ture studies with animal models of epilepsy
and seizure may provide additional insights
into the mechanisms, factors, and detailed
temporal events that are important in nucle-
ar reorganization, when specific chromo-
somal probes for these species become avail-
able. Although the X chromosome appears
to be selectively altered in the present study,
additional chromosomes should be sampled.

The current studies provide a novel struc-
tural approach for the delineation of nuclear
changes in disease processes. Some of the
observations here suggest different mecha-
nisms than previously considered in human
cpilepsy. In the kindling model of focal
epilepsy, repeated subclinical stimulation is
thought to result in functional alterations in
an epileptic focus which then assumes an
independent capability to initiate seizures
(22). Many studies have focused on long-
term neuronal membrane potentiation ef-
fects and on synaptic modulation to explain
kindling. We propose that specific nuclear
patterns involving specific chromosome re-
arrangements may be more or less perma-
nently established from a variety of causes
(for example, trauma, developmental abnor-
malities, scarring, toxins and membrane/
seizure activity itself), and that such nuclear
changes underlie or give rise to intractable
foci of neuronal activity. In this context,
relevant genes on the X chromosome, possi-
bly those arrayed near the centromere, de-
serve further attention.
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Complementary Hemispheric Specialization in

Monkeys

CHARLES R. HAMILTON AND BETTY A. VERMEIRE

Twenty-five split-brain monkeys were taught to discriminate two types of visual
stimuli that engage lateralized cerebral processing in human subjects. Differential
lateralization for the two kinds of discriminations was found; the left hemisphere was
better at distinguishing between tilted lines and the right hemisphere was better at
discriminating faces. These results indicate that lateralization of cognitive processing
appeared in primates independently of language or handedness. In addition, cerebral
lateralization in monkeys may provide an appropriate model for studying the biologi-

cal basis of hemispheric specialization.

T IS IMPORTANT TO KNOW WHETHER
nonhuman primates have complemen-
tary specialization of the cerebral hemi-
spheres corresponding to the well-known
differences described for human beings (1-
5), in whom some types of information are
typically processed better by the left side of
the brain and other types better by the right
(2). For example, such information would

help to determine whether the lateralization
of handedness or language in humans led to
more global hemispheric specialization for
cognitive processing, as is frequently stated
(3, 4), or whether hemispheric differences in
cognition are independent of handedness

Division of Biology, California Institute of Technology,
Pasadena, CA 91125.
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and language.

Although examples of simple behavioral
and neural asymmetries in animals have been
known for a long time (6), evidence for
laterality of more cognitive processes did
not appear until 1970 (7). Despite the nu-
merous biochemical, structural, and behav-
ioral asymmetries reported since then (6, 8),
only a few can be readily likened to human
laterality (9), and none of the asymmetries
have been associated with complementary
superiorities of the two hemispheres in the
same animal. In order to look more defini-
tively for cognitive lateralization in animals,
we tested each hemisphere of split-brain
monkeys with types of stimuli that evoke
lateralized processing in human subjects.
These tests revealed a striking dissociation of

Fig. 1. Laterality for learning to
discriminate three classes of vi-
sual stimuli. The first 12 bars
represent male monkeys or-
dered from the most left-hand-
ed monkey on the left to the
most right-handed on the right;
the other 13 bars represent fe-
male monkeys similarly or-
dered. (A) The average DI for
learning to discriminate geo-
metrical patterns is plotted for
each monkey. The overall DI
(=SD) is not significant. (B)
The overall DI for discriminat-
ing oriented lines indicates a
significant left hemispheric ad-
vantage. (C) The overall DI for
discriminating  faces shows a _
significant  right hemispheric c
advantage. 50+

50+ A

DI 0

Patterns

-50-

501

DI 0O-

Orientations

-50_

Faces

DI 0+

-50..

Fig. 2. Laterality for per-
forming facial discrimi-
nations learned previ-
ously. The position of
subjects is the same as in
Fig. 1; untested mon-
keys are indicated by a
dot. (A) The difference
between the two hemi-
spheres (L — R) in per-
centage of correct re-
sponses on the first 20
trials for memory of the
eight facial discrimina-
tions shows a significant
advantage for the right
hemisphere. The solid
bar at the ninth position
represents a zero value of
DI. (B) The difference

L-R 0

Memory

-25-
251 B

L-R 07

Classification

-25_

processing, with difficult spatial cues more

effectively handled by the left hemisphere

and facial characteristics by the right.
Twenty-five monkeys (Macaca mulatta) un-

