
growth in saline soil patches, or both. 
There is independent evidence for the 
involvement of mechanism (ii) in the 
preferential colonization of nonsaline 
soil observed in this experiment. In a 
field transplant experiment where ramets 
of these clones were confined to uniform 
conditions of high (0.8 to 1.4 percent) or 
low (<0.2 percent) salinity (6 ) ,  all nine 
genotypes proved capable of vegetative 
proliferation in both soil types. For ev- 
ery clone the difference in shoot produc- 
tion per surviving ramet in saline com- 
pared to nonsaline soil was smaller than 
the difference between the two ends of 
each pot in the greenhouse "choice" 
experiment (sign test, n = 9, P < 0.002). 
Thus, the colonization rate of two con- 
trasting habitats differed more strongly 
when individual plants were offered a 
"choice" (Table 1) than when they were 
not. 

Opportunities for habitat selection in 
natural populations depend on the rate of 
rhizome growth into new territory. In the 
field transplant experiment, rhizome 
growth in nonsaline soil was extremely 
limited; only 3 percent of daughter ra- 
mets occurred at 20 cm or farther from 
their parent plants; (range, 0 to 60 cm; 
n = 1130). Dispersal in saline soil was 
dramatically higher, with 28 percent of 
all ramets appearing at 20 cm or farther 
from their parents (range, 0 to 80 cm; 
n = 982). There was striking genotypic 
variation in shoot dispersal in saline soil: 
clonal mean dispersal distances ranged 
from 5.0 to 31.6 cm, and clonal differ- 
ences accounted for 30 percent of the 
total variance in shoot dispersal distance 
(10). The greater dispersal achieved by 
plants in saline soil was unexpected, 
since salt severely depresses plant 
biomass accumulation. However, this 
commitment to extensive rhizomatous 
spread increases the rate at which plants 
in saline soil encounter new territory, 
thereby increasing the probability of lo- 
cating favorable microsites. Clonal dif- 
ferences in dispersal result in large dif- 
ferences in the rate of sampling new 
habitats and ultimately determine each 
genotype's opportunity to exercise adap- 
tive habitat choice. 

The often striking associations be- 
tween plant genotypes and local environ- 
ments are usually thought to depend for 
their maintenance on high mortality rates 
among nonadapted immigrant genotypes 
(11). Habitat selection may permit clonal 
plants to become genetically segregated 
among habitats without the severe ener- 
getic and demographic costs of selective 
mortality. The capacity of western rag- 
weed (4) and many other clonal species 
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(12) to share resources among rarnets ship through two growing seasons in saline soil - 
was 0.42 (n = 205), significantly lower than through rhizome connections further in- 0.83 in nonsaline soil ( n  = 162; X 2  = 62.63; 

creases the of colonization and P < 0.0001). Clonal mean survivorship showed 
a significant positive regression on salt tolerance 

habitat exploration in these species. The in saline soil (range 0.25 to 0.60; analysis of 
results show that active habitat choice 
could be a significant mechanism pro- 
ducing genotype-microenvironment cor- 
relations in natural populations of clonal 
plants. It is not yet possible to distin- 
guish between this process and selective 
mortality. 
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Amygdalectomy Impairs Crossmodal Association in Monkeys 

Abstract. Monkeys trained on both visual and tactual versions of an object 
memory task (delayed nonmatching-to-sample) received bilateral ablations of either 
the amygdaloid complex or the hippocampal formation of the brain. Although both 
groups performed well on the two intramodal versions (visual-to-visual and tactual- 
to-tactual), the amygdalectomized monkeys were severely impaired relative to the 
hippocampectomized monkeys on a crossmodal version (tactual-to-visual). The 
jndings suggest that the amygdala is critical for certain forms of crossmodal 
association and that the loss of such associations underlies many of the bizarre 
behaviors that make up the Kluver-Bucy syndrome. 

