References and Notes

1. D. Madison, Anim. Behav. 17, 25 (1969).

2. V. Twitty, D. Grant, O. Anderson, Proc. Nat.
Acad. Sci. U.S. 56, 864 (1966); ibid. 57, 342
(1967).

3. The movement of an Ambystoma maculatum
was continuously monitored after it was dis-
placed in daylight 45 m from a breeding
pond. It returned directly toward the pond
for a distance of 34 m [C. R. Shoop, Biol.
Bull. 135, 230 (1968)]1.

4, Plethodon jordani is completely terrestrial (no
aquatic larval stage and no breeding migra-
tions), nocturnal, and lungless. It is quite
sedentary and restricted to moist environ-
ments both because respiration is partly cu-
taneous and because of the vulnerability of
the eggs to desiccation.

5. A Thyac II1 (Victoreen) scintillation survey
meter and a model 489-55 gamma scintilla-
tion probe [3.17 by 3.82 cm Nal (Ti) crystal]
were used.

6. Seven salamanders (10, 13, 14, 19, 20, 21,
22) served as controls for 1 to 4 weeks. Six
were displaced later in the study. Salamander
20 disappeared 1 week after initial capture
and thus could not be displaced.

7. Generally checks were made more often soon
after the salamanders were released or during
evenings when conditions seemed suitable
for homing.

8. Data presented here indicate that, occasion-
ally, P. jordani climb on tree trunks and
other vegetation up to a height of about
2.3 m. Although this behavior has been re-
ported [R. Gordon, J. MacMahon, D. Wake,
Zoologica (New York) 47, 9 (1962)1, no
reason has been given for its occurrence.

9. The method that gives the maximum home
range as indicated by  isotopes was used to
estimate the size of the home area [H. Am-
brose III, Amer. Midland Natur. 81, 535
(1969)]. This method makes it possible to
include areas of marginal familiarity to the
salamander which we wished to include since
the salamanders, upon arriving in such areas,
could possibly use local landmarks to find
the more frequented areas. .

10. The size of the home area of this salamander
was not determined. It was detected five
times within 3 m of the release point during
3 days after release, but was detected only
once thereafter 22 m from the release point
6 days after release.

11. Excluding salamanders 15 and 20 which dis-
appeared, we detected salamanders on 588
of 606 attempts. Eight of the failures were
for two salamanders which disappeared for
3- and 6-day intervals. The locations of the
detection points, therefore, were not biased
to include only those in the vicinity of release
and home or between these areas.

12. Only those salamanders displaced upon initial
capture were used in the course analyses
(Fig. 2), thus excluding salamanders 10, 13,
14, 19, 21, and 22, Salamanders 19 and 23
(1 to 24 m) and 31 (8 to 24 m) were omitted
from both the course and time analyses be-
cause failure to detect them during searches
prior to their being detected at home gave
unreliable course and time estimates. For the
course analysis, any point along the estimated
course (dashed line) was considered to be
the best estimate of the salamanders’ position
between the actual (observed) positions.

13. E. Batschelet, Amer. Inst. Biol. Sci. Monogr.
1 (1965). The Rayleigh, Stephens, -and F
analyses were used, when appropriate. All
courses were examined for possible in-
fluence due to distance and direction of
displacement. In addition, the observer’s
position at release, the position of a nearby
creek, and the direction uphill and down-
hill to the release point were studied for
their possible effects. In no case were there
any noticeable effects on the homing courses.

14. Since P. jordani move on the forest litter

only after dark, all movement times were

considered in terms of cumulative dark

hours (1930 to 0600 E.S.T.).

For example, male 18 released at 2220 hours,

was detected 4.5 m from the release point at

0250 hours and 2 m from the initial capture

site at 0530 hours on the same night. The

best estimate of his arrival at home is 0410

hours, the midpoint of the interval prior to

his being detected at home. Thus the THT

19 JUNE 1970

15

was from 2220 to 0410 hours, a time of 5.8
hours, The RTT is 1.3 hours, one half
the duration of the period from 0250 to
0530 hours.