" derwent midsagittal division of the corpus

callosum, hippocampal and anterior com-
missures, and the optic chiasm (10). Using a
conventional split-brain training box (11),
we tested the discriminative abilities of the
surgically separated hemispheres by tempo-
rarily restricting vision to the eye now con-
nected only to the hemisphere on the ipsilat-
eral side and requiring a response with the
contralateral hand, which is also connected
to the same hemisphere. Depending on the
problem taught, a vertical panel attached to
the box contained one or two hinged screens
that could be pushed by the monkey when

% s
% 0.001

% 0.05

% 0.01

0.001

between the two hemispheres (L. — R) in percentage of correct classifications of new examples for four
of the facial discriminations also demonstrates a significant right hemispheric advantage.
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stimuli were back-projected onto them. For
each presentation of a stimulus, a correct
response was rewarded with a banana-fla-
vored pellet. All responses were followed by
a 10-s interval before the next trial could
begin. The hemisphere trained first was
systematically varied within and between
subjects in a design balanced for sex, hand-
edness, and side of surgical approach (12).
The relative difference in learning ability
between the two hemispheres was assessed
for each subject on each discrimination by
calculating a dominance index, DI =
100(R — L)/(R + L), where R represents
the numbers of errors made by the right
hemisphere while learning a problem (crite-
rion was 90% correct responses in 40 con-
secutive trials) and L represents the analo-
gous errors made by the left hemisphere.
Thus, 100 indicates complete dominance by
the left hemisphere, 0 indicates no domi-
nance, and —100 indicates complete domi-
nance by the right hemisphere. In tests for
which the initial level of correct performance
was of interest, hemispheric superiorities
were estimated from the difference in per-
centage of correct responses in the first
group of 20 trials made by the left and by
the right sides (L — R). We looked for
significant hemispheric differences in learn-
ing or performing discriminations based on
three classes of visual stimuli—geometric
patterns, oriented lines, and faces of mon-
keys—anticipating from human experiments
little dominance for the first and significant
lateralization for the other two classes.
Several pairs of black and white patterns
were presented as two-choice discrimina-
tions to test for laterality in differentiating
geometric figures (13). Although individual
subjects varied considerably (Fig. 1A), the
proportion of monkeys with left superiority
to those with right superiority was not
different from chance [11:14, x* = 0.36,
not significant (NS)], and the average DI
was close to zero [DI = —2.00, #(24) =
—0.48, NS]. Therefore, there is no evidence
that monkeys learn to discriminate these
contro] patterns more readily with either of
the two hemispheres, in keeping with previ-
ous results for split-brain monkeys (9).
Four pairs of straight lines differing in
slope by 15° (30°/15°, 75°60°, 105°/120°,
and 150°/165°) were used to test for lateral-
ity in discriminating orientation; for each
pair the more vertical line was designated as
positive. Only one stimulus of a pair was
presented during each trial in order to in-
crease the difficulty of the discrimination by
requiring a comparison to a remembered
line (14). The results (Fig. 1B) showed that
most monkeys learned these discriminations
more readily with the left hemisgherc than
with the right (22:3, x°=14.44,
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Fig. 3. Comparison of lateralization (DI) for
learning facial and spatial discriminations. Open
circles, female monkeys, and filled circles, male
monkeys. Complementary hemispheric specializa-
tion within monkeys is indicated by the signifi-
cant grouping of symbols in the lower right
quadrant.

P < 0.005) and that the average DI was
significantly different from zero [DI=
2491, 1(24) = 4.99, P < 0.001]. We con-
clude, therefore, that the left hemisphere is
superior to the right for discriminating these
tilted lines.

Laterality for processing facial characteris-
tics was tested with eight discriminations,
four based on distinguishing between col-
ored photographs of two different monkeys
that displayed the same expression, and four
based on distinguishing between two facial
expressions made by a single monkey. The
monkeys and expressions varied across prob-
lems. Each discrimination was composed of
five different colored photographs of the
positive face intermixed with five different
photographs of the negative face in an 80-
trial repeating sequence. One stimulus at a
time was presented on a screen 30° across in
a Go/No-Go paradigm (15). The results
(Fig. 1C) showed a right hemispheric ad-
vantage over the left in most monkeys when
they were learning to discriminate facial
characteristics (7:18, x* = 4.84, P < 0.05)
and that the average DI was significantly
different from zero [DI = —7.80, #(24) =
—2.30, P < 0.05].