The amygdaloid complex has long 
been considered essential for the sensory 
arousal of affective responses, that is, for 
the association of sensory stimuli with 
emotions (1, 2). We now report that the 
amygdala is also essential for associa- 
tions that have no obvious emotional 
content. Amygdalectomized monkeys, 
like their controls, accurately recognized 
objects both visually and tactually; yet, 
unlike their controls, they failed to rec- 
ognize by vision an object they had just 

examined by touch. This crossmodal im- 
pairment may help explain some of the 
dramatic and puzzling effects of amygda- 
lectomy on naturally occurring behavior 
(1). 

Six cynomolgus monkeys (Macaca 
fascicularis) were first trained on a one- 
trial visual memory task-delayed non- 
matching-to-sample-with a set of 40 vi- 
sually and tactually distinctive objects 
that differed in color, size, shape, tex- 
ture, and compressibility (3). The objects 
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were randomly paired each day to pro- 
vide 20 daily trials without object repeti- 
tion. On each trial, the monkey found a 
banana pellet by displacing the sample 
object overlying the central well of a 
three-well test tray and then, 10 seconds 
later, found another pellet if it avoided 
the sample and displaced the paired al- 
ternative, each object now overlying a 
lateral well (4). The objects were mount- 
ed on corks that fit snugly into the wells, 
forcing the animals to grasp and lift, and, 
thereby, palpate the objects in order to 
obtain the reward (5). After reaching the 
criterion of 90 correct responses in 100 
trials, the monkeys received training in a 
light-dimming phase on a titrated sched- 
ule (6), until they could perform the task 
in total darkness (7). After further testing 
(a), three of the monkeys received bilat- 
eral ablations of the amygdaloid complex 
and ventromedially adjacent cortex, and 
the three others. bilateral ablations of the 
hippocampal formation and parahippo- 
campal gyrus. Details of surgery and 
histological verification of the lesions 
have been presented elsewhere (3). After 
surgery, the animals were retrained on 
the two intramodal versions of the task 
in reverse order, that is, tactile followed 
by visual (9). Although the amygdalecto- 
mized monkevs relearned the tactile task 
more slowly than the hippocampecto- 
mized monkeys (3), both groups reat- 
tained criterion on both intramodal ver- 
sions. At this stage in the experiment, 
the scores of the two groups were nearly 
equal (Table 1). 

The monkeys were then confronted 
for the first time with the crossmodal 
task, which had the same basic design as 
the intramodal versions, except for a 
within-trial change of lighting: the sam- 
ple was presented for familiarization in 
the dark, but the sample and alternative 
were presented for the choice test in the 
light. A response was scored the moment 
the monkey touched either object, ensur- 
ing that choice was based on visual cues 
only. Hippocampectomized monkeys 
averaged about 90 percent correct re- 
sponses over the 500 trials (Fig. 1). In 
contrast, the amygdalectomized mon- 
keys averaged only about 55 percent 
correct responses (U  = 0, P = 0.05) 
(10). Neither group's performance im- 
proved appreciably over the course of 
testing. 

The amygdalectomized monkeys' im- 
pairment cannot be attributed to a per- 
ceptual, attentional, or motivational 
loss, since they performed well on the 
intramodal versions of the task. For the 
same reason, their impairment cannot be 
ascribed to a short-term memory loss in 

Table I .  Mean percent correct responses (and 
t standard deviation) in 100 trials obtained 
by amygdalectomized (A) and hippocampec- 
tomized (H) monkeys on the two intramodal 
versions of delayed nonmatching-to-sample. 
The scores of the two groups do not differ 
significantly on either version (Mann-Whitney 
U test, P > 0.10 for each comparison, n = 3 
for each group). 

Group Touch Vision 

either sensory modality. By elimination, 
their deficit appears to be in long-term, 
crossmodal, associative memory. 