16. S. Siegel, Nonparametric Statistics (Mc-
Graw-Hill, New York, 1956), pp. 116-127
(Mann-Whitney U test, timing analysis);
ibid., pp. 42-47 (chi-square one-sample test,
climbing analyses).

17. Without the pause components, then, the
salamanders displaced 30 m could have made
the return trip in 30 minutes.

18. D. Grant, O. Anderson, V. Twitty, Science
160, 1354 (1968); V. Twitty, Of Scientists
and Salamanders (Freeman, San Francisco,
1966).

19. H. Landreth and D. Ferguson, Nature 215,
516 (1967); D. H. Taylor and D. E. Fergu-
son, Science 168, 390 (1970).

20. H. Landreth and D. E. Ferguson, Science
158, 1459 (1967). A sun compass is postu-
lated to be a basic orientation mechanism of
amphibians,

21. D. Ferguson and H. Landreth, Behaviour
26, 7 (1966). The necessity of wind and its
flow in the one direction favorable for
information transmission was thought to be
relatively inefficient. Wind directions recorded
in this study (in the woods) varied by as

much as 180 degrees nightly, These varia-
tions along with the low wind speeds
(typically from 0.1 to 0.8 m/sec) would
support the operation of a short-range
olfactory-based orientation system. Such a
system operates in various animal groups;
see, for example, E. O. Wilson, W, F. Blair,
G. Tembrock, in Animal Communication, T.
A. Sebeok, Ed. (Indiana Univ, Press, Bloom-
ington, 1968); M. Jacobson, Insect Sex At-
tractants (Interscience), New York, 1965).

22, Y-axis or compass orientation in amphibians
[D. E. Ferguson, in Animal Orientation and
Navigation, R. M. Storm, Ed. (Oregon State
Univ. Press, Corvallis, 1967)].

23. We thank Mrs. M. Madison for her assist-
ance throughout the study, and Dr. T. Howell
for many courtesies at the Highlands Bio-
logical Station, Supported by NSF grant
GB2496 to Highlands Biological Station, by
NIH predoctoral fellowship GM 44846 to
DMM., and by AEC research support
agreement AT (30-1) 3554 to C.R.S. Work
by D.M.M. was done in partial fulfillment of
the requirements for the Ph.D. degree.

* Present address: Limnology Laboratory, Univ.,
of Wisconsin, Madison 53706.

3 February 1970; revised 23 April 1970 ™1

Amphetamine: Differentiation by d and 1 Isomers of

Behavior Involving Brain Norepinephrine or Dopamine

Abstract. d-Amphetamine is markedly more potent an inhibitor of catechol-
amine uptake by norepinephrine neurons in the brain than is l-amphetamine,
whereas the two isomers are equally active in inhibiting catecholamine uptake by
the dopamine neurons of the corpus striatum. In behavioral studies, d-ampheta-
mine is ten times as potent as l-amphetamine in enhancing locomotor activity,
while it is only twice as potent in eliciting a compulsive gnawing syndrome. This
suggests that the locomotor stimulation induced by amphetamine involves central
norepinephrine, while dopamine neurons play an important role in the induced
compulsive gnawing behavior. Assessment of differential actions of d- and
l-amphetamine may be an efficient method to differentiate behaviors involving
norepinephrine or dopamine in the brain.

The behavioral effects of many drugs
are thought to involve the catechol-
amines norepinephrine or dopamine in
the central nervous system. Investi-
gators have had only limited success
in ascertaining whether particular ef-
fects are attributable to interactions
with norepinephrine or dopamine, or
both (7). By comparing and contrast-
ing the biochemical and behavioral
actions of d- and l-amphetamine, we
have developed a method for the dif-
ferentiation of behaviors mediated by
norepinephrine or dopamine.

Amphetamine produces several types
of behavioral effects in animals. It en-
hances locomotor activity, an action
which may be a model for the central
stimulant effects of amphetamine in
man, and it provokes a compulsive
gnawing sydrome. Both of these ac-
tions are thought to involve dopamine
or norepinephrine, or both. Some
studies implicate the corpus striatum,
an area which contains the bulk of

brain dopamine, in mediating the com-
pulsive gnawing syndrome (2). Al-
though indirect evidence suggests that
norepinephrine tracts are important
in effecting the enhancement of loco-
motor activity by amphetamine (3),
some workers have favored a pre-
ponderant role for dopamine in elicit-
ing this behavior (4).

