
known phenolic alkaloid as the hydro- 
chloride were unsuccessful, so we obtain- 
ed nuclear magnetic resonance (NMR) 
spectra with the free base (21). Mass 
spectrometry revealed a large molecular 
ion peak at m/e 225.136 (C12H903aN) 
and fragmentation (substituted tropylium 
ion at m/e 167.072) consistent with a 
proposal from the NMR data that the 
unknown was N,N-dimethyl-3-hydroxy- 
4,5-dimethoxy-/f-phenethylamine (3-de- 
methyltrichocereine). This compound 
was synthesized (22) and crystallized as 
the oxalate. The melting point and mixed 
melting point of the isolated [yield, 10.0 
mg (0.000018 percent)] and synthetic 
oxalates were identical (155? to 156?C), 
and the NMR spectra of the synthetic 
base were essentially the same as those 
of the isolated base. 

Lundstrom has recently detected 3- 
demethyltrichocereine in extracts of L. 
williamsii (2), and, with the exception of 
N-methyl-3,4-dimethoxy-/3-phenethyla- 
mine, all of the eight alkaloids we have 
identified in P. aselliformis have been 
previously detected in L. williamsii. This 
is the first report of the presence of 
mescaline in any North American cactus 
species other than peyote, although 
mescaline has been found in several 
South American cacti (11). The pres- 
ence of these alkaloids would seem to 
verify the reported native uses of the 
plant as a drug. However, the fact that 
the content of mescaline detected in 
P. aselliformis is so small (< 0.00002 
percent versus > 1 percent in dried 
peyote) (1) casts doubt on this specula- 
tion (23). Peyote alkaloids are definitely 
present in this cactus, but it is ques- 
tionable whether these alkaloids are 
present in concentrations sufficient to 
cause physiological effects upon inges- 
tion. 
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tivity in the brain. 

The dominant role of the liver in 
the metabolism of ethanol is docu- 
mented (1). However, by the use of 
sensitive techniques (2) it has been 
demonstrated (3) that the brain also 
oxidizes small amounts of ethanol. 
Alcohol dehydrogenase from brain has 
been isolated and its kinetics studied 
(3). In liver, when ethanol is being 
metabolized the "redox state" is 
shifted toward greater reduction. 
Oxidation of ethanol in liver, catalyzed 
by alcohol dehydrogenase, results in an 
increased ratio of reduced nicotinamide 
adenine dinucleotide (NADH) to the 
oxidized form (NAD). The value of 
this ratio at the site of oxidoreduc- 
tions is important because it bears on 
the metabolism of oxidizable and re- 
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ducible substrates. We investigated the 
effect of ethanol oxidation on the redox 
state of brain as a means of understand- 
ing the most dramatic biochemical and 
pharmacological actions of ethanol on 
the central nervous system. 

In the study reported here, the ef- 
fects of a single large dose of ethanol 
and of long-term ethanol administra- 
tion on the concentrations of certain 
dehydrogenase-linked redox pairs has 
been investigated. Albino Swiss mice 
(25 to 28 g) were used. In experi- 
ments where th- effects of a single 
alcohol dose was studied, mice were 
divided into two groups. One group 
received ethanol (3 g/kg, intraperitone- 
ally) as a 25 percent solution in Water, 
and the other group received equal 
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Ethanol Oxidation: Effect on the Redox State of Brain in Mouse 

Abstract. Administration of a single large dose of ethanol to mice results in in- 
creases, for concentrations in the brain, of ratios of lactate to pyruvate, of a- 

glycerophosphate to dihydroxyacetone phosphate, of malate to oxaloacetate, and 
of glutamate to the product of a-ketoglutarate and ammonium ion. These changes 
are noticed as early as 5 minutes after the single dose is given. Ethanol adminis- 
tration for 30 days also produces these changes in metabolite concentrations in 
the brain. However, in contrast to the single alcohol dose, long-term alcohol 
administration results in a marked decrease in the concentration of adenosine 

triphosphate in brain and increases in those of adenosine diphosphate and aden- 
osine monophosphate. Pyrazole, an inhibitor of alcohol dehydrogenase, prevents 
the efjects of ethanol on the concentration of brain metabolites. These results 

may provide new insight into the biochemical and pharmacological effects of 
alcohol on brain metabolism and the importance of alcohol dehydrogenase ac- 
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Table 1. Effect of ethanol, administered once or for 4 weeks, on the redox state of brain. 
Metabolite concentrations in the brain (in micromoles per gram of brain) were measured 
enzymatically; the concentrations were averaged and the ratio calculated. Results are given 
as the mean + standard error of the mean, the values being from 12 animals in each case. 

