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The effects of salicylate on the concentrations
of amino-acids in mouse tissues

P. D. DAWKINS AND M. J. H. SMITH

Department of Biochemical Pharmacology, King’s College Hospital Medical School,
Denmark Hill, London, S.E.5, U.K.

The concentrations of amino-acids in chopped preparations of mouse
liver incubated with 0 to 20 mM salicylate were measured. The
changes, observed with salicylate concentrations of 10 mmM and above,
were increased concentrations of aspartate, glutamine, tyrosine and
ornithine and decreased concentrations of glutamate and y-amino-
butyrate. The effects of the intraperitoneal injection of salicylate, in
doses ranging from 75 to 600 mg/kg body weight, on the amino-acid
concentrations in mouse blood, kidney, liver and brain were studied.
With a dose of 600 mg/kg, the amino-acid concentrations were
decreased in the blood (except glutamate and aspartate which in-
creased) and in the kidney, were increased in the liver (except glut-
amine, glutamate, glycine and alanine which decreased) and were
unchanged in the brain (except alanine, valine and leucine which
decreased and y-aminobutyrate which increased). These changes
may result from a combination of an inhibitory effect of salicylate on
the renal tubular transport of the amino-acids and intracellularactions
of the drug on aminotransferase and other enzyme activities.

The administration of salicylate has been shown to produce amino-aciduria in man
(Andrews, Bruton & Knoblock, 1961) and in the rat (Berry & Guest, 1963). It has
been suggested that this is due to the drug blocking the reabsorption of amino-acids
in the kidney tubules (Segal & Blair, 1963). However, Andrews, Bruton & de Baare
(1962) reported that the plasma concentrations of amino-acids were elevated in salicy-
late-poisoned patients suggesting that there was an intracellular accumulation of
amino-acids leading to an increased entry of these metabolites into the circulation
and hence an increased rate of urinary excretion. There is considerable evidence that
salicylate inhibits several pathways of amino-acid metabolism in vitro. These
include transamination reactions (Gould & Smith, 1965; Gould, Dawkins & others,
1966) and incorporation into proteins (Dawkins, Gould & Smith, 1966 ; Burleigh &
Smith, 1970). In addition, there are some limited studies indicating that the adminis-
tration of salicylate in vivo alters the concentrations of some amino-acids in rat tissues
(Yoshida, Metcoff & Kaiser, 1961 ; Huggins & Smith, 1963). The present investiga-
tion is concerned with the effects of salicylate on the patterns and concentrations of
amino-acids in mouse tissues, in vitro and in vivo, using an automated method for the
separation and estimation of the amino-acids.

EXPERIMENTAL

Materials. Amino-acids were obtained from BDH Limited, Poole, Dorset;
ninhydrin, A.R. grade, from Koch-Light Limited, Colnbrook, Bucks; hydrindantin
was prepared by the method of Connell, Dixon & Haines (1955), reduced and oxidized
gluatathione were obtained from the Sigma Chemical Co., St. Louis, and methyl-
cellosolve from Union Carbide Chemicals Division, Rickmansworth, Herts. All
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other chemicals were of analytical grade and glass-distilled water was used throughout.

Animals and design of experiments. Male albino mice, 25 to 30 g, of the King’s
College Hospital strain, maintained on MRC cube diet no. 41B, were killed by cervical
fracture. In the in vitro experiments the livers were removed as rapidly as possible,
washed with Krebs-Ringer phosphate (Cohen, 1957), pH 7-4, blotted and either
homogenized immediately in 10 vol of saturated picric acid or cut into blocks 0-3 mm
X 0-3mm X 0-7 mm with a tissue chopper (Mcllwaine & Buddle, 1953). The wet
weight of tissue initially used for each experiment was 2-0 g and the chopped tissue
was suspended in either 5 ml of the phosphate medium or 5 m! of the medium contain-
ing sufficient sodium salicylate to give final concentrations of between 2-5 and 20 mm.
Each mixture was incubated in a 50 ml glass-stoppered conical flask for 1 h at 37°
with shaking and the tissue killed by the addition of 20 ml of saturated picric acid
solution. Corresponding control mixtures were obtained by adding the picric acid
solution either at zero time or after incubation for 1 h. After the addition of the
picric acid the mixture was homogenized in an all-glass Potter homogenizer, centri-
fuged at 3000 g for 20 min and the supernatant removed for subsequent analysis.