Brain dopamine and norepinephrine
are stored in distinct neuronal tracts
(5). The corpus striatum contains very
high concentrations of dopamine and
low concentrations of norepinephrine,
while in most other brain regions nor-
epinephrine is the predominant cate-
cholamine. In nonstriatal brain regions,
d-amphetamine is ten times as potent as
l-amphetamine in inhibiting catechol-
amine uptake by synaptosomes (pinched
off nerve endings), while in the corpus
striatum the two amphetamine isomers
are equally active (6). This uptake
system is thought to reflect reuptake
of catecholamine released at synapses
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Table 1. Inhibition of [*H]norepinephrine uptake into different regions of rat brain by d- and
l-amphetamine. Rats were given prior treatment with d- or /-amphetamine (10 mg/kg; sub-
cutaneously) 1 hour before the intraventricular injection of 20 uc (20 yl) of [*H]norepineph-
rine. All rats were decapitated 5 minutes after the administration of [*H)norepinephrine;
their brains were removed and dissected; and concentrations of endogenous and [¥Hlnorepi-
nephrine were determined. Control animals received 0.9 percent sodium chloride solution in

place of amphetamine. Each value is the mean = S.E.M. for eight rats.

Endogenous

Endogenous

- . . *H]Norepinephrine
Treatment norepinephrine dopamine [ o "
(ue/g) (ug/2) (count min* g1) X 10
Striatum
Saline 0.09 =+ .01 4.44 = 25 159 = 4
d-Amphetamine 0.08 = .01 4.36 .30 79 £ 6%
l-Amphetamine 0.09 = .01 4.69 * .32 86 x 4%
Thalamus-hypothalamus-midbrain
Saline 0.61 = .03 221 +9
d-Amphetamine 0.44 = .04* 160 + 8*
l-Amphetamine 0.59 = .03 211 =12
Cerebellum
Saline 0.35 = .01 383 =17
d-Amphetamine 0.20 = .01* 198 +=23*
I-Amphetamine 0.33 = .01 348 =20
Brainstem
Saline 042 = .04 160 = 27
d-Amphetamine 0.33 = .02} 99 =+ 237
l-Amphetamine 0.44 = .02 160 =27

# P <.001. TP <.05.

in the brain accounting for the inacti-
vation of synaptically released amine
(7). Drugs that inhibit catecholamine
uptake should potentiate its synaptic
actions so that d-amphetamine should
be markedly more active than -amphet-
amine at synapses of norepinephrine
while the two isomers would be equal
at synapses of dopamine. According-
ly, behavior mediated by brain nor-
epinephrine might be affected con-
siderably more by d-amphetamine than
by Il-amphetamine, whereas behavior
mediated by dopamine should be af-
fected similarly by the two isomers.
We have confirmed by experiments in
vivo the differential action of 4- and
l-amphetamine on catecholamine up-
take by several nonstriatal brain re-
gions and the equal activity of the two
isomers in the striatum. We also report
that d-amphetamine is ten times as
potent as /-amphetamine in enhancing

locomotor activity, while it is only
twice as active in provoking compulsive
gnawing behavior.

We used male Sprague-Dawley rats
(150 to 200 g). For biochemical
studies rats were given injections of I-
[*H]-norepinephrine (20 pc in 20 pl of
Merles solution; 2.3 c¢/mmole; Amer-
sham Searle) into the left lateral ven-
tricle. Rats were decapitated after 5
minutes and their brains removed; the
brains were dissected into different re-
gions, and the concentrations of triti-
ated and endogenous norepinephrine
were determined in each region (8).
The rats were injected subcutaneously
with 10 mg of d- or l-amphetamine per
kilogram of body weight 1 hour before
the administration of [*H]norepineph-
rine.

