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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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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iting the rate-limiting enzymes in the
body and the brain (4, 5).

Previous studies with these enzyme
inhibitors have shown a complex role
for the monoamines in the regulation of
sleep (6). Weight loss and death have
also been reported with both compounds
in a variety of species (7, 8). Para-
chlorophenylalanine causes bizarre be-
havior in rats and cats, including
increased aggression, increased sexual
mounting, and evidence of perceptual
disorientation 4 to 5 days after treat-
ment is started (8, 9). The effects of
PCPA on active and passive avoidance
responses in rats have been studied with
differing results (/0). Alpha-methyl-p-
tyrosine produces ‘“sedation” and de-
creased activity in a variety of species
(5, 11). Decreased performance of
rotorod walking and conditioned avoid-
ance responses have also been described
in several species with AMPT adminis-
tration (/2). The effects of both drugs
in humans have been studied in low
doses, or in disease states which might

have prevented adequate central nerv-
ous system depletions or made their
interpretation difficult (4, 13, 14).

We have studied the differing effects
of selective monoamine depletion on
the social interactions of nonhuman
primates. These subjects are naturally
social animals whose survival, like
man’s, depends on complex postural,
facial, and vocal communications, many
of which are interpretable by human
observers. The phylogenetic position of
these primates, in addition, might allow

inferences about mood and feeling states

not apparent in lower animals.
Baseline activities of four groups of
five Macaca speciosa of mixed sexes

housed in group cages were observed by .

different observers for 1 hour daily for
3 weeks by using ethological behavioral
measurements we described previously
(15). These included aggressive and
submissive  gestures and behavior,
grooming, social-sexual presentations,
mounting, and copulation. Four ani-
mals, two animals in each group, were

treated orally or by nasogastric tube for
a 14-day period with doses of PCPA
or AMPT estimated to reduce serotonin
or norepinephrine levels to 30 percent
of normal (/6). One animal, previously
treated with AMPT, was given PCPA
after an interval of 4 months to test the
effects of both compounds on the be-
havior of a single animal. Half of the
observers in each experiment were
“blind” as to which animals were treated
and with respect to the behavioral hy-
potheses under investigation. Analyses
of variance, regression analyses, and
t-tests of drug effects were indistinguish-
able for the animals treated with each
compound, regardless of the knowledge
or naiveté of the observers. We have
consequently analyzed and reported
them together.

Behaviorally, the AMPT-treated ani-
mals showed a consistently reduced
level of initiated social interactions
compared with their own baseline (P
< .0005) and with the controls (P <
.05) during the first 2-week period (17).

Table 1. Mean initiated social activity levels of treated and control animals per observation hour. Probabilities (P) of differences between means
of treated animals and controls were calculated by Student’s #-test. A paired t-test for the difference between the means was used to compare
treatment and posttreatment with pretreatment periods (I8). The P values for treated versus control animals refer to controls at the same time
stage of the experiment as the treated animals in question. The P values for controls “versus pre-Rx” refer to controls at the various time stages
of the experiment versus the same controls in the preliminary 3-week period. Abbreviations: S.E., standard error of the mean; pre-Rx, pretreat-

ment; NS, not significant.

Pretreatment Treatment Posttreatment
(3 weeks) First 2 weeks Second 2 weeks (3 weeks)
Versus Versus  Versus Versus  Versus Versus  Versus
Mean S.E. controls Mean S.E. pre-Rx controls Mean S.E. pre-Rx controls Mean S.E. pre-Rx controls
2P = P= P = P= P= P= 2P =
AMPT-treated animals (N = 4)
174 1.5 NS 7.9 1.3 0.0005 0.05 7.6 1.37 0.0005  0.025 15.7 2.1 NS NS
Control animals (N = 6)
18.5 4.0 17.8 3.8 NS 24.9 5.8 NS 24.1 6.7 NS
PCPA-treated animals (N = 4)
20.4 42 NS 217.5 9.3 NS NS * 33.8 5.1 NS NS
Control animals (N = 6)
20.6 4.1 28.5 10.5 NS 334 8.2 NS

* Two animals were treated for an additional period of 2 weeks. They became increasingly debilitated at the same time that urinary 5-HIAA excretion de-
creased to 13 percent of the pretreatment levels. Their initiated social interactions increased insignificantly in spite of continued treatment with PCPA and

their poor physical condition.