Further tests supported a right hemi-
spheric advantage for facial processing even
more strongly. Facial memory was tested in
each hemisphere 6 months later for the eight
facial discriminations. Most monkeys (Fig.
2A) immediately performed better with the
right hemisphere (5:18, x*=7.35,
P < 0.01), and the difference in percentage
of correct performance between the left and
right hemispheres during the first 20 trials
was  significant [L-R=  -5.03,
#(23) = —3.15, P < 0.01]. Twenty-two of
the subjects were tested again on four of the
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discriminations, each modified by the addi-
tion of 20 new photographs of the positive
and negative faces. The ability to correctly
classify the new photographs was deter-
mined by noting whether the monkeys
pushed or withheld a response when pre-
sented with the new examples. Most mon-
keys (Fig. 2B) classified the novel photo-
graphs more accurately with the right hemi-
sphere (4:18, x* = 8.91, P < 0.005), and
the hemispheric difference in percentage of
correct categorization of the new photo-
graphs was significant [L — R = —12.42,
t(21) = —4.07, P <0.001]. The average
performance by the two hemispheres when
classifying the new photographs was above
chance from the start [percentage correct
= 69.57,(21) = 14.64, P < 0.001], show-
ing that the characteristics originally learned
were the identities and expressions of the
faces, not irrelevant details present in each
photograph. From all of these results we
conclude that facial identity and expression
are more readily discriminated by the right
hemisphere than by the left.

If we plot the DIs for discriminating faces
against the DIs for discriminating orienta-
tions (Fig. 3), we find that the distribution
of DIs in the four quadrants is far from
chance (16:6:1:2, x* = 22.52, P < 0.005)
and that the correlation coefficient is not
significant (r = 0.01). The finding that 16
of the 25 monkeys had both a left hemi-
spheric advantage for orientations and a
right hemispheric advantage for faces shows
that complementary hemispheric superior-
ities characterized most of the subjects. The
negligible correlation and the frequencies of
occurrence in the four quadrants are exactly
what would be expected if laterality for
processing the two discriminations was de-
termined independently (2). If the DI for
faces is subtracted from the DI for orienta-
tions for each monkey, the average differ-
ence is significant [ADI = 32.92, 1(24) =
5.40, P < 0.001]. Pairing the data in this
way removes unrecognized lateral biases
that might have occurred because of inad-
vertent asymmetries in surgery, training, or
behavioral predispositions of particular
monkeys. We conclude, therefore, that rhe-
sus monkeys have complementary hemi-
spheric superiorities for learning these facial
and spatial discriminations.

How similar is this laterality in monkeys
to hemispheric specialization in human be-
ings? The absence of laterality for discrimi-
nating patterns and its presence when dis-
criminating tilted lines and facial character-
istics parallels the findings with human
subjects (3, 5). For discrimination of orien-
tation, however, most human studies indi-
cate better performance by the right hemi-
sphere. Because other experiments with

monkeys have also demonstrated left hemi-
spheric advantages for discriminating stimu-
li that differ in spatial detail, for example,
direction of movement of a field of dots or
the position of a dot within an outline
square (9, 16), our results are not atypical
and may reflect meaningful differences be-
tween species in behavioral strategy or struc-
tural laterality. For facial discriminations, it
is likely that similar mechanisms are opera-
tive in both species because tests of facial
recognition in human beings also reveal
right hemispheric superiorities (5). In sup-
port of this, inverting facial stimuli elimi-
nates the right hemispheric advantage in
monkeys (17), just as it does with human
subjects (18). Finally, the contrasting nature
of hemispheric superiorities that we found
in monkeys strikingly resembles the type of
complementary specialization present in hu-
man beings (2).

Finding complementary hemispheric dif-
ferences in monkeys indicates that hemi-
spheric specialization for cognitive process-
ing can evolve independently of human-like
handedness or language. The suggestion is
reinforced that lateralization of cognitive
processing in human beings may have pre-
ceded the development of language (19)
rather than the converse sequence, which is
commonly favored (3, 4). On the practical
side, the existence of hemispheric specializa-
tion in monkeys should permit more direct
study of the neural mechanisms by which
the two hemispheres differentially process
information.

REFERENCES AND NOTES

1. J. E. Bogen, Bull. Los Angeles Neurol. Soc. 34, 135
(1969); R. W. Sperry, M. S. Gazzaniga, J. E.
Bogen, in Handbook of Clinical Neurology, P. J. Vin-
ken and G. W. Bruyn, Eds. (North-Holland, Am-
sterdam, 1969), pp. 273-290; R. Sperry, Science
217, 1223 (1982).