In the in vivo experiments each animal was given an intraperitoneal injection
(0-5 ml) of either saline or sodium salicylate in doses ranging from 75 to 600 mg/kg
body weight. Each injection was adjusted by the addition of appropriate amounts of
sodium chloride to give a final sodium content of 0-52 g-ions per 100 ml. The animals
were killed at time intervals varying from 0-5 to 4 h after the injection and the livers
removed, homogenized in 10 vol of saturated picric acid solution and centrifuged as
described above. In some experiments the kidneys and brains and samples of blood
were also removed and treated as described for liver except that the brains were
homogenized in 20 vol of picric acid.

Preparation of tissue extracts for analysis. Aliquots (5 ml) of each picric acid
supernatant were allowed to pass through 12cm X 0-5cm diameter columns of
Dowex 1-acetate and the amino-acids eluted with 160 ml of 0-03 M acetic acid. Under
these conditions, only the picric acid and glutathione remained on the column. It
was necessary to remove glutathione because the tripeptide, either in the reduced or
oxidized form, interfered with the subsequent analysis. Reduced glutathione ob-
scured aspartate and oxidized glutathione could not be separated from glycine and
alanine. The total effluent was evaporated to dryness in a rotary evaporator under
reduced pressure at 40° and the residue stored at — 20° until required for analysis.
The stability of the amino-acids under these conditions of storage was investigated by
analysing aliquots of a bulk, one in ten homogenate of mouse liver, freed from picric
acid and glutathione, at intervals of one and three months.

Amino-acid analysis. The apparatus was constructed from standard Technicon
Autoanalyser units arranged according to the conventional plan. The column was
filled to a height of 132 cm with Chromobeads A. The Haake heating bath was
modified to allow the insertion of two contact thermometers controlled by a relay
and time switch so that the apparatus could be operated for various time intervals at
different temperatures. The Milton Roy pump was set to deliver 0-5 ml/min. The
column was regenerated by filling the line from the Autograd to the tylock connection
at the top of the column (volume 15 ml) with 0-25 NaOH, connecting up to a reservoir
of pH 3-0 buffer and pumping for 2 h at a flow rate of 0-5 ml/min. The manifold
consisted of a sample line (Orange Clear Tygon, 0-42 ml/min), a nitrogen line (Red
Clear Tygon 0-8 ml/min) ninhydrin reagent line (Yellow Solvaflex, 1-06 ml/min) and a
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return line (Yellow Solvaflex, 106 ml/min) and was cleaned as recommended by
Technicon. The pump tubes were stretched one hole after each run. Nitrogen gas
(white spot, British Oxygen Company) was continuously passed through the standard
Technicon ninhydrin reagent. The heating bath was operated at 95°, only a single
coil beingused. Buffers were prepared according to the directions given by Technicon
except that varying quantities of HCl or NaCl were added to give a range of pH
values and salt concentrations.

The residue from the tissue extracts was dissolved in 5 ml of 0-1 M HCI containing
0-1 mm norleucine as an internal standard and 1 ml aliquots loaded on the top of the
Chromobead column by forcing in under pressure. The amino-acids were eluted
with the buffer gradient produced from the Autograd*.

The temperature of the column was maintained at 35° for the first 2 h and then
allowed to cool to room temperature (20°) by the time control device switching off the
Haake heating bath. After a further 2 h, the temperature of the column jacket was
raised to 60° and kept at this temperature for the remaining 16 h of the run. Under
these conditions the breakdown of glutamine was reduced to a minimum, and a good
resolution of aspartate, threonine, serine and asparagine plus glutamine was obtained
with the recorder pen returning to the base line between each peak. In addition,
proline was eluted before and completely separated from glutamate, citrulline appeared
as a separate peak between glutamate and glycine, B-alanine was separated after
phenylalanine, y-aminobutyrate, ethanolamine and ammonia occurred as separate
peaks in that order and the elution of tryptophan was accelerated so that it formed a
separate peak between ammonia and ornithine.