Table 2. Mean urinary excretion of 5-HIAA and MHPG, in micrograms per 24 hours, by AMPT- and PCPA-treated animals. Probabilities
(P) of differences between the means were calculated by a Welch’s #test (23).

Pretreatment Treatment i Posttreatment
(3 weeks) First 2 weeks Second 2 weeks (3 weeks)
Versus  Percent ‘Versus  Percent Versus  Percent
Mean S.E. Mean S.E. pre-Rx of Mean S.E. pre-Rx of Mean S.E. pre-Rx of
P= pre-Rx P = pre-Rx 2P = pre-Rx
AMPT-treated animals: MHPG excretion
324 46.3 96 2.99 <.025 29 92 10 < .005 28.4 607 92 < .02 187
PCPA-treated animals: 5-HIAA excretion
968.7 123.6 291.5 59.4 < .0025 30.1 572.6 135.6 < .05 59
PCPA-treated animals: MHPG excretion
293.5 26.7 231.8 41.3 .50 78.9 362.2 43.0 < .20 123
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This level was further reduced by con-
tinuing treatment at the same dosage
level for an additional 2 weeks (see
Table 1). The animals continued to
tolerate normal interactions initiated by
control animals and did not retreat
spatially as has been observed with other
drugs such as phencyclidine and pheno-
barbital (I8). They remained in appar-
ent physical health as determined by
stable body weights, normal urinalyses,
normal complete blood counts, and nor-
mal blood urea nitrogens. No tremor,
ataxia, or hair loss was seen, although
their movements sometimes appeared
to be retarded. They assumed energy-
conserving postures with their heads
down and eyes sometimes closed. They
appeared to notice, but to be uninter-
ested in, surrounding cage activities.
Two of four animals irreversibly lost
social rank during treatment. Of the
two whose rank did not change, one was
the dominant male and the other, a
female, was already lowest ranking.
The PCPA-treated animals, on the
other hand, all maintained unchanged
levels of total initiated and passive social
activity (see Table 1). Two animals
increased total initiated social activity
and two animals decreased social ac-
tivity insignificantly during treatment.
After treatment two animals insignifi-
cantly increased social activity levels
compared with the pretreatment period,
and two animals decreased social activity
from that level. Physical appearance
and general condition varied from no
apparent change in two animals to de-
crease eating, decreased drinking, and
weight loss in two animals,
of whom appeared to be near death and
had to be maintained with nasogastric
intubations of fluids. Gaunt masklike
facies was seen in one animal, and
ataxia, hair loss, and apparent pares-
thesias were noted in another (19). All
of the animals remained alert and inter-
ested in cage activities, and no abnor-
mal postures were seen. Aggressive
behaviors, such as threats or attacks,
and sexual mounting, presentation, and
copulation were not increased (20).
Two animals were treated for an addi-
tional 2-week period. Although these
animals appeared to become more ill
and debilitated, their total initiated
behaviors increased insignificantly.
One animal who was most debilitated
during this treatment lost two places
in social rank. She recovered one
place 1 week after treatment was
stopped, and the other place was re-
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covered after 12 weeks. Because of
the apparently severe toxic effects in
the first two PCPA-treated animals, the
remaining animals’ treatment was dis-
continued after the second week.
Almost identical decreases in urine
levels of two major metabolites of nor-
epinephrine.  and  serotonin  were
achieved during the 2-week treatment
periods with each inhibitor as mea-
sured in 24-hour collections from
temporarily isolated monkeys. 3-Meth-
oxy-4-hydroxyphenylethylene glycol
(MHPG) was determined by the
method of Dekirmenjian and Mass
(21), and 5-hydroxyindole acetic acid
(5-HIAA) was determined by the
method of Korf and Valkenburg-
Sikkema (22). Those animals treated
with norepinephrine depletor AMPT
showed a significant decrease of
MHPG to 29 percent of the pre-
treatment level (P < .025) (23) (see
Table 2). Similarly, 5-HIAA excretions
during PCPA administration decreased
to 30 percent of the pretreatment level
(P < .0025). Determinations of MHPG
on the same samples also decreased to
79 percent (P not significant), sugges-
tive of previous reports of the lack of
complete specificity of PCPA (24).
The behavioral consequences of these
experiments are of interest because such
clear changes in social behavior and
appearance occurred with catecholamine
depletion. Such changes were not seen
when indoleamines were similarly de-
pleted, in spite of the extreme debilita-
tion of some of the serotonin-depleted
animals. The behavioral effects of
AMPT are similar to those seen in
monkeys treated with reserpine, which
depletes all the biogenic monoamines
(25), or to those seen in monkeys sepa-