2. M. P. Bryden, H. Hécaen, M. DeAgostini, Brain
Lang. 20, 249 (1983). Bryden et al. have distin-
guished between statistical and causal aspects of
complementary specialization and have presented
evidence that statistical complementarity better de-
scribes at least some findings in human beings. Our
use of the term complementary is equivalent to the
statistical complementarity of Bryden et al.

3. M. C. Corbeallis, Human Laterality (Academic Press,
New York, 1983).

4. J. Levy in Hemispheric Disconnection and Cerebral Func-
tion, M. Kinsbourne and W. L. Smith, Eds. (Thom-
as, Springfield, IL, 1974), pp. 165-183.

5. M. P. Bryden, Laterality (Academic Press, New
York, 1982); J. Davidoff, in Divided Visual Field
Studies of Cerebral Organization, J. G. Beaumont, Ed.
(Academic Press, New York, 1982), pp. 29-55; J.
L. Bradshaw and N. C. Nettleton, Human Cerebral
Asymmetry (Prentice-Hall, Englewood Cliffs, NJ,
1983); D. F. Benson and E. Zaidel, Eds., The Dual
Brain (Guilford, New York, 1985).

6. S. Harnad et al., Eds., Lateralization in the Nervous
System (Academic Press, New York, 1977); S. J.
Dimond and D. A. Blizard, Eds., Evolution and
Lateralization of the Brain (New York Academy of
Sciences, New York, 1977).

7. E. Nottebohm, Scence 167, 950 (1970); C. R.
Hamilton and J. S. Lund, ibid. 170, 1428 (1970).

REPORTS 1693



8. N. Geschwind and A. M. Galaburda, Eds., Cerebral
Dominance (Harvard Univ. Press, Cambridge, MA,
1984); S. D. Glick, Ed., Cerebral Lateralization in
Nonhuman Species (Academic Press, New York,
1985).

9. C. R. Hamilton, in Brain Circuits and Functions of the
Mind, C. B. Trevarthen, Ed. (Cambridge Univ.
Press, Cambridge, in press).

10. Surgery was performed under anesthesia with phen-
cyclidine (0.5 mg/kg) and pentobarbital (18 mg/kg)
several years before these experiments were initiated.
After surgery, the two hemispheres were always
trained equivalently to equate their experience.

11. R. W. Sperry, Harvey Lect. 62,293 (1968).

12. There were 12 male and 13 female monkeys. The
degree of handedness measured before surgery
formed a flat distribution from completely left-
handed to almost completely right-handed; seven
male and four female monkeys reached for food
more often with their left hand, whereas the others
were nominally right-handed. Seven monkeys had
the left hemisphere retracted during surgery, five the
right, and 13 had retraction of each side in succes-
sive operations. Analysis of variance indicated no

reliable differences in lateralization associated with
any of these variables. The order in which the
different sets of stimuli were taught to the monkeys
varied considerably, depending on the availability of
subjects and training boxes.

13. The average number of discriminations learned was
14 (range 4 to 18). Most problems were taught as
simultaneous two-choice discriminations in which
the monkey was rewarded for pushing the correct
one of two stimuli, one of which was projected on
the upper of two screens and the other on the lower.
The location of the correct stimulus on the two
screens was randomized across trials. The rest of the
problems were learned as successively presented
two-choice discriminations, a procedure described
in (14). The two methods gave similar results and
are combined. Seventeen monkeys were also tested
with six Go/No-Go (15) discriminations; again, no
laterality was found.

14. One stimulus was presented on the upper of two
screens. For stimuli designated correct, the upper
screen should be pushed; for incorrect stimuli, the
lower screen should be pushed.

15. Inorder to receive a food reward the monkey had to

push the photograph of the positive face within 5 s,
or withhold pushing the photograph of the negative
face for 5 s. Both normal and left/right mirror image
orientations of the photographs were used to con-
trol for lateral asymmetries inherent in naturalistic
stimuli. Because laterality for discriminating mon-
keys and expressions did not differ significantly, the
results are combined for this report.

16. G. W. Jason et al., Neuropsychologia 22, 777 (1984).

17. B. A. Vermeire and C. R. Hamilton, Soc. Neurosci.
Abstr. 14, 1139 (1988).

18. R. Yin, Neuropsychologia 8, 395 (1970); S. Lechey et
al., Cortex 14, 411 (1978).

19. J. E. Bogen, Bull. Los Angeles Neurol. Soc. 34, 191
(1969); C. R. Hamilton and B. A. Vermeire, Behav.
Brain Sci., in press.

20. We thank R. W. Sperry for providing an environ-
ment that permitted these long-term studies. We
also thank J. E. Bogen, C. L. Hamilton, and R. W.
Sperry for comments on the manuscript. Supported
by National Institute of Mental Health grant MH-
34770.