Ninhydrin-positive peaks were initially identified by comparing their elution times
with those of authentic compounds. Samples containing five times the normal
amount of amino-acids were loaded on the Analyser and eluted in the normal way
for peak identification. The column effluent was split so that one tenth passed into
the analytical system and the remainder was collected in a fraction collector holding
200 tube positions and set to collect a fresh sample every six min. The manifold for
the analytical system consisted of a sample line (Orange Blue Clear Tygon, 0-05 ml/
min); a nitrogen line (Black Clear Tygon 0-32 ml/min); a ninhydrin reagent line
(White Solvaflex, 0-56 ml/min) and a return line (Orange Solvaflex, 0-42 ml/min).
The recorder was fitted with an event marker to denote the changing of tubes in the
fraction collector. The contents of tubes corresponding to each peak on the recorder
chart were bulked and the combined fraction was desalted by passing it through a
15 em X 05 cm diameter column of Zeokarb 225 H+* and washing the resin with
30 ml distilled water. The amino-acids were then eluted with 30 ml 2N ammonium
hydroxide. The residue, obtained after evaporating the ammoniacal solution to
dryness in a rotary evaporator, was dissolved in 1 ml of 109 (v/v) isopropanol in
0-1 N HCI and transferred to a bijou bottle. The resulting solution was evaporated
to dryness in a vacuum desiccator, containing concentrated H,SO, and a beaker of
NaOH pellets, and the residue dissolved in 50 ul of the acidified isopropanol. The
amino-acidsin 5 ul aliquots were identified by paper chromatography and high voltage
electrophoresis. Identification of some of the minor peaks necessitated bulking the
samples from several separate analyses.

* Chambers Nos. 1-4 contained 0-2M sodium citratet buffer pH 3:0; No. 5, 0-2m citratet buffer
pH 4-0; Nos. 6 and 7, 0-18m citrate buffer pH 5-0; Nos. 8 and 9, 0-2 M citrate buffer pH 5-0 con-
taining M sodium chloride (Volume 75 ml). All buffers contained 0-1% (w/v) phenol and 1% (v/v)
Brij 35 detergent. Those marked t also contained 0-5% (v/v) thiodiglycol.
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Recovery of the amino-acids was studied by analysing portions of a mouse liver
extract before and after adding known amounts of standard amino-acids and compar-
ing their differences with separate determinations of the standard amino-acid solution.
The results ranged from 939 for aspartate and glutamate to 105%, for B-alanine, the
overall mean recovery being 99%,.

RESULTS

Amino-acid concentrations in mouse liver. The concentrations of the amino-acids
in mouse liver preparations either homogenized in picric acid immediately after
death, chopped into blocks before the addition of the picric acid or after incubating
the chopped samples for 1h at 37° in Krebs-Ringer phosphate before adding the picric
acid, are given in Table 1. The concentrations of the amino-acids in the picric acid
homogenate were greater than those in the chopped preparation but subsequent
incubation of the latter preparation for 1 h at 37° in the phosphate medium caused an
appearance of y-aminobutyrate, decreased concentrations of aspartate and glutamine,

Table 1. Amino-acid concentrations in mouse liver preparations. The whole liver
was either homogenized in 10 vol of saturated picric acid or 2 g portions
cut into blocks with a tissue chopper followed by homogenization in 20 ml
picric acid either before or after incubgtion at 37° for 1 h in 5 ml of Krebs-
Ringer phosphate buffer, pH 7-4. After centrifugation at 3000 g for 20 min
each supernatant was passed through a Dowex 1-acetate column to remove
the picric acid, the effluent evaporated to dryness and dissolved in 5 ml of
0-1 M HCI containing 0-1 mm norleucine. Aliquots (1 ml) were analysed
for amino-acids using a Technicon AutoAnalyser system modified as
described in the text. The results are given as the means 4- s.d.

Amino-acid concentration (umol/g wet weight liver)
Chopped liver after
Whole liver Chopped liver 1 h incubation
Amino-acid (15 animals) (7 samples) (11 samples)
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and increased concentrations of the remainder except tyrosine and arginine. No
significant changes in the concentrations of the amino-acids in the picric acid extract of
mouse liver homogenate ocurred after storage at —20° for up to three months.

