on tolerance to A-9-THC and the ob-
servations of “reverse tolerance” in
human marihuana users. The behavior-
al effects of A-9-THC (or cannabis ex-
tract) in animals have most often been
reported to subside after two to ten
daily doses (8), but among human
marihuana users, experienced users tend
to require less, not more, mari-
huana to report effects than do
naive users (4, 9). Our data suggest
that the tolerance typically shown by
animals is behavioral rather than
pharmacological. That is, the physio-
logical reactions to the drug may change
very little with repeated doses, but the
animal is eventually able to perform
despite these actions. It is possible that
something similar occurred over the
last few days of drug administration in
the present study, since all drug groups
showed substantial weight gains during
this period. However, subnormal weight
gains were seen for at least 3 weeks,
far beyond the periods required for re-
 covery of rope climbing or bar press-
ing in other experiments (4, 9). The
pronounced tolerance to A-9-THC in
animals might then be analogous to the
reported ability of experienced human
marihuana smokers to perform ade-
quately on some laboratory tests while
reporting a normal “high” (10).
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Growth Effects of Vanadium in the Rat

Abstract. Vanadium is necessary for growing rats raised inside trace element—
controlled, all plastic isolators on a highly purified amino acid diet. Addition of
vanadium to the diet enhances growth by over 40 percent. A nearly optimum
effect is obtained with 10 micrograms of vanadium per 100 grams of diet in
(0.1 part per million), supplied in the form of sodium orthovanadate, as seen
from series of tests with levels ranging from 1 to 5 micrograms per 100 grams
of diet. Different vanadium compounds show different potencies: sodium ortho-
vanadate was effective, metavanadate less active, and pyrovanadate without
activity. Tetravalent vanadium, supplied as vanadyl sulfate or acetate, was utilized
but produced smaller responses. The amounts of vanadium required are those
normally found in tissues and nutrients.

Biological functions of vanadium have
attracted much attention in the past
(I-4). It has been suspected to play a
physiological role in higher animals, but
proof of its essentiality has been lacking.
We have found that vanadium exerts a
pronounced growth promoting effect in
rats which are kept in a trace element—
controlled environment and fed a highly
purified amino acid diet (5). The ele-
ment is present in tissues of higher ani-
mals, including man, at average levels
of 0.1 ppm, and in plants at a mean
level of 1 ppm of dry matter. Even
though the vanadium content of sea-
water is remarkably low (0.0003 to
0.003 ppm) (6), most marine inverte-
brates contain 1 to 3 ppm (dry weight),
and some accumulate extraordinarily
large amounts in blood and tissues
7, 8).

Thus far, an essential requirement

for vanadium appears to have been
clearly demonstrated only in two micro-
organisms: the mold Aspergillus niger
(9), and the green alga Scenedesmus
obliquus where it may be concerned
with phatosynthesis (/0). However, a
need for vanadium has also been dem-
onstrated for a thermophilic yeast,
Candida slooffii, when grown at high
enough temperatures (/7). Growth ef-
fects were also seen in higher plants,
but they have been related to the
capacity of vanadium to substitute for
molybdenum as a catalyst of nitrogen
fixation in Azotobacter and other bac-
teria (2, 12). That it might be essential
for animals could be inferred from the
finding that it enhances the develop-
ment of wing and tail feathers in chicks
raised under carefully controlled condi-
tions on a casein-based diet; however,
the growth rates of these chicks were

Table 1. Growth response of rats to varying levels of vanadium supplements (sodium ortho-
vanadate, Na,VO,). Pooled results of five successive experiments are shown for each dose.
Weight gains (grams) are given as means * standard errors of the means. The total increase
is given as the percentage gain over a 21- to 28-day period.

Dose Unsupplemented controls Supplemented animals Total
(ug/100g " Rag Average daily Rats Average daily mc(x;ase p
of diet (No.)* weight gain (No.) weight gain (%)
1 7 1.05 = 0.08 7 1.27 = 0.10 21 T
5 16 1.04 * 0.08 16 1.38 = 0.08 33 <.01
10 6 1.02 =0.14 7 1.38 = 0.07 35 <.05
25 14 0.87 = 0.10 14 1.21 = 0.09 41 <.02
50 6 1.02 = 0.14 7 1.49 = 0.12 46 <.02
* A total of 37 rats served as controls in five successive experiments. + Not significant.
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not affected (/3). In its strongly re-
duced, bivalent condition vanadium has
been found in a porphyrin complex of
the feathers of some South African
birds (14).