Mice given one large dose Mice treated for 4 weeks 

Pyrazole 
Control Alcohol and Control Alcohol 

alcohol 

Lactate/pyruvate (Lmole/lAmole) 
15.1 ? 0.5 18.9 + 0.4 15.8 ? 0.6 15.3 ? 0.5 19.1 ? 0.6 

a-Glycerophosphate/dihydroxyacetone phosphate (fmole/nimole) 
5.2 ? 0.10 5.9 + 0.05 5.2 ? 0.09 5.3 ? 0.1 5.9 ? 0.07 

Malate/oxaloacetate (Amole/Fmole) 
50.0 1.9 51.6 ? 1.5 50.3 + 1.9 50.1 ? 1.9 51.4 ? 1.1 

Glutamate/ (2-oxoglutarate X NH4+) (zLnlole/Amole2) 
40.8 ? 1.8 46.9 + 1.6 41.0 ? 2.0 41.0 ? 1.0 46.5 + 1.0 

volumes of physiological saline. For 
th study of the effect of long-term 
ethanol administration the mice were 
pair-fed on liquid diet for 4 weeks. 
The liquid diet consisted of 61 per- 
cent Metrecal and 6 percent ethyl 
alcohol or isocaloric sucrose (values are 
weight by volume). Mice were killed by 
total immersion in liquid nitrogen (4). 
Unless otherwise stated a piece of skin 
above the skull was removed 48 hours 
before animals were killed. With this 
technique (5) a fast drop in the corti- 
cal temperature is obtained when 
animals are immersed in liquid nitro- 
gen. Brain samples were powdered 
in a cold mortar with added liquid 
nitrogen. The powdered brain was ex- 
tracted in a glass homogenizer con- 
taining cold 6 percent HClO4. The 
homogenized tissue was centrifuged at 
0? to 4?C and the sediment was re- 
extracted with 2 percent HCIO4 and 
centrifuged again. The two superna- 
tants were pooled and neutralized with 
K2HCOa. The neutralized supernatant 
was used for the enzymatic estimation 
of various metabolites (6). The effect 
of pyrazole on ethanol metabolism 
in the brain was studied in some experi- 
ments. Pyrazole (90 mg/kg) was given 
intraperitoneally, and animals were 
killed after 20 hours (7). 

Intraperitonal injection of ethanol 
(3 g/kg) in mice resulted in increases 
in the concentrations of lactate, a-gly- 
cerophosphate, malate, and glutamate 
in the brain as early as 5 minutes after 
the infeztion. Concentrations of pyru- 
vate, dihydroxyacetone phosphate, ox- 
aloacetate, and 2-oxoglutarate in the 
brain decreased as compared to those 
of control animals. The ammonia con- 
centration in the brain, however, re- 
mained unchanged. Thus the ratios of 
the concentrations of lactate to pyruvate, 
of a-glycerophosphate to dihydroxy- 
acetone phosphate, of malate to oxalo- 
acetate, and of glutamate to the prod- 
uct of 2-oxoglutarate and NH4+ showed 
small but significant (P < .002) in- 
creases (Table 1) in brains of mice 
treated with single ethanol doses as 
compared with brains of corresponding 
controls. Changes observed in metab- 
olite concentrations in the brain 10 and 
15 minutes after ethanol injection were 
similar to those observed 5 minutes 
after etlhanol was given. 

However, in mice that had been 
treated with pyrazole this effect of 
ethanol on metabolite concentrations 
in the brain was not observed (Table 
1). Pyrazole inhibits alcohol dehydro- 
genase activity both in liver (8) and 
brain (3). 

Table 2. Effect of ethanol, administered once or for 4 weeks, on adenine nucleotide con- 
centrations in brain. Concentrations of adenine nucleotides were determined fluorometrically 
and are expressed as micromoles per gramr of brain tissue. Results are given as the mean ? 
standard error of the mean and are for six animals in each case. 

Mice given one large dose Mice treated for 4 weeks 
Adenine 

nucleotide Control Alcohol Control Alcohol 
(Amole/g) (,umole/g) (,umole/g) (/Umole/g) 

ATP 2.2 ?- 0.08 2.1 ? 0.07 2.3 ? 0.09 1.85 ? 0.05 

ADP 0.40 ? 0.02 0.43 ? 0.02 0.40 + 0.02 0.78 ? 0.03 

AMP 0.27 ? 0.03 0.28 ? 0.02 0.27 ? 0.02 0.42 ? 0.02 
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Feeding ethanol to mice for 4 weeks 
also results in increases, for concentra- 
tions in brain, of ratios of lactate to 
pyruvate (P < .001), of a-glycerophos- 
phate to dihydroxyacetone phosphate 
(P <.05), of malate to oxaloacetate 
(P <.05), and of glutamate to the 
product of 2-oxoglutarate and NH4+ 
(P <.001). The changes observed in 
metabolite concentrations in the brains 
of animals after long-term alcohol 
treatment are not significantly different 
than those observed after animals were 
injected with alcohol. The decrease in the 
concentration of adenosin~ triphosphate 
(ATP) (P < .02) and the increases in 
concentrations of adenosine diphosphate 
(ADP) and adenosine monophosphate 
(AMP) (P < .01) observed in brains 
of animals fed ethanol for 4 weeks 
(Table 2) can be probably attributed 
to the ethanol-induced increase in 
activity of adenosine triphosphatase in 
brain (9). The suppressive effect of 
long-term ethanol treatment on hepatic 
ATP concentrations has been observed 
(10). 