rated from familiar environments or

significant “others” (26). The changes
in posture, facial expression, motor
activity, and social initiative might also
be compared to the depressive states
seen in man. These changes may be
important, we believe, because the bio-
chemical intervention with AMPT is
specific to dopamine and norepinephrine
without affecting serotonin or other
brain substances, indicating that a “de-
pressive syndrome” may be produced
consistently by catecholamine dépletion
alone.

In an identical behavioral and social
model, a corresponding and similar
decrease of serotonin synthesis produced
a variable and quite different picture in
which physical illness in some of the

animals was the most apparent change.
In spite of this, all of these animals
continued to interact at the usual levels
and to show interest and involvement in
activities around them as determined by
these same measurements of social be-
havior. Few comparisons could be made
to social effects seen previously with
PCPA in lower mammals or to depres-
sion as seen in man.

If monkeys are indeed capable of
varying levels of “affect,” this study
would seem to support a catecholamine,
as opposed to an indoleamine, hypothe-
sis for “depression” (27) in this species.
It suggests also a possible behavioral and
biochemical model for further study
which might be relevant to humans.

D. E. REDMOND, JRr.
J. W. Maas, A. KLING*

C. W. GraHAM, H. DEKIRMENJIAN
Hlinois State Psychiatric Institute,
Chicago 60612, and University of
Hlinois Medical School, Chicago

References and Notes

1. S. S. Kety, in The Neurosciences, G. C.
Quarton, T. Melnechick, F. O. Schmitt, Eds.
(Rockefeller Univ. Press, New York, 1967),
pp. 444-451.

2. G. C. Cotzias, P. S. Papavasiliou, R. Gellene,
N. Engl. J. Med. 280, 337 (1969).

3. B. K. Koe and A. Weissman, J. Pharmacol.
Exp. Ther. 154, 499 (1966).

. A. Sjoerdsma, K. Engelman, S. Spector, S.
Udenfriend, Lancet 1965-II, 1092 (1965).

. S. Spector, A. Sjoerdsma, S. Udenfriend, J.
Pharmacol. Exp. Ther. 147, 86 (1965).

. M. Jouvet, Science 163, 32 (1969); E. D.
Weitzman, M. M. Rapport, P. McGregor, J.
Jacoby, ibid. 160, 1361 (1968); A. Sjoerdsma

- et al., Ann. Intern. Med. 13, 607 (1970).

7. K. E. Moore, P. E. Wright, J. K, Bert, J.
Pharmacol. Exp. Ther, 155, 506 (1967); G. A.
Jchnson, E. G, Kim, W, Veldkamp, R. Rus- -
sell, Biochem. Pharmacol. 16, 401 (1967).

8. J. Ferguson, S. Henriksen, H. Cohen, G.

- Mitchell, J. Barchas, W. Dement, Science 168,
499 (1970).

9. M. H. Sheard, Brain Res. 15, 524 (1969);
E. E. Shillito, Br. J. Pharmacol. 38, 305
(1970); A. Tagliamonte, P. Tagliamonte, G. L.
Gessa, B. B. Brodie, Science 166, 1433 (1969).

10. D. A. Stevens and L. D. Fechter, Life Sci. 8,
379 (1969); J. F. Brodie, Jr., Psychopharma-
cologia 17, 14 (1970).

11. K. E. Moore, Life Sci. 5, 55 (1966).

12, and R. H. Rech, J. Pharmacol. Exp.
Ther. 156, 70 (1967); R. H. Rech, H. K.
Borys, K. E. Moore, ibid. 153, 412 (1966).

13. K. Engelman, E. Jequier, S. Udenfriend, A.
Sjoerdsma, J. Clin. Invest. 47, 568 (1968);
V. Y. Cremata and B. K. Koe, Clin. Phar-
macol. Ther. 7, 768 (1966); K. Engelman,
W. Lovenberg, A. Sjoerdsma, N. Engl. J. Med.
277, 1103 (1967); A. Sjoerdsma et al. (6).