Effects of salicylate on the concentrations of amino-acids in mouse liver in vitro

The concentrations of the amino-acids in chopped preparations of mouse liver
incubated for 1 h at 37° were measured in the presence and in the absence of salicylate
concentrations ranging from 2-:5 to 20 mM. No significant changes were observed
with salicylate concentrations of 2-5 and 5 mm; at salicylate concentrations of 10 mMm
and above the most prominent effects were increased concentrations of aspartate,
glutamine, tyrosine and ornithine and diminished contents of glutamate and y-amino-
butyrate. Alanine was reduced in the presence of only 20 mm salicylate (Table 2.)

Table 2. Effect of salicylate on the amino-acid concentrations of chopped mouse liver
preparations in vitro. Experimental conditions as in Table 1. The results
are expressed as percentages of the corresponding control values. Only
those with values for P <C 0-05 (Student’s #-test) are included.

Amino-acid Salicylate concn (mm)

10 20
Asp 162 159
Gln 151 155
Glu 76 83
Ala — 69
Tyr 314 496
Amb 60 26
Orn 145 123

Effects of salicylate injections on the concentrations of amino-acids in mouse tissues

A high dose of salicylate, 600 mg/kg weight, was chosen for the first set of experi-
ments and the amino-acid concentrations in the livers of animals killed between 4 and
4 h after the injection are given in Table 3. Taurine, aspartate, proline, ethanolamine
and histidine were not affected and have been excluded from the table but all the
remainder showed changes. Glutamine and glutamate were significantly decreased
over the 4 h period, glycine and alanine were reduced initially and the others were
increased at one or more time intervals. The most widespread changes were observed
at 1 h after injection. This time interval was used in the subsequent experiments in
which the amino-acids were measured in blood, kidney, liver and brain of mice
injected with either saline or salicylate. The results, after the administration of
600 mg/kg body weight salicylate are given in Table 4 and any changes observed with
lower doses of the drug are described below. In blood the 600 mg/kg dose caused
either significant decreases or no change in the concentrations of the amino-acids with
the exception of aspartate and glutamate which increased significantly. This effect
was less marked with lower doses of salicylate, with a 300 mg/kg dose, threonine,
serine, glutamine, citrulline, alanine, valine, isoleucine, leucine and lysine were signifi-
cantly decreased and with 150 mg/kg salicylate, serine, glutamine, alanine, valine,
isoleucine and leucine were reduced. Similar changes were observed in the kidney
except that glutamate and aspartate decreased but the brain showed a different pattern
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Table 3. Effects of 600 mg per kg body weight of salicylate on the amino-acids of the
liver in mice killed at varying time intervals after the injection. Each animal
was given an intraperitoneal injection (0-5 ml) of either saline or sodium
salicylate and killed at either 4, 1, 2 or 4 h. The liver was removed and
homogenized in 10 vol of saturated picric acid and subsequently treated as
described in Table 1. At each time interval six mice injected with saline
and six with salicylate were used. The results are expressed as mean
percentage differences from the corresponding control group. They have
been analysed by Students’ ¢-test and those marked * show a significant
difference (P << 0-05) between the control and salicylate-treated animals.

Tir}le after injecti(zm (h)

Amino-acid 3
Thr +27 +64* +79* +141*
Ser +5 +61* +36* +59*
Gln —60* —64* —54* —41*
Glu —64* —47* —44* —18*
Cit +84* +104* +125 +131
Gly —20* —27* —21 48
Ala —26* —56* -5 —11
Val +19 +72* +65* +113*
1le +8 +61* +72% +51*
Leu +9 4-33* +24 +21
Tyr —15 +35% +21 48
Phe +2 +52% +21* +24*
B-Ala +51 +73* +-89* +97*
Orn +52 +50* +56* +63*
Lys +92* +62* +-52* +56*
Arg —19 +79* +27 +47

in that the only significant changes were decreased concentrations of alanine, valine
and leucine and an increased concentration of y-aminobutyrate at the 600 mg dose.
An additional experiment was performed in which mice received a lethal dose of
salicylate, 800 mg/kg, and were killed when they started to convulse, between 75 min
and 2 h after the injection. The only changes observed in the brain amino-acids were
decreased concentrations of alanine and valine. The results in the liver were similar
to those given in Table 3 except that with lower doses, 300 and 150 mg/kg, only
glutamine was significantly reduced and methionine and B-alanine increased.