For many years, investigators had 
great difficulty demonstrating crossmo- 
dal associations in normal monkeys (11). 
The first clearly successful experiments 
used matching-to-sample procedures, 
though with only two different stimuli 
per session (12). In our study we used 40 
different stimuli per session and conse- 
quently required the storage and retriev- 
al of a large number of specific crossmo- 
dal associations (5, 13). Experience with 
the objects in the light gave the animals 
the opportunity to acquire these visuo- 
tactile associations (if they were not al- 
ready available by transfer from every- 
day experience), and the control mon- 
keys did acquire them, as indicated by 
their immediate application across mo- 
dalities of the well-learned nonmatching 
rule. 

It has repeatedly been proposed that 
crossmodal associations might be medi- 
ated by polysensory cortical areas (14). 
Tests of this proposal have yielded 
mixed results (If) ,  however, and studies 
reporting impairment in crossmodal 
matching after cortical lesions did not 

B locks  o f  100 t r i a l s  

Fig. 1 .  Performance of amygdalectomized (A) 
and hippocampectomized (H) monkeys on 
crossmodal delayed nonmatching-to-sample. 
The dashed line indicates chance level of 
performance. Vertical bars indicate the range 
of scores for the three animals in each group. 

provide evidence that both forms of in- 
tramodal matching were intact. By ful- 
filling this requirement, our study indi- 
cates that the amygdala, a subcortical 
structure receiving polymodal inputs, 
does participate in crossmodal associa- 
tions. The magnitude of the impairment, 
which seems to be greater than any prob- 
lem-solving deficit reported previously 
in amygdalectomized monkeys (3, 16), 
suggests that crossmodal association 
could be one of the amygdala's major 
functions. If so, it would help explain 
some of the bizarre behaviors that mon- 
keys display after amygdalectomy, such 
as indiscriminate and repeated examina- 
tion of inedible objects by touch, by 
smell, and by taste. This phenomenon, 
which Kliiver and Bucy interpreted as 
psychic blindness and hypermetamor- 
phosis, may be due in part to the loss of 
crossmodal associations. That is, the 
amygdalectomized monkey, seeing an 
object, may be unable to recall how that 
object feels, and even after feeling and 
smelling it may still not recall its taste. 

How might the amygdala mediate 
crossmodal associations? Anatomical 
evidence indicates that each sensory sys- 
tem projects to the amygdaloid complex 
either directly (olfaction) or indirectly 
(vision, taction, audition, and gustation) 
through a series of cortical fields running 
from the primary sensory area to a final 
station in the anterior temporo-insular 
region (17). Amygdaloid neurons, in 
turn, project back to these cortical sen- 
sory systems (18). It has been proposed 
that the representation of a stimulus in a 
given sensory modality is stored in the 
cortical areas serving that modality (19). 
If this were the case, the cortico-amyg- 
dalo-cortical pathways may allow the 
formation of connections between repre- 
sentations stored in different sensory 
systems. In this way, the direct activa- 
tion of a representation in one modality 
through perception of an object could 
indirectly activate connected representa- 
tions in other modalities, thereby evok- 
ing recall of that object's unperceived 
sensory qualities. 

MORTIMER MISHKIN 
Laboratory of Neuropsychology, 
National Institute of Mental Health, 
Building 9, Room IN-107, 
Bethesda, Maryland 20205 

References and Notes 

1. H. Kliiver and P. C. Bucy, Arch. Neurol. Psy- 
chiatry 42, 979 (1939); L. Weiskrantz, J. Comp. 
Physiol. Psychol. 49, 381 (1956); P. Gloor, in 
Handbook of Physiology, J. Field, Ed. (Ameri- 
can Physiological Society, Washington, D.C., 
19601, vol. 2, pp.  1395-1420; G.  V. Goddard, 
Psychol. Blill. 62, 89 (1964); J. S. Richardson, 
Acta Neurobiol. Exp. 33, 623 (1973); B. R. 