The changes caused by ethanol in the 
concentration ratios of various dehydro- 
genase-linked substrates in brain are 
significantly smaller than those observed 
in liver in vivo (6). However, this is 
in good agreement with the low rates 
of ethanol oxidation by the brain and 
the low activity of alcohol dehydrogen- 
ase in brain, about 1/4000 of that 
observed in liver (enzyme activity ex- 
pressed per weight of wet tissue) (3). 
These data indicate that ethanol, ad- 
ministered in a single dose or for many 
weeks, results in an increase in the 
ratio of reduced to oxidized metabolites 
in the brain. The fact that pyrazole, an 
inhibitor of alcohol dehydrogenase, 
prevented the effect of ethanol on the 
redox state of brain, suggests that the 
ethanol-induced changes in the redox 
state are mediated by ethanol metab- 
olism catalyzed by this enzyme in 
brain. Our observations are at variance 
with a report (11) that ethanol had no 
effect on the ratio of NADH to NAD 
in rat brain. However, those results can 
not be compared with ours, since the 
brains were removed from rats after 
cervical dislocation rather than after 
rapid total immersion in liquid nitro- 
gen. We emphasize that rapid freezing 
of the brain in situ should be done 
when the labile metabolites in the brain 
are measured. The concentrations of 
metabolites in the brain are subject 
to alteration during the period between 
removal of tissue and freezing, which 
halts metabolism. 
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After ethanol administration, the 
changes observed in the steady-state 
concentrations of metabolites may sig- 
nificantly influence regulatory processes 
in 'brain. Such alterations may be the 
caus2 of the acute pharmacological 
action of alcohol on the central nervous 
system and may be associated with the 
neural disorders observed during 
chronic alcohol consumption. 
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The extracellular tissue compartment 
of the brain and spinal cord (extracel- 
lular space) is composed primarily of 
submicroscopic channels between cel- 
lular elements (1). It is believed to be 
the site of physiologically important re- 
actions, involving metabolites and ions, 
upon which neuronal metabolism de- 
pends; it thus constitutes the micro- 
environment of neurons (2). Its sub- 
microscopic distribution appears to be 
more adequately preserved by freeze- 
substitution than by more traditional 

The extracellular tissue compartment 
of the brain and spinal cord (extracel- 
lular space) is composed primarily of 
submicroscopic channels between cel- 
lular elements (1). It is believed to be 
the site of physiologically important re- 
actions, involving metabolites and ions, 
upon which neuronal metabolism de- 
pends; it thus constitutes the micro- 
environment of neurons (2). Its sub- 
microscopic distribution appears to be 
more adequately preserved by freeze- 
substitution than by more traditional 

References and Notes 

1. E. Jacobsen, Pharmacol. Rev. 4, 107 (1952); 
K. J. Isselbacher and N. J. Greenberger, N. 
Engl. J. Med. 270, 351 (1964). 

2. N. K. Gupta and W. G. Robinson, Biochim. 
Biophys. Acta 118, 431 (1966). 

3. N. H. Raskin and L. Sokoloff, Science 162, 
1544 (1968); J. Neurochem. 17, 1677 (1970). 

4. F. C. Kaufman, J. G. Brown, J. V. Passon- 
neau, 0. H. Lowry, J. Biol. Chem. 244, 3617 
(1969); R. H. C. Strang and H. S. Bachelard, 
J. Neurochem. 18, 1799 (1971). 

5. D. F. Swaab, J. Neurochem. 18, 2085 (1971). 
6. A. K. Rawat, Eur. J. Biochem. 6, 585 (1968); 

ibid. 9, 93 (1969). 
7. E. A. Carter, G. D. Drummey, K. J. Issel- 

bacher, Science 174, 1245 (1971). 
8. H. Theorell and T. Yanetani, Biochem. Z. 

338, 537 (1963); L. Goldberg and U. Rydberg, 
Biochem. Pharmacol. 18, 1749 (1969). 

9. M. A. Israel and K. Kuriyama, Life Sci. 10, 
591 (1971). 

10. D. E. Hyams and K. J. Isselbacher, Nature 
204, 1196 (1964). 

11. G. R. Cherrick and C. M. Leevy, Biochim. 
Biophys. Acta 107, 29 (1965). 

12. Supported by NIMH grants MH-18663 and 
MH-16477. We thank J. Mose and S. 
Scheneck for help in several technical as- 
pects of this work. 

