tion] and a nonhemolyzing amount of
mouse complement (C’). This cottplex
(EAC') causes rosette formation (13} tiot
only with lymphocytes carrying surface
membrane immunoglobulin (bursa equiva:
lent or B cells), but with monocytes [by vir-
tue of their surface receptor sites for IgG
and complement (/4)] and with basophils,
which carry surface receptors for com-
plement (15). The EAC’ rosettes consist-
ently failed to grow on culture, that is, the
growth chambers contained only lympho-
cytes, macrophages, and basophils when
examined at periods of up to 4 weeks. Cells
that failed to form EAC' rosettes consti-
tuted a single population on velocity sedi-
mentation analysis (Fig. [B); this popu-
lation consisted of more than 95 percent
lymphocytes, and demonstrated stem cell
‘““activity” on culture.

Mononuclear cells were tested for
rosette formation, first with N-SRBC and
then with EAC’. Neither rosette product
grew in the culture system, but the residual
cells, which had failed to form rosettes by
either technique, regularly exhibited true
pluripotentiality. We believe that this
study is the first unequivocal identification
of the human hemopoietic stem cell.
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Ultrasensitive Chemosensory Responses by a Protozoan to

Epinephrine and Other Neurochemicals

Abstract. A behavioral assay was developed based on differential tendency of a proto-
zoan to attach to an agar gel containing the test substance. The heterotrophic marine di-
noflagellate Crypthecodinium (Gyrodinium) cohnii responded hegatively (less tendency
to attach) to epinephrine at concentrations above 5 x 10°'°*M and to norepinephrine at
concentrations above 5 x 10”°M. Response to choline as choline H, citrate, choline bi-
tartrate, and choline chloride was negative above 107"M, but response to the choline ana-
log carbachol was positive (greater tendency to attach) in the range 5 x 107 to 5 x
10-*M. Other responses to neurochemicals at comparable concentrations were: dopa, be-
taine, and glycine—positive; L-glutamic acid, tryptophan, putrescine, and taurine—nega-
tive. Serotonin was inert, responses to tyrosine and y-aminobutyric acid were variable,
and phenylalanine (6 x 10°M) and 5-hydroxytryptophan (5 x 10*M) were negative

only at the highest concentrations tested.

Recent work indicates the importance of
chemosensory responses in the ecology of
aquatic microorganisms (/). We have de-
veloped a method for detecting a settling-
and-attaching response by the hetero-
trophic marine dinoflagellate Cryptheco-
dinium (Gyrodinium) cohnii to chemicals
impregnating an agar gel (2). This free-
swimming saprophytic species often ap-
pears in samples of rotting Fucus or other
algae (3); it grows well on agar slants (4)
and tends to attach to an agar surface in
biphasic culture. This may denote an adap-
tation for finding and colonizing favorable
substrates in nature, and so differential re-
sponses to chemicals incorporated in the
gel may have an ecological interpretation.
Elsewhere (2) we report sensitivities to
chemicals likely to be present in the vicini-
ty of rotting seaweeds. In an effort to learn
the mechanism, or mechanisms, of these

Table 1. Concentrations of neurochemicals at
which responses occurred.

Chemical Active molar range

Positive response (greater tendency
to embed in experimental gel)

Dopa 5x107to5 x 10°*
Betaine 8.5 x10°t08.5 x 10°*
Glycine 10" to 10°*
Carbachol 5x107toS5 x 10
Negative response (less tendency
to embed in experimental gel)

Epinephrine 5x10"%to5 x 10°¢
Norepinephrine 5x107to5 x 10*
Choline H,

citrate 3x107to3 x 10°?
Choline

bitartrate 2x107t02 x 10
Choline

chloride 7x107t0o7 x 1073
L-Glutamic

acid 7x10%t07 x 10
Tryptophan 5x107to5 x 10
Putrescine

2HCI 6x107to6 x 1073
Taurine 8 x 107t0 8 x 10°?
5-Hydroxy-

tryptophan 5x 107
Phenylalanine 6 x 1073

Inert (no response detected)

Serotonin 6 x107to6 x 1073

responses we have investigated the effects
of chemicals that seem unlikely to occur
naturally as ecological cues but which are
known to be involved in the chemo-
sensitivity of metazoan cells. Here we re-
port extremely sensitive behavioral re-
sponses to epinephrine and other neu-
rochemicals and analogs.

In the assay a suspension of organisms
in salt solution (5) was poured as a fluid
overlay onto agar gel in a divided petri
dish. Control and experimental gels were
made with salt solution and the experimen-
tal gel had the test substance added; the
two gels were in different partitions of the
same petri dish. After standing for 3 hours
the suspension was poured off and the agar
surface was gently rinsed with distilled wa-
ter and stained with Lugol’s iodine. The
densities of embedded organisms remain-
ing in control and experimental gels were
compared by counting cells in 40 random
microscope fields from each gel and by us-
ing Wilcoxon’s nonparametric test (6). We
adopted nonparametric methods because it
was clear in all our data that the embedded
cells have a clumped distribution with vari-
ance of the counts an order of magnitude
greater than the mean (7). This suggests
that the cells may be attracted to each oth-
er, as well as to the agar. (Some evidence
which we have of such pheromonal activity
will be presented elsewhere.) Dead or im-
mobile cells do not embed in the agar (2).