DISCUSSION

Suspensions of animal tissues prepared with a mechanical chopper are superior to
tissue homogenates for studying some aspects of metabolism because cellular structure
is largely retained (Mcllwaine & Buddle, 1953) and are convenient systems for the
investigation of possible effects of substances added in vitro. The present results
(Table 1) show that the concentrations of many of the amino-acids are lower in the
chopped liver than in the liver homogenized in picric acid directly after removal from
the animal. This decrease is probably due to transfer of amino-acids from the cut
tissues into the wet filter paper on which the liver is placed during the chopping pro-
cedure. The values found in the chopped liver before incubation have been used as
zero time values for comparison with those found after incubation and are not strictly
comparable with values in the picric acid homogenate, which have been taken to be
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more representative of concentrations of amino-acids existing in vivo. After incuba-
tion of the chopped mouse liver preparations in Krebs-Ringer phosphate medium,
the concentrations of almost all the amino-acids increased markedly. The appearance
of y-aminobutyrate in the chopped liver preparations after incubation is consistent
with the results of other workers who have shown that the presence of the amino-acid
is not restricted to the brain and may occur in the liver of man (Zachmann, Tocci &
Nyhan, 1966) and of the cat (Tallan, Moore & Stein, 1954) and that it appears in
homogenates and sterile autolysates of mouse liver and tumours after incubation for
varying periods of time (Roberts & Frankel, 1950). The mechanisms controlling the
amino-acid concentrations in chopped preparations of mouse liver incubated in
phosphate medium are not very sensitive to salicylate. Drug concentrations below
10 mM produced no effects and the changes observed with 10 and 20 mwm salicylate
were restricted to a few amino-acids (Table 2).

In contrast to the relative insensitivity of chopped preparations of mouse liver to
salicylate in vitro the injection of salicylate into whole animals produced more marked
and widespread effects on the amino-acid concentrations in the liver (Table 3).
Previous work (Sturman, Dawkins & others, 1968) indicated that the expected
concentrations of the drug in the livers of mice given an intraperitoneal injection of
600 mg/kg body weight of salicylate would range from 3 mM at 30 min to 0-5mM at 4 h
after the injection. Significant differences in the concentrations of a variety of the
amino-acids occurred at each time interval, the effects being most marked at 1 h,
when only aspartate, proline, ethanolamine and histidine were not affected. One h
between injection and killing was therefore used for the later experiments which were
extended to include other tissues (Table 4) and a range of salicylate doses.

The concentration of most of the free amino-acids in kidney and blood were
significantly reduced after injection of high doses of salicylate, aspartate and gluta-
mate were increased in blood. The essential amino-acids, threonine, valine, methi-
onine, isoleucine, leucine, tyrosine, phenylalanine, lysine, histidine and arginine may be
considered as a group with respect to their response to salicylate in that most of these
compounds were decreased in the blood and kidney, unaffected in the brain and
increased in the liver. Non-essential amino-acids which behaved in a similar manner
included taurine, serine, citrulline, 8-alanine and ornithine. In contrast to the group
of amino-acids whose concentrations increased in the liver, there was a small group
comprising glutamine, glutamate, glycine and alanine whose concentrations de-
creased in the liver. The decreased plasma concentrations of the amino-acids in the
salicylate-treated animals may be caused by a primary action of the drug in blocking
the renal tubular reabsorption of the amino-acids. Salicylate causes amino-aciduria in
man (Elliot & Murdaugh, 1962 ; Ben-Ishay, 1964) but it has been reported (Andrews
& others, 1962) that the drug also increases the plasma a-amino nitrogen concentra-
tions and that the pattern of amino-aciduria resembled that found in hepatic injury
rather than in renal tubular damage (Andrews & others, 1961). However, in the rat
a dose of 450 mg/kg weight of salicylate induces a gross generalized amino-aciduria
(Berry & Guest, 1963) which suggests a renal origin, although the authors considered
that the pattern of amino-acid excretion was similar to those observed in several types
of human liver disease. The intravenous administration of salicylate also causes
amino-aciduria in the dog (Simoes & de Barros, 1955) and in this species there is some
evidence that there may be competition between salicylate and some amino-acids for
active sites in the renal tubular transport system (Weiner, Washington & Mudge, 1959).
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Segal & Blair (1963) have also shown that salicylate in vitro inhibits the transport of
phenylalanine, lysine and histidine into slices of rat and human kidney cortex and also
accelerates the efflux of the amino-acids from these tissues. This effect may explain
the decreased concentrations of amino-acids in the mouse kidney observed in the
present work (Table 4). If the amino-aciduria observed in animals given high dose
levels of salicylate is due to an overflow mechanism, the plasma concentrations of
the amino-acids would be expected to either exceed or equal those in the controls.
However, the present results do not support such a mechanism, except for aspartate
and glutamate, where an overflow mechanism cannot be excluded. Webber (1963)
has shown that in the dog there is a separate mechanism of renal tubular reabsorption
for the acidic compared to the basic and neutral amino-acids, and the failure to see a
decrease in these may be due to this transport system not being affected by salicylate.
The changes in the blood amino-acid concentrations caused by the acute dose of sali-
cylate described here, are qualitatively similar to changes in the plasma amino-acid
levels produced by chronic doses of salicylates which did not produce amino-aciduria.
Rats fed on a diet containing 0-5% aspirin showed elevated levels of plasma glutamate
while the peak concentrations of the other amino-acids were depressed (Vaughan,
Korty & Steele, 1969).