27 January 1972; revised 6 March 1972 I 

References and Notes 

1. E. Jacobsen, Pharmacol. Rev. 4, 107 (1952); 
K. J. Isselbacher and N. J. Greenberger, N. 
Engl. J. Med. 270, 351 (1964). 

2. N. K. Gupta and W. G. Robinson, Biochim. 
Biophys. Acta 118, 431 (1966). 

3. N. H. Raskin and L. Sokoloff, Science 162, 
1544 (1968); J. Neurochem. 17, 1677 (1970). 

4. F. C. Kaufman, J. G. Brown, J. V. Passon- 
neau, 0. H. Lowry, J. Biol. Chem. 244, 3617 
(1969); R. H. C. Strang and H. S. Bachelard, 
J. Neurochem. 18, 1799 (1971). 

5. D. F. Swaab, J. Neurochem. 18, 2085 (1971). 
6. A. K. Rawat, Eur. J. Biochem. 6, 585 (1968); 

ibid. 9, 93 (1969). 
7. E. A. Carter, G. D. Drummey, K. J. Issel- 

bacher, Science 174, 1245 (1971). 
8. H. Theorell and T. Yanetani, Biochem. Z. 

338, 537 (1963); L. Goldberg and U. Rydberg, 
Biochem. Pharmacol. 18, 1749 (1969). 

9. M. A. Israel and K. Kuriyama, Life Sci. 10, 
591 (1971). 

10. D. E. Hyams and K. J. Isselbacher, Nature 
204, 1196 (1964). 

11. G. R. Cherrick and C. M. Leevy, Biochim. 
Biophys. Acta 107, 29 (1965). 

12. Supported by NIMH grants MH-18663 and 
MH-16477. We thank J. Mose and S. 
Scheneck for help in several technical as- 
pects of this work. 

27 January 1972; revised 6 March 1972 I 

methods of chemical fixation (1, 3), 
and its volume is readily estimated by 
the stereometric assessment of electron 
micrographs of brain specimens pre- 
served by freeze-substitution (1). In the 
normal adult rat the extracellular space 
occupies about 22 percent of the vol- 
ume of superficial cerebral cortical tis- 
sue (1). 

It has been demonstrated that the 
vzlume of the extracellular space in 
mammalian brain changes gradually 
during the course of early postnatal 
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development (1). In the cerebral cortex 
of the rat, the volume of the extra- 
cellular space changes from about 40 
percent during the first week after birth, 
to about 35 percent during the second 
week (1). During the -third week, 
when eleotroencephalographic activity 
acquires adult-like characteristics (4), 
the volume of extracellular space was 
estimated to be about 26 percent, which 
closely approaches the volume in the 
adult (1). Under normal conditions, the 
volume of the extracellular space in the 
brain of the rat appears to remain rela- 
tively unchanged until 22 to 24 months, 
when senescent characteristics become 
evident (5). 

The extracellular space of the brain 
appears to contain certain anionic sub- 
stances 'that may be glycoproteins or 
mucopolysaccharides (2). In this regard, 
it resembles the ground substance of 
connective tissues (6). Because the 
ground substance of connective tissues 
condenses, becomes less hydrated, and 
is replaced by collagen as animals age 
(7), we asked if the extracellular space 
of brain also changed in the latter part 
of the life span. The apparent role of 
the extracellular space in neuronal nu- 
trition further impelled our question. 

Eleven male Sprague-Dawley rats 
were obtained commercially at 1 month 
of age, housed in the animal care fa- 
cility of Northwestern University, and 
fed a standard chow diet with freely 
available water. At the time of this 
study, eight animals were 26 months 
old and three were 3 months old. They 
were killed by decapitation after which 
the calvaria and dural membranes were 
rapidly removed, and the brain was 
exposed. A thin slice of cerebral cortex, 
from the parieto-occipital region near 
the midline, was excised and frozen 
within 30 seconds in Freon-22 that had 
been previously chilled with liquid ni- 
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Fig. 1. Electron micrographs of rat cerebral cortex fixed by freeze-substitution. The extracellular space has been inked in (X18,000). 
(A) Three months old; (B) 26 months old. 
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Age Changes in the Neuronal Microenvironment 

Abstract. The extracellular space of the rat brain was visualized by electron 
microscopy in sections of cerebral cortex fixed by freeze-substitution. The volume 
of tissue occupied by the extracellular space was estimated stereometrically, and 
was found to decrease from 20.8 percent in 3-month-old rats to 9.6 percent in 
senescent animals, 26 months of age. This decrease in extracellular space indicates 
an age-associated change in the microenvironment of nerve cells. 
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