By this method we found negative re-
sponse (smaller density of embedded cells
in the experimental partition) to epineph-
rine at concentrations of 5 x 107" to
Sx10%M. At 5 x 107"°M the effect oc-
curred in some but not all experiments,
and at lower concentrations it was not de-
tected. Norepinephrine HCI was negative
at 5x 10 to 5 x 10°M. These results
and those with other neurochemicals are
given in Table 1. Serotonin (6 x 1077 to
6 X 10°M) was inert (no detected re-
sponse). Tyrosine and y-aminobutyric acid
are clearly active but experiments to date
are somewhat variable. The response to
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tyrosine seems to depend in part on pH—
being negative below pH 6.0, positive
above 6.3, and somewhat variable in the
pH range 6.0 to 6.3. Response to y-ami-
nobutyric acid appears to be concentra-
tion dependent, being positive at low (107
to 10°M) and negative at high (10~ to
102M) concentrations. However, both
chemicals gave somewhat variable results
from one experiment to the other; this sub-
ject requires further study. Phenylalanine
(6 x 10°M) and S-hydroxytryptophan
(5§ x 10™*M) gave negative responses only
at the highest concentration tested. Re-
sponse to the choline analog "carbachol
(carbamyl choline) was positive in the
range 5 X 10 to 5 x 10~*M.

When the epinephrine threshold is com-
pared to Avogadro’s number, it appears
that this species is responding to concen-
trations below 10° molecules per milliliter
(10* molecules per cubic millimeter). We
were initially skeptical of these results but
repeated trials have consistently borne
them out. Possibly the swimming cell ex-
plores a sufficiently extensive surface of
agar to be influenced by very small concen-
trations. This hypothesis in turn invites
further speculation. It seems likely that
stimulation by some minimum threshold
number of molecules is needed to evoke
the behavioral response but at these con-
centrations, if the molecules are randomly
distributed in the gel, the organism is un-
likely to encounter more than one at a
time. Perhaps there is a functional “*‘memo-
ry” that keeps track of stimulation by
molecules encountered during a given
time. A plausible mechanism would be a
graded series of subthreshold increases in a
membrane generator potential, as with
nerve cells and some known protozoan re-
sponses (8).

Most pharmacological studies with pro-
tozoa have assayed growth or metabolic
responses to much higher concentrations
(9). Some studies of behavioral responses
to chemicals may be related to those re-
ported here; in particular, Sleigh noted
stimulation of the motion of ciliate pro-
tozoa by epinephrine (10).

The specificity of responses is seen in the
difference in effects of choline and its ana-
log carbachol. Elsewhere (2) we reported a
positive response to L-fucose, found in sea-
weeds, but the synthetic p-fucose is inert.
Similarly, responses to g-dimethyl-pro-
piothetin and betaine were positive, where-
as the analog dimethyl-g-acetothetin was
inert.

These observations indicate the presence
of relatively specific chemoreceptors in this
species, comparable to those in bacteria
(11) and both cellular (/2) and true slime
molds (13). The great sensitivity to certain
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neurochemicals seems puzzling from an
ecological point of view, but it suggests
that C. cohnii may prove to be a useful
pharmacological tool.
DoNALD C. R. HAUSER
M. LEVANDOWSKY
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Right Hemisphere Lateralization for Emotion in the

Human Brain: Interactions with Cognition

Abstract. Right-handed subjects tend to look to the left when answering affective ques-
tions. The relative shift in gaze from right to left is accentuated when the questions also
involve spatial manipulation and attenuated when the questions require verbal manipu-
lation. The data support the hypothesis that the right hemisphere has a special role in
emotion in the intact brain, and. that predictable patterning of hemispheric activity can
occur when specific combinations of cognitive and affective processes interact.

When a person is asked to picture and
describe a happy experience he had, a com-
plex pattern of both cognitive and affective
processes is evoked. In the past, such in-
tricate behavioral epochs were studied
merely descriptively, since sensitive meth-
ods to test relevant process-oriented theo-
ries were lacking. However, recent re-
search assessing hemispheric asymmetry in
the intact brain has provided a new means
of revealing some of the component neu-
ropsychological mechanisms underlying
complex, multiprocess tasks. This can be
accomplished by comparing the relative
activation of the electroencephalogram
(EEG) between the two hemispheres (/),
by assessing performance on a variety of
behavioral tasks which reflect hemispheric
involvement (2), or more simply by observ-
ing the direction in which a person shifts
his gaze while answering a reflective ques-
tion (for example, looking to the right is in-
dicative of relative left hemispheric in-

volvement) (3-8). When these measures
are used with right-handed subjects, verbal
and sequential processes and behaviors
such as writing a letter or reflecting on a
verbal question have typically been asso-
ciated with a predominance of left hemi-
spheric function, while processes found to
be more associated with relative right
hemispheric activation include (i) spatial
tasks such as a block design test or reflect-
ing on a spatial-pictorial question, and
(i) musical tasks such as identifying in-
stances of a particular theme in an unfa-
miliar musical selection.

Recently, the right hemisphere has been
indirectly implicated as having a special
role in the regulation of affective tone (9,
10) although few data in the intact human
have been collected to date (11). Clinically,
patients with unilateral left hemispheric le-
sions typically respond quite severely to
their illness, evidencing more instances of
“catastrophic reaction”” than do com-
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