If salicylate depletes the intracellular amino-acid pools in the mouse kidney cells,
other than the tubules, by decreasing influx from and increasing efflux to the circula-
tion, this effect of the drug is far less evident in the brain, and in the liver must be
antagonized and overcome by other actions of salicylate. Such actions must lead to
increased formation of amino-acids in the hepatic cells and may comprise an increased
rate of protein breakdown, inhibition of protein synthesis and interference with
transamination. There is experimental evidence that salicylate may promote all
these. The drug is known to cause a marked depletion of liver glycogen in whole
animals (Lutwak-Mann, 1942) and it may also increase other catabolic processes in
the liver, including protein breakdown, as part of a general stimulating action on
substrate breakdown due to its uncoupling action on oxidative phosphorylation
reactions (Smith, 1966). Salicylate has been shown to inhibit the incorporation of
radioactive amino-acids into the protein of cell-free preparations from rat liver
(Dawkins & others, 1966 ; Reunanen, Hanninen & Hartiala, 1967) by a mechanism
involving an interference with the formation of aminoacyl-t-RNAs (Burleigh &
Smith, 1970). The drug also inhibits the activities of rat tissue aminotransferases
involving the interaction of 2-oxoglutarate with leucine, isoleucine, valine, serine,
threonine, methionine, phenylalanine, ornithine and arginine (Gould & Smith, 1965).
If salicylate differentially interfered with aminotransferase activities in the mouse liver,
then this could explain the increased concentrations of the above amino-acids plus
tyrosine, B-alanine and lysine, and the decreased concentrations of glutamate and
alanine, observed in the present work. Any effects of salicylate on amino-acid
patterns due to interference with aminotransferase activities would be expected to be
most pronounced in the liver since this organ is concerned with the metabolism of
dietary amino-acids entering it from the portal circulation.

One prominent difference between the effects of salicylate on the amino-acid levels
in brain and the other tissues is the lack of sensitivity of the brain towards the drug.
It is known (Sturman & others, 1968) that salicylate penetrates the mouse brain
after injection and attains concentrations approximately equivalent to those in the
other tissues. The levels of aspartate and glutamate are very much higher in the
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brain than in other tissues and there are different mechanisms controlling the levels
of the amino-acids in brain (Haslam & Krebs, 1963 ; Balazs, 1965) compared with
other tissues (Williamson, Lopes-Vieira & Walker, 1967). In the brain the non-
essential amino-acids are formed mainly from glucose (Gaitonde, Dahl & Elliott,
1965). The levels of essential amino-acids in this tissue are maintained to a large
extent by protein breakdown within the brain (Vrba & Cannon, 1970) and the rate of
entry of these amino-acids from the blood across the blood brain barrier is a much
slower process than in other tissues (Neuberger & Richards, 1964). In addition, there
is evidence for compartmentation of some of the amino-acid pools within the brain
(Berl & Purpura, 1966) and not all the compartments may be accessible to salicylate.