For behavior studies, rats were given
prior treatment with iproniazid (150
mg/kg), injected intraperitoneally 16

Table 2. Effects of d- and l-amphetamine on locomotor activity and compulsive gnawing
behavior of rats. Rats were given prior treatment with iproniazid (150 mg/kg; intraperi-
toneally), and were then placed in individual photocell activity cages for 30 minutes before
the injection of amphetamine. Five minutes after amphetamine was injected, locomotor ac-
tivity was recorded for 30 minutes. Compulsive gnawing behavior was assessed every 30
minutes as an all or none effect (see text). The number of rats exhibiting compulsive gnawing
behavior and locomotor activity after being treated with d- or Il-amphetamine, expressed
as percentage of maximum response, was plotted against the amphetamine dose on log-probit
graph paper (16). The effective dose (ED-50 = S.E.M.) for both types of behavior was
calculated from this graph as the dose that produced 50 percent of maximum enhancement
of locomotor activity or produced compulsive gnawing behavior in 50 percent of the rats.

Effective dose (ED-50)

Dose range Animals L ¢ Compu_lsive
Compound (mg/ke) (No.) (;c(::(;imﬁ?yor gnawing
(mg/kg) behavior
(mg/kg)
d-Amphetamine 0.1 to 20 84 09 x02 2.1x04
I-Amphetamine 0.1 to 20 96 8.8 = 0.9* 44 = 09t

* Differs from d-amphetamine, P <.001.
1488

t Differs from d-amphetamine, .05 <P <.l.

hours before the administration of
amphetamine; iproniazid inhibits mono-
amine oxidase and thus facilitates the
production of compulsive gnawing be-
havior (2). Control animals were in-
jected with 0.9 percent NaCl. Rats in-
jected with iproniazid alone did not
differ from controls in locomotor ac-
tivity and showed no evidence of com-
pulsive gnawing behavior.

In behavioral studies rats were kept
in individual cages with a wire grid
floor and equipped with a light source
and a photocell connected to a digital
counter. Activity was measured as the
number of times that a rat crossed
the beam of light during a 30-minute
session. Rats were placed in these
cages 30 minutes before administration
of amphetamine, and photocell record-
ings were initiated 5 minutes after in-
jection of amphetamine. Compulsive
gnawing behavior was assessed every
30 minutes after drug treatment. The
compulsive gnawing syndrome was
considered to be present when the
rats were gnawing, chewing, or licking
the grid floor of the activity cage, and
when, after the rats were lifted from
the grid and then replaced, they re-
sumed gnawing within 10 seconds (9).
At different doses total gnawing be-
havior was scored as the number of
rats in groups of six that exhibited
gnawing behavior. No attempt was
made to “grade” the “degree of gnaw-
ing” or to score sniffing or stereotyped
movements associated with this syn-
drome, because such scoring was mark-
edly susceptible to observational errors.
For behavioral studies, groups of six
rats received amphetamine at 15 dose
concentrations from 0.1 to 20 mg/kg.
Each group of rats received only one
dose of amphetamine, and a total of
180 rats were used.

In the cerebellum, the hypothalamus,
thalamus, and midbrain, and the brain-
stem, d-amphetamine caused a marked
reduction in the accumulation of the
[*H]norepinephrine  while l-amphet-
amine had no effect (Table 1). Be-
cause rats were killed soon (5 minutes)
after injection of [3H]norepinephrine,
the effect of amphetamine on amine
accumulation is probably related to
inhibition of neuronal membrane up-
take rather than to effects on granular
retention or amine release (10). d-
Amphetamine but not l-amphetamine
lowered endogenous norepinephrine
concentration in these areas. In the
corpus striatum, however, both d- and
l-amphetamine caused marked reduc-
tions in accumulation of [3H]norepi-
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nephrine without affecting endogenous
dopamine or norepinephrine concen-
trations (Table 1). These findings con-
firm in vivo our earlier findings in
vitro that in nonstriatal synaptosomes
d-amphetamine is a much more potent
inhibitor of catecholamine accumulation
than is l-amphetamine. We also con-
firm in vivo that d- and l-amphetamine
inhibit to the same degree the accumu-
lation of catecholamines into striatal
synaptosomes.

d-Amphetamine was ten times as
potent as l-amphetamine in enhancing
locomotor activity (Table 2). With in-
creasing doses of amphetamine there
was an enhancement of locomotor ac-
tivity up to a dose of 1.5 mg of d-
amphetamine per kilogram or a dose
of 12 mg of l-amphetamine per kilo-
gram. After these doses of d- or I-
amphetamine, equal peak locomotor
activity was recorded. Further in-
creases in dose resulted in decreased
locomotor activity. This tenfold differ-
ence between the potency of the two
isomers on locomotor activity closely
parallels the tenfold difference of their
potency in inhibiting catecholamine up-
take by cerebral cortical synaptosomes
(6).