19 July 1988; accepted 25 October 1988

Contributions of Quisqualate and NMDA Receptors
to the Induction and Expression of LTP

DOMINIQUE MULLER,* MICHEL JoLY, GARY LYNCH

The contributions of two subclasses of excitatory amino acid transmitter receptors to
the induction and expression of long-term potentiation (LTP) were analyzed in
hippocampal slices. The quisqualate/kainate receptor antagonist DNQX (6,7-dinitro-
quinoxaline-2,3-dione) blocked 85% of the evoked field potential, leaving a small
response that was sensitive to D-AP5 (D-2-amino-5-phosphonopentanoate), an N-
methyl-p-aspartate (NMDA) receptor blocker. This residual D-AP5—sensitive re-
sponse was of comparable size in control and previously potentiated inputs. High-
frequency stimulation in the presence of DNQX did not result in the development of
robust LTP. Washout of the drug, however, revealed the potentiation effect. Thus
NMDA-mediated responses can induce, but are not greatly affected by, LTP; non-
NMDA receptors, conversely, mediate responses that are not needed to elicit LTP but

that are required for its expression.

YNAPTIC RESPONSES IN THE HIPPO-
campus and other sites in the fore-
brain involve two types of excitatory
amino acid receptors (). Recent work sug-
gests that LTP, a form of synaptic plasticity
that may be involved in memory (2),
changes those aspects of the response medi-
ated by only one of these two receptor
classes. Specifically, an antagonist of the
NMDA receptor reduced the size of potenti-
ated and control potentials in hippocampal
slices by about the same absolute amount, in
experiments with either single stimulation
pulses in low Mg?* media (3) or repetitive
stimulation in normal medium (4) to elicit
NMDA  receptor—dependent  responses.
These results led to the curious conclusion
that, although the currents initiated by the
NMDA receptor are necessary for the induc-
tion of LTP, they are not themselves greatly
influenced by the potentiation effect.
The introduction of drugs that selectively
block non-NMDA excitatory amino acid
transmitter receptors [for example, the quis-
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qualate site (5)] allows for more direct tests
of the idea that different classes of postsy-
naptic receptors contribute differentially to
the induction and expression of LTP. Three
experiments of this type are described here.
First, we compared the effect of DNQX, a
quisqualate/kainate receptor antagonist, on
control and previously potentiated respons-
es in hippocampal slices maintained in low-
Mg?* medium [reduction of extracellular
Mg?* attenuates the voltage-dependent
blockade of the NMDA receptor ionophore
(6)]. If NMDA-mediated currents are not
affected by induction of LTP, then blocking
the non-NMDA sites should eliminate the
difference between control and potentiated
responses. Second, we tested the prediction
that high-frequency stimulation of the
NMDA-mediated responses that remain af-
ter blockade of quisqualate receptors will
not result in the development of a potentia-
tion effect. Note, however, that this experi-
ment could not distinguish between the
absence of induction of LTP and the ab-

sence of its expression. Accordingly, we
carried out a third study in which high-
frequency stimulation was applied in the
presence of DNQX to one of two pathways
and then the drug was washed out of the
slices. If potentiation can be triggered by
repetitive stimulation of NMDA responses
alone but is not expressed, then washing out
the drug should reveal a difference between
the two pathways.

Hippocampal slices (400 to 450 pm
thick) were prepared from male Sprague-
Dawley rats and maintained in an interface
chamber under perfusion with a medium
containing 124 mM NaCl, 3 mM KCI, 3
mM CaClh, 1 mM MgCh, 26 mM
NaHCOs, 1.25 mM KH,PO,, 10 mM glu-
cose, and 2 mM vr-ascorbate. The slices were
incubated for 60 min in this medium before
being switched to a medium containing only
20 to 100 uM Mg?*, a condition that
substantially increases NMDA receptor—me-
diated potentials. After 1 hour of incuba-
tion, the flow was stopped, and the experi-
ments were carried out in static conditions.
Synaptic field potentials were recorded ex-
tracellularly in the stratum radiatum of CAl
and evoked by two independent groups of
Schaffer-commissural afferents with two
stimulating electrodes placed on either side
of the recording pipette. The stimulation
intensities were adjusted so that the elec-
trodes evoked responses of similar sizes (be-
tween 2 and 3 mV) and, after 20 min of
stable recordings, LTP was induced on one
input by using short trains of high-frequen-
cy stimulation (ten bursts at 5 Hz com-
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