Acknowledgements

The authors are grateful to Miss M. Skinner for expert technical assistance and to
the Arthritis and Rheumatism Research Council for generous financial support and
for a grant towards the purchase of the Technicon Amino-acid Analyser.

REFERENCES

ANDREWS, B. F., BRUTON, O. C. & DE BAARE, L. (1962). J. Pediat., 60, 201-205.

ANDREWS, B. F., BRUTON, O. C. & KNOBLOCK, E. C. (1961). Am. J. med. Sci., 212, 411414,
Bavrazs, R. (1965). J. Neurochem., 12, 63-76.

BeN-IsHAY, D. (1964). J. Lab. clin. Med., 63, 924-932.

BERL, S., & PURPURA, D. P. (1966). J. Neurochem., 19, 293-304.

Berry, H. K. & Guest, G. M. (1963). Metabolism, 12, 760-770.

BurLEIGH, M. & SmitH, M. J. H. (1970). Biochem. J., 117, 68P.

CoHEN, P. P. (1957). In Manometric Techniques, 2nd edn, p. 149. Editors Umbreit, W. W.,
Burris, R. H. & Stauffer, J. F. Minneapolis: Burgess Publishing Co.

ConNNELL, G. E., DixoN, G. H. & Hanes, C. S. (1955). Canad. J. Biochem., 33, 416-427.
Dawkins, P. D., GouLp, B. J. & Smity, M. J. H. (1966). Biochem. J., 99, 703-707.
ErrioT, H. C. & MURDAUGH, H. V. (1962). Proc. Soc. exp. Biol., Med., 109, 333-335.
Garronpg, M. K., DasL, D. R. & Eruior, K. A. C. (1965). Biochem. J., 94, 345-352.

GouLp, B. J.,, Dawkins, P, D, SMity, M. J. H. & LAWRENCE, A. J. (1966). Molec. Pharmac, 2,
526-533.

GoulLp, B. J. & SMmrtH, M. J. H. (1965). J. Pharm. Pharmac., 17, 83-88.
Hasram, R. J. & Kress, H. A. (1963). Biochem. J., 88, 566-578.
Hucos, A. K. & SmitH, M. J. H. (1963). Ibid., 89, 112P.
Lutwaxk-ManN, C. (1942). 1Ibid., 36, 706-728.

MclLwaIng, H. & BupbptLE, H. L. (1953). Ibid., 53, 412-420.

NEUBERGER, A. & RicHARDS, F. F. (1964). In Mammalian Protein Metabolism, Editors: Munro,
H. N. & Allison, J. B., p. 277. New York: Academic Press.

REUNANEN, M., HANNINEN, O. & HARTIALA, K. (1967). Nature, Lond., 213, 918-919.
RoBerTS, E. & FRANKEL, S. (1950). J. biol. Chem., 187, 55-63.

SEGAL, S. & BLAIR, A. (1963). Nature, Lond., 200, 139-141.

SimoEs, M. S. & DE BARROs, J. P. (1955). Port. méd., 39, 271-276.

SMitH, M. J. H. (1966). In The Salicylates, p. 77. Editors: Smith, M. J. H. & Smith, P. K.
New York: Interscience Publishers.

STURMAN, J. A., DAWKINS, P. D., MCARTHUR, J. N. & SmrtH, M. J. H. (1968). J. Pharm. Pharmac.,
20, 58-63.

TaLLAN, H. H., Moorg, S. & StewN, W. H. (1954). J. biol. Chem., 211, 927-939.
VAUGHAN, D. A., Korty, P. R. & StEELE, J. L. (1969). Metabolism, 18, 1055-1061.
VRBA, R. & CaNNON, W. (1970). Biochem. J., 116, 745-753.

WEBBER, W. A. (1963). Canad. J. Biochem., 41, 131-137.

WEINER, I. M., WASHINGTON, J. A. & MupGE, G. H. (1959). Bull. Johns Hopkins Hosp., 105,
284-297.

WiLLIAMSON, D. H., LoPEs-VIEIRA, O. & WALKER, B. (1967). Biochem. J., 104, 497-502,
YosHipA, T., METCOFF, J. & KAIsER, E. (1961). Am. J. Dis. Child., 102, 511-512.
ZACHMANN, M., Toccr, P. & NYHAN, W. L. (1966). J. biol. Chem., 241, 1355-1358.