14, W. E. Bunney, Jr., H. K. H. Brodie, D. L.
Murphy, F. K. Goodwin, Amer. J. Psychiat.
127, 872 (1971).

15. D. E. Redmond, Jr., A. Kling, J. W. Maas,
H. Dekirmenjian, Psychosom. Med. 33, 97
(1971).

16. The amino acids were obtained from Regis
Chemical Co., Chicago. Doses ranged from
150 mg/kg per day with PCPA to 250 mg/kg
twice daily for AMPT. Previous studies cited
above have shown a prolonged duration of
action for PCPA, whereas AMPT effects last
lIess than 24 hours.

17. Student’s t-test was used to compare treated
animals with the controls. A paired #-test for
the difference between the means was used
to compare treatment with pretreatment and
posttreatment periods.

[ Y I N

SCIENCE, VOL. 174



18. A. Kling, personal observation.

19. Four rhesus monkeys were treated in a pre-
vious study with 300 mg/kg per day for 1
year, with no reported behavioral effects or
toxicity, in an attempt to produce cataracts
[E. J. Gralla and L. Rubin, Arch. Ophthal-
mol. 83, 734 (1970)1. Another study of sleep
patterns in monkeys reported no changes dur-
ing the waking period after single doses of
330 to 1000 mg/kg [E. D. Weitzman et al.
(6)]. Hair loss has been reported in rats
[Shillito (9)] and paresthesias have been de-
scribed in humans [Cremata and Koe (I3)].

20. This is similar to the sexual effects described
in humans [W. T. Carpenter, Jr., in A.
Sjoerdsma et al. (6)] and contrary to that
seen in rats, rabbits, and cats (8, 9).

21. H. Dekirmenjian and J. W. Maas, Anal. Bio-
chem. 35, 113 (1970).

22. J. Korf and T. Valkenburgh-Sikkema, Clin.
Chim, Acta 26, 301 (1969).

23. The variances of the urinary metabolites of
treated animals were significantly smaller dur-
ing the treatment period than the pre- or post-
treatment variances. Consequently, a Welch’s
t-test was employed for means with hetero-
scepastic variances [B. L. Welch, Biometrika
34, 28 (1947)1.

24. A. S. Welch and B. L. Welch, J. Pharm.
Pharmacol. 19, 632 (1967); F. P. Miller,
R. H. Cox, W. R. Snodgrass, R. P. Maickel,
Biochem. Pharmacol. 19, 435 (1970). This
finding would perhaps have complicated the

picture more had we found social changes
with PCPA. Numerous studies have shown no
changes in serotonin metabolism with AMPT
administration, and 5-HIAA’s were not run
on these samples. See also (I4).

25. Reserpine causes clinical depression in a small
percentage of humans treated with it, usually
for hypertension: R. W. P. Achor, N. O.
Hanson, R. W. Gifford, Jr., J. Amer. Med.
Ass. 159, 841 (1955); J. C. Miller, W. W.
Pryor, J. E. Gibbons, E. S. Orgain, ibid.,
p. 836; G. Lemieux, A. Davignon, J. Genest,
Can. Med. Ass. J. 74, 522 (1956); T. H.
Harris, Amer. J. Psychiat. 113, 950 (1957).

26. W. T. McKinney and W. E. Bunney, -Arch.
Gen. Psychiat. 21, 240 (1969).

27. W. E. Bunney, Jr., and J. M. Davis, ibid. 13,
483 (1965); J. J. Schildkraut, 4Amer, J. Psy-
chiat. 122, 509 (1965); J. J. Schildkraut, in
Biochemistry, Schizophrenias and Affective 111-
nesses, H. E. Himwich, Ed. (Willlams &
Wilkins, Baltimore, 1970), p. 198; H. E.
Himwich, ibid., p. 230.

28. We gratefully acknowledge the technical as-
sistance of R. Dons, S. Pratt, and J. Schneider
during these experiments. Statistical consulta-
tion was generously provided by M. K. Patel.
Research was supported in part by NIMH,
MH-15954 and PHS HD 02277.

* Present address: Department of Psychiatry,
Rutgers Medical School, New Brunswick, N.J.