Kaada, in The Neurobiology of the Amygdala, 
B. E.  Elefthenou, Ed. (Plenum, New York, 
1982), pp. 205-281; J .  P. Aggleton and R. E.  
Passingham, J .  Comp. Physiol. Psychol. 95, 961 
119Rl) , . , - . , . 

2. J .  Aggleton and M. Mishkin, in Emotion: The- 
ory, Research and Erperience, vol. 3, Biologicul 
Foundations of Emotion, R. Plutchik and H. 
Kellerman. Eds. (Academic Press. New York. 
in press). 

3. E. A. Murray and M. Mishkin, J .  Neurosci. 4, 
2565 (1984). 

4. The lateral wells of the test tray were located 15 
cm on either side of the central well. An opaque 
screen blocked the animal's view of the test tray 
during the 10-second delays and the 30-second 
intertrial intervals. 

5. M. J.  Jarvis and G. Ettlinger, Neuropsychologia 
15, 499 (1977). 

6. Light was reduced in 12 steps, with initially 
large reductions in lamp voltage followed by 
smaller reductions. If an animal performed with 
greater than 75 percent accuracy in a block of 
ten trials, the light was reduced one step; if the 
animal performed less well, the light remained at 
the same level, though for no more than 2 days, 
at which time the light was lowered again irre- 
spective of the score. 

7. The animals were observed on a video monitor 
linked to an infrared-sensitive camera. The cam- 
era, together with the infrared light source, was 
mounted directly over the test area. To aid the 
animals in locating the objects in the dark, three 
light-emitting diodes were recessed in the testing 
board, one 4.5 cm in front of each well. During 
the sample presentation, only the central diode 
was lit, whereas during the test part of the trial, 
both lateral diodes were lit. That the animals 
could not see the objects under these conditions 
is indicated by the following: (i) near the end of 
the light-dimming phase all animals scores 
dropped from criterion to chance levels; (ii) the 
monkeys did not subsequently reattain criterion 
levels of performance until they were observed 
on the video monitor to be deliberately compar- 
ing the objects by touch; and (iii) neither of two 
dark-adapted human observers tested in the 
same situation could detect the presence of the 
objects visually. 

8. The animals were given a tactual memory per- 
formance test after they attained the criterion in 
the dark. In this performance test the delays 
between sample presentation and choice were 
increased from 10 seconds to 30, 60, and finally 
120 seconds, in blocks of 100 trials each. In this 
and all other stages of the experiment, the 
monkeys were trained at the rate of 20 trials per 
day, 5 or 6 days per week. 

9. The animals were retrained first in the dark to 
obtain a measure of tactile memory uncontami- 
nated by any postoperative visual experience 
with the objects. After being retrained in each 
modality, animals were given the performance 
test described in (8) in that modality. By the end 
of this training, the animals had received an 
average of about 2000 trials with the same set of 
objects on the two intramodal tasks. Mean trials 
for amygdalectomized and hippocampectomized 
monkeys, respectively: Before surgery-light, 
513 and 540; dark, 433 and 413. After surgery- 
dark, 920 and 427; light, 400 and 400. 

10. One amygdalectomized monkey performed at an 
average of 65 percent, and the other two at 
about 50 percent. There was no discernable 
relation between these performance differences 
and the differences in the animals' lesions. 

11. D. Burton and G. Ettlinger, lYature (London) 
186, 1071 (1960); G ,  Ettlinger, Behaviour 16, 56 
(1960); in Brain Mechanisms Underlying Speech 
und Languuge, F .  Darley, Ed. (Grune & Strat- 
ton, New York, 1967), pp. 53-60; M. Wilson and 
W. A. Wilson, J. Comp. Physiol. Psychol. 55, 
931 (1962); G. Ettlinger and C. B. Blakemore. 
Neuropsychologiu 5,  147 (1967); M. Wilson, 
Percept. Mot. Skills 18, 917 (1964). 

12. A. Cowey and L. Weiskrantz, Neuropsycholo- 
gia 13, 117 (1975); L. Weiskrantz and A. Cowey, 
ibid., p. 257; R. B. Bolster, ibid. 16, 407 (1978). 