The experiments reported here were
carried out with the trace element—
controlled environment system created
in our laboratory to study unrecognized
trace element-deficiency diseases (I15).
Trace element contamination is kept at
a minimum by ultraclean, trace element
sterile isolators, and by amino acid diets
composed of highly purified individual
ingredients '(I6). The system permits
definitive experiments on unidentified
trace element requirements, provided
that sensitive analytical methods are
available to determine the elements in
question. By this technique we recently
demonstrated that tin is essential for the
growing rat (17).

Animals on the basal amino acid
ration inside the controlled isolator
show a variety of deficiency symptoms.
They grow poorly, lose hair, develop
seborrhea-like conditions, lose tonicity,
and show other changes. The amino
acid diet supplies all known essential
elements at adequate, balanced amounts
(/8). It is deficient in more than one
additional trace element, which has been
shown by chemical fractionation of
yeast ash. Besides tin, vanadium is one
of these missing elements.

In tests carried out from 1965 to
1969 with less advanced techniques,
positive but nonsignificant effects of 10
to 12 percent were seen occasionally
with supplements of 5 to 25 ug of
vanadium per 100 g of ration, added to
the diet as vanadyl chloride or sodium
orthovanadate. Neutron activation anal-
ysis revealed that the organic compo-
nents of the diet (amino acids, sucrose,
fat, and vitamins) were very low in
vanadium, but the inorganic salts
were a source of vanadium contamina-
tion (/9). Significant effects of vana-
dium were demonstrated upon subse-
quent improvements in the isolator
(16), weaning procedure, and compo-
sition of the salt mixture. Inbred, litter-
mate, male, weanling ‘Fischer 344 rats
were used (20). Animals inside the
isolator were housed in individual plas-
tic cages. They did not come in con-
tact with metal, glass, rubber, dust, or
caretaking personnel. Each experiment
consisted of four groups of eight ani-
mals. As an additional control to each
group in the isolator, six rats were
maintained in metal cages under con-
ventional conditions on each of the test
diets. The animals were weighed and
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Table 2. Effect of different vanadium salts on
growth of rats in an “ultraclean” environment.

Dose Average
(ug/100 g (I]Eﬁ,ts) increase P
of diet) ' (%)
Sodium metavanadate, NaV0O,; 4H,0
5 8
5 8 18
Sodium pyrovanadate, Na,V,;0,
5 8 —8
10 8 9
Vanadyl sulfate, VOSO,
1 8 4
5 7 27 <.05
Vanadyl acetate, VO(CH,COO-),
5 7 16
10 8 21 <.05
25 8 18 <.10

evaluated as to their appearance at 3- to
4-day intervals. Growth rates and
standard errors of the means were com-
puted by covariance analysis. of the
weight gains. The experiments were
terminated after 26 to 28 days, at which
time the rats were autopsied.

The diet, based on an optimal mix-
tnre of L-amino acids, was identical to
that described (17, 21), except for the
salt mixture which was simplified to
eliminate potential trace contaminants
(22). The revised salt mixture, con-
tained in the diet at a 3.5 percent level,
and the trace element supplement are
shown in (23). All diets contained 100
png of tin per 100 g of ration, given as
stannic sulfate, Sn(SO,),+2H,0. Vana-
dium compounds to be assayed were
added to the diet as freshly prepared
aqueous solutions. All diets were freshly
prepared and replaced at weekly inter-
vals. '

Significant growth effects of vana-
dium were obtained regularly under the
described conditions. Most experiments
were carried out with sodium ortho-
vanadate, Na;VO,, which appeared to
give the best results. To obtain a dose
response curve, a series of five consecu-
tive tests with dose levels varying from
1 to 50 pg of vanadium per 100 g of
diet (0.01 to 0.50 ppm) (Table 1). A 21
parcent increase in growth, obtained
by the 1 ug supplement, was not sta-
tistically valid; but 5 and 10 pg pro-
duced significant, nearly optimum re-
sponses. The maximum effect of over
40 percent was obtained with the 25
and 50 pg dose levels. None of the
other deficiency symptoms seen inside
the isolators were significantly affected
by vanadium supplementation. Animals
kept on identical diets in (vanadium-
containing) stainless steel cages under
conventional conditions had higher
basal growth rates and showed no ef-

fect of vanadium supplementation to
their diet. '

Experiments with other vanadium
compounds (Table 2) showed that, in
analogy to findings with selenium (24),
chromium (25), and tin (17), different
vanadium compounds vary in potency.
Differences in activity were observed
between the various salts derived from
vanadium pentoxide, V,0;. These are
formally analogous to phosphate salts
derived from P,Oj;, but the vanadates
have little in common chemically or
structurally with the phosphates (26).
Sodium metavanadate at 5 ug per 100
g of ration produced only marginal re-
sponses. It may be effective if given in
higher amounts since it can be slowly
converted to the orthovanadate. Sodium
pyrovanadate at 5 and 10 ug levels was
clearly inactive. The pyrovanadate ion,
V,0;4—, the most stable hydration
product of V,0j, is sluggish in oxida-
tion-reduction reactions and in estab-
lishing equilibria with the other ions
derived from V,0;. The results indicate
that it is poorly utilized.