1 April 1971; revised 9 July 1971 ]

Operant Conditioning of Specific Patterns

of Neural and Muscular Activity

Abstract. In awake monkeys we recorded activity of single “motor” cortex
cells, four contralateral arm muscles, and elbow position, while operantly rein-
forcing several patterns of motor activity. With the monkey’s arm held semiprone
in a cast hinged at the elbow, we reinforced active elbow movements and tested
cell responses to passive elbow movements. With the cast immobilized we rein-
forced isometric contraction of each of the four muscles in isolation, and bursts
of cortical cell activity with and without simultaneous suppression of muscle
activity. Correlations between a precentral cell and specific arm muscles con-
sistently appeared under several behavioral conditions, but could be dissociated
by reinforcing cell activity and muscle suppression.

In investigating the possible role of
precentral “motor” cortex cells in gen-
erating voluntary movements, previous
experimenters trained monkeys to per-
form specific motor responses by mak-
ing operant reinforcement contingent
on the position and force trajectories
of the responding limb (I, 2). Such
response patterns involved coordinated
activity of many muscles of the re-
sponding limb (2, 3) and therefore
were not designed to resolve the ques-
tion of which specific muscles a given
cortical cell may influence. To deter-
mine the degree to which precentral
cell activity may be correlated with
specific limb muscles and to test the
stability of such correlations during dif-
ferent behaviors, we recorded the activ-
ity of single precentral cells and four
major arm muscles (a flexor and exten-
sor of wrist and elbow) while reinforc-

ing specific patterns of activity in these.

elements.
Experiments were performed with a
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fluid-deprived monkey (Macaca mulat-
ta) seated in a restraint chair with his
head immobilized and a juice-dispens-
ing tube in his mouth. The monkey’s
arm could be held semiprone in a mold-
ed cast pivoted at the elbow, allowing
measurable flexion and extension of the
elbow but no gross movement of the
wrist. The cast could also be locked in
place (elbow at 90°, wrist at 180°),
rendering all muscle contractions iso-
metric (4). Electromyographic (EMG)
activity of major flexors and extensors
of the wrist (flexor carpi radialis and
extensor carpi radialis) and elbow (bi-
ceps and triceps) was recorded through
pairs of braided stainless steel wires
permanently implanted in the belly of
each muscle and led subcutaneously to
a connector implanted on the skull.
Activity of single precentral cells in
contralateral cortex was recorded with
tungsten microelectrodes. For about a
month prior to the data-recording ses-
sions, the monkey was trained in sev-

eral behavior performances: (i) He was
reinforced with fruit juice for sitting
quietly while we tested the cells’ re-
sponses to passive movement of the
arm and cutaneous stimulation. (ii)
With his arm in the position monitor
he was reinforced for active flexion and
extension of the elbow. (iii) With the
position monitor locked in place, rein-
forcement was made contingent upon
isometric contraction of any one of the
muscles with simultaneous suppression
of activity in the other three.

Specific patterns of cell and muscle
activity were monitored and rein-
forced with an electronic ‘“‘activity
integrator” which continuously inte-
grated a weighted sum of voltages
proportional to cortical cell and muscle
activity, and delivered a reinforcement
when the resultant voltage exceeded a
preset threshold (Fig. 1). The activity
integrator had several input channels
which accepted either voltage pulses
triggered from the cell’s action poten-
tials or rectified EMG activity from
specific muscles. A summing network
produced a weighted sum

Ve = Za;\)l(t)

of these input voltages; the algebraic
sign and magnitude of each weighting
factor a; were determined by the ex-
perimenter through a polarity switch
and gain control for each channel. This
summed voltage was temporally inte-
grated with a parallel resistor-capacitor
network with a time constant of 50 to
100 msec to generate the “integrator
voltage.” When this integrator voltage
reached a preset threshold level Vi the
feeder discharged and the integrator
voltage was briefly reset to zero.

_ To illustrate a typical application,
consider reinforcing the activity of a
specific muscle, say biceps, in isolation.
When cortical unit activity did not en-
ter into the reinforcement contingency,
its contribution to the integrator voltage
was switched off (a;=0). The polarity
switches that were on the muscle chan-
nels were set such that activity in the
biceps drove the integrator voltage to-
ward threshold (a3 >0), while activity
in the other three muscles drove the
voltage away from threshold («; < O;
i=1,2,4). When reinforcement became
available, the monkey typically began
to emit bursts of EMG activity in sev-
eral arm muscles every few seconds.
The gain controls (a;) were set such
that approximately half of these burst
responses were reinforced. After sev-
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