There have been many theories to
explain the stimulant action of the am-
phetamines in the brain, including syn-
aptic release of norepinephrine (17),
inhibition of its reuptake (I2), inhibi-
tion of monoamine oxidase (I3) and
direct action on receptors (74). Our re-
sults suggest that inhibition of nor-
epinephrine uptake may be a major
mechanism of action. We also found
that d-amphetamine was much more
potent than the [-isomer in lowering
endogenous norepinephrine concentra-
tions. Because the doses of l-ampheta-
mine required to decrease norepineph-
rine concentrations would be toxic,
it is not possible to compare the po-
tencies of d- and l-amphetamine in
decreasing brain norepinephrine; there-
fore we cannot rule out the possibility
that there also exists a close relation
between the differential potency of d-
and l-amphetamine in depleting nor-
epinephrine and in stimulating loco-
motor activity, respectively. It is also
unclear whether norepinephrine deple-
tion is a result of inhibition of reup-
take or is due to synaptic release of
catecholamine by amphetamine.

d-Amphetamine was only about twice
as potent as l-amphetamine in evoking
the compulsive gnawing syndrome, and
the differences between groups had only
borderline statistical significance. The
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greater similarity of the two ampheta-
mine isomers in eliciting gnawing than
in stimulating locomotor activity, to-
gether with biochemical evidence in
vivo and in vitro, of effects of the two
isomers on uptake of catecholamine
in the corpus striatum, suggests that
gnawing behavior is related to an ac-
tion of amphetamine on striatal dopa-
mine neurons. Presumably, if gnawing
were determined solely by dopamine
tracts, d- and l-amphetamine should
have been equal in their effects. The
twofold difference in potency of these
isomers indicates that norepinephrine
neurons may participate to a limited
extent in production of this behavior,
possibly as a triggering mechanism.
Because there are a large number
of norepinephrine-containing tracts in
the brain, pharmacologic criteria, such
as the different potencies of d- and
l-amphetamine in producing locomotor
stimulation, cannot readily delineate
which isomer is involved in eliciting a
given behavior. By contrast, there are
only a few dopamine-containing tracts
in the brainstem. Besides the nigrostri-
atal tract, which appears to be related
to the gnawing behavior induced by
amphetamine, other dopamine tracts
arising in the brainstem have terminals
in the olfactory tubercle and the nu-
cleus accumbens (5). A dopaminergic
tract originating in the arcuate nucleus
of the hypothalamus and terminating in
the median eminence has beeen im-
plicated in regulating the synthesis and
release of pituitary trophic hormones
(15). Experiments with d- and /-am-
phetamine may help to elucidate the
functions of these tracts.
KENNETH M. TAYLOR
SoLomMoN H. SNYDER
Departments of Pharmacology and
Experimental Therapeutics and
Psychiatry and the Behavioral Sciences,
Johns Hopkins University School of
Medicine, Baltimore, Maryland 21205
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Neural Symbolic Activity: A Psychophysical Measure

Abstract. When a subject views a grating which is partially blocked from view
by a cube, adaptation (decrease in contrast of the grating) occurs not only to the
visible portions of the grating, but also to those portions blocked from view. This
may indicate the existence of a neural mechanism which conveys the information

“in back of.”’

When a grating is viewed for a pro-
longed period, discrimination thresholds
to the same and similar gratings are
subsequently raised, or the apparent
contrast of the same and similar grat-

ings is depressed, whereas thresholds
to and apparent contrast of gratings dif-
fering in orientation or size remain
unchanged (7). This is called adapta-
tion, and indicates that different popu-
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