured cerebellar astrocytes, a 24 hr treat- 
ment with a pathophysiologically relevant (1 mh4) con- 
centration of ammonia markedly increased spontaneous 
release of preloaded Tau but produced no effect in cul- 
tured neurons (Wysmyk et al., 1994). Therefore, the 
excess of newly released Tau could originate from the 
astrocytic compartment. However, the contribution of 
neurons to the release cannot be excluded: in hypoos- 
motic stress, Tau is normally released from neurons and 
accumulated by glia (Nagelhus et al., 1993). 

Increased spontaneous Tau release from BG in the 
HA model correlated with decreased Tau content. This 
suggests that the enhanced relea5e measured in vitro re- 

TABLE 1V. Blood Levels and Brain Uptake Index of Taurine in 
Animals Subjected to HE or HA 

Blood level Brain uptake index 

Animal % Change % Change 
vs. control model PM vs. control % 

Control 191 2 11 (10) - 1.30 * 0.07 ( 1 1 )  - 

HE 371 f 40 (lo)* + 8 3  2.42 * 0.17 (5)* +86 
HA 159 f 12 (6) nsa 1.33 * 0.09 (5) ns 

*Indicates values statistically different vs. controls (P < 0.05). 
statistically insignificant. 

flected a net increase in Tau efflux from the brain to 
extracerebral compartments rather than Tau movement 
from astrocytes to neurons or other intracellular compart- 
ments. Cerebrospinal fluid (CSF) is thought to be the 
reservoir that accumulates most of Tau liberated from the 
brain tissue (Van Gelder, 1989; Lehmann et al., 1991). 
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large neutral amino acid system at the BBB (Shulkin et 
al., 1995). 

Increased transport across BBB may not be the only 
factor responsible for the rise in brain Tau during HE. 
Another possibility is stimulation of Tau biosynthesis, as 
it occurs in spontaneously hypertensive rats (Kuriyama et 
al., 1984). In addition, as stated above, brain Tau content 
may be regulated by exchange with the cerebrospinal fluid 
(Van Gelder, 1989; Lehmann et al., 1991). 

As judged from the unchanged “hypoosmotic/isos- 
motic” ratio for Tau release in vitro, HE-induced swell- 
ing of CC did not impair the tissue capability of osmo- 
regulatory response. By contrast, a tendency towards a 
decrease of the ratio (indicating less effective osmoreg- 
ulation) was observed in BG from HA rats. In light of the 
role of Tau in osmoregulation, this could be related to 
decreased Tau content. Considering the potential in- 
volvement of the astrocytic compartment in the release of 
Tau from brain (see above), this interpretation would be 
consistent with the recent observation of defective osmo- 
regulation in Tau-deficient astrocytes in culture (Moran 
et al., 1994). However, this interpretation still remains to 
be reconciled with two major arguments that have been 
put forward against Tau being an effective osmoregula- 
tor: a) Tau concentrations in brain tissue may be too low 
to efficiently cotransport osmotically obligated water 
(Martin, 1992); and b) in astrocytes, cell volume regu- 
lation is strictly calcium-dependent , whereas Tau release 
is not (O’Connor and Kimelberg, 1993). Moreover, Tau 
release during HE or HA may, in addition, be compro- 
mised by factors unrelated to brain edema: stimulation of 
Tau release by ammonia is not associated with a signif- 
icant increase of cell volume in cultured cortical astro- 
cytes (Albrecht et al., 1994a), or retinal (Muller) glia 
(Faff-Michalak et al., 1994). 

In conclusion, the present study suggests Tau re- 
lease from edema-affected brain regions in models of 
hepatic encephalopathy as a likely cause of Tau redistri- 
bution. The results also emphasize the increased Tau 
transport from blood to brain as an additional step con- 
tributing to changes in Tau content, which accompanies 
hepatic encephalopathy and is elicited by factor(s) other 
than increased serum ammonia. 

Measurements of CSF concentrations of Tau as affected 
by HE or HA are underway in this laboratory. Whatever 
its final destination, Tau en route from the astrocytes is 
likely to concentrate in the extracellular space. Notably, 
measurements by means of in vivo microdialysis tech- 
nique revealed increased extracellular Tau in rat brain 
during HE following liver damage by galactosamine 
(Hamberger and Nystrom, 1984) or complete liver isch- 
emia (Bosman et al., 1992). 

In contrast to our observations of BG in the HA 
model, an increased Tau release from CC in the HE 
model was accompanied by an increase in Tau content in 
this structure (Hilgier and Olson, 1994). Augmented Tau 
levels are likely to originate from blood, as we observed 
increased Tau concentration in blood combined with aug- 
mented inward Tau transport across the blood-brain bar- 
rier, as manifested by an increased BUI for Tau. Eleva- 
tion of blood Tau following toxic liver failure has also 
been noted by other authors (Hamberger and Nystrom, 
1984; Zimmermann et al., 1989), and appears to distin- 
guish “genuine” HE from simple hyperammonemia. 
The causes of this increase may include release of the 
amino acids from liver and other internal organs (kidney, 
skeletal muscles) and may also be contributed by hemol- 
ysis (for discussion of those possibilities, see Lehmann et 
al., 1991). 

The increased BUI for Tau is a novel finding. 
Increased Tau transport across BBB has been speculated 
to modify the amino acid distribution in the brain during 
acute water intoxication (Nagelhus et al., 1993) or 
following intracerebral administration of vasopressin 
(Brust et al., 1992). However, the transport has not been 
measured in these studies and the effects have been 
considered to reflect a nonspecific increase in blood- 
brain barrier permeability. By contrast, HE in the 
present model does not cause indiscriminate blood-brain 
barrier damage, as manifested by the absence of 
transport of L-aspartate, an amino acid that does not 
penetrate undamaged capillary endothelial cell mem- 
brane (Albrecht et al., 1994b). Hence, increased Tau 
passage during HE appears to reflect activation of a Tau 
transport system, possibly a sodium-dependent system 
described to operate in vitro in isolated capillaries 
(Tayarani et al., 1989). It may be recalled that HE in the 
thioacetamide model (but not “simple” HA) also 
increased the blood level and activated the transport 
across the blood-brain barrier of a basic amino acid, 
ornithine (Albrecht et al., 1994b). It is thus tempting to 
speculate about a substrate-mediated stimulation of 
amino acid transporter in both cases. This intriguing 
possibility merits further investigation, in particular 
since it contradicts the available evidence regarding the 
various amino acid transport systems in different tissues 
(McGivan and Pastor-Anglada, 1994), including the 
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