Two derivatives of tetravalent vana-
dium, the steadiest oxidation state of
the element, were effective at 5, 10,
and 25 pg per 100 g of ration, even
though the observed increases in growth
rates did not appear as great as those
seen with sodium orthovanadate. Both
compounds tested, vanadyl sulfate and
vanadyl acetate, are derivatives of oxo-
vanadium, VOZ2+, considered one of
the most stable biatomic ions in exist-
ence; it can persist unchanged in a
large variety of chemical reactions.
Whether the two lower oxidation states
of vanadium can satisfy the vanadium
requirement of the rat is not known.
However, derivatives of bivalent and
trivalent vanadium have been found in
nature (/4, 27). These oxidation states
have strong reducing activities, but
within the organism they may be stabi-
lized by complex formation with or-
ganic ligands which would change the
oxidation potential.

The amounts of vanadium needed to
elicit the growth response in rats are
physiological, that is, they are within
the range of concentrations found nat-
urally in foods, feeds, and tissues of
higher animals (4). It appears as if
the physiologically essential levels of
vanadium lie at or below 0.1 ppm of
dry matter: Rats require in their diets
approximately as much vanadium to
grow as is needed in the media for
Aspergillus niger and Scenedesmus obli-
quus to support growth; the effective
concentration in these media was in

4?27



the order of 108, equivalent to 0.1
ppm of dry weight in the medium. The
amount of vanadium required by the
rat is also quite close to that calculated
as the daily vanadium intake for man.
A rat weighing 75 g needs 1 to 2 ug
of vanadium per day (25 ug per 100
g of diet) for an optimal growth re-
sponse, while a human with an aver-
age weight of 75 kg has been estimated
to consume 2 mg of vanadium daily.
This calculation is based on dietary
surveys and “a well-balanced diet.” The
total amount in man’s body is estimated
to be 17 to 43 mg (4).

The chemistry of the natural occur-
ring derivatives of vanadium is un-
known. Much of the vanadium must be
present in low molecular form since it
tends to occur in fats and oils. The
properties of vanadium make it likely
that its biological function is related to
oxidation-reduction mechanisms. Effects
of vanadium have been observed in
many systems. Notably, it catalyzes the
in vitro oxidation of phospholipids by
mammalian liver protein fractions (28).
It is highly active as a catalyst in the
nonenzymatic oxidation of catechola-
mines, dihydroxyphenylalanine, and
5-hydroxyindoles (29). At high dose
levels it inhibits cholesterol synthesis
(30) and lowers the amounts of phos-
pholipid and cholesterol in the blood
(31). 1t has also been reported to in-
hibit the development of caries through
stimulation of the mineralization of
teecth (32). Whether any of these
phenomena are related to the normal
function of vanadium in intermediary
metabolism remains to be established.
In a review on vanadium in man (4),
Schroeder et al. stated in 1963: “No
other trace metal has so long had so
many supposed biological activities
without having been proven to be es-
sential.” The above data show that
vanadium is indeed essential for the
growing rat.
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School of Medicine, University of
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Social Behavior of Monkeys Selectively Depleted of Monoamines

Abstract. Initiated social interactions of Macaca speciosa are decreased during
the period of treatment with alpha-methyl-p-tyrosine, an inhibitor of catecholamine
synthesis. The treated animals maintained stable body weights and appeared to be
healthy. Similar depletion of indoleamines with p-chlorophenylalanine does not
change these same observed behaviors in spite of weight loss, hair loss, ataxia, and

debilitation in some of the animals.

The monoamines serotonin, dopamine,
and norepinephrine have been impli-
cated in such activities as the regulation
of appetite, temperature, sleep, alert-
ness, motor functions, and mood (I).
In addition, complex disturbances in
behavior have been related to an excess
or deficiency of one or more of these
substances, as suggested, for example,
by the recent successful treatment of
Parkinson’s disease by the dopamine

precursor dihydroxyphenylalanine (2).
Selective experimental depletion of the
-indoleamines or the catecholamines has
only recently allowed study of specific
monoamine functions with the use of
inhibitors of enzymes required for syn-
thesis. Parachlorophenylalanine (PCPA)
effectively decreases synthesis of seroto-
nin (3), and alpha-methyl-p-tyrosine
(AMPT) specifically decreases both
dopamine and norepinephrine by inhib-
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