13. R. K. Davenport and C. M. Rogers, Science 
168,279 (1970); R. K. Davenport, C. M. Rogers, 
I. Steele Russell, Neuropsychologia 11, 21 
11971) , . , , -, . 
D. N. Pandya and H. G. J .  M. Kuypers, Brain 
Res. 13, 13 (1969); E.  G. Jones and T. P. S. 
Powell, Brain 93, 793 (1970); R. F. Thompson in 
Topics in Leurning and Performance, R. F. 
Thompson and J. F. Voss, Eds. (Academic 
Press, New York, 19711, pp, 105-129. 
M. Petrides and S. Iversen, Science 192, 1023 
(1976); P. G. Aitkin, Neuropsychologia 18, 575 
(1980); G. Ettlinger and H. S.  Garcha, ibid., p. 
685; G.  W. Van Hoesen et ul., Brain Res. 186, 
365 (1980). 

16. J. S. Schwartzbaum and D. A. Poulos, J .  Comp. Res. 115, 57 (1976); B. H. Turner, M. Mishkin, 
Physiol. Psychol. 60, 320 (1965); R. J .  Douglas M. Knapp, J. Comp. Neurol. 191, 515 (1980). 
and K. H. Pribram. Neuropsychologia 4, 197 18. E. J .  Mufson, M.-M. Mesulam. D. N. Pandya, 
(1966); B. Jones and M. Mishkin, E.rp. Neurol. Neuroscience 6. 1231 (1981); J .  Tigges et ul., J .  
36, 362 (1972); M. Mishkin, Nature (London) Comp. Neurol. 209, 29 (1982); D. Amaral and J. 
273, 279 (1978); J .  P. Aggleton and R. E. Pas- Price, J. Comp. Neurol. 230, 465 (1984). 
singham, J .  Comp. Physiol. Psychol. 95, 961 19. M. Mishkin, Philos. Trans. R .  Soc. London Ser. 
(1981); B. J. Speigler and M. Mishkin, Behuv. B 298, 85 (1982). 
Brain Res. 3, 303 (1981); R. R. Phillips and 20. We thank L. Dorsey and L. Stokes for their 
M. Mishkin, Soc. Neurosci. Abstr. 9, 638 valuable assistance. 
(1983). 

17. A. G. Herzog and G .  W. Van Hoesen. Brain 29 August 1984: accepted 8 February 1985 

Methionine and Leucine Enkephalin in Rat Neurohypophysis: 
Different Responses to Osmotic Stimuli and TZ Toxin 

Abstract. Specijic radioimmunoassays were used to measure the effects of 
hypertonic saline (salt loading), water deprivation, and trichothecene mycotoxin (T2 
toxin) on the content of methionine enkephalin (ME) ,  leucine enkephalin (LEI, a- 
neoendorphin, dynorphin A, dynorphin B, vasopressin, and oxytocin in the rat 
posterior pituitary. Concentrations of vasopressin and oxytocin decreased in re- 
sponse to both osmotic stimuli and treatment with T2 toxin, but the decrease was 
greater with osmotic stimulations. Similarly, concentrations of L E  and dynorphin- 
related peptides declined after salt loading and water deprivation; L E  concentrations 
also decreased after treatment with T2 toxin. The concentration of M E  decreased 
after water deprivation, did not change after salt loading, and increased after T2 
toxin treatment. The differentiating effects of these stimuli on the content of 
immunoreactive L E  and ME are consistent with the hypothesis that L E  and M E  may 
be localized in separate populations of nerve endings with different roles in the 
posterior pituitary. 

Some investigators have reported that 
enkephalin-containing peptides inhibit 
the release of vasopressin and oxytocin 
from the posterior pituitary (1); others 
have reported that these peptides facili- 
tate their release (2). At least two precur- 
sors provide enkephalin-containing pep- 
tides in the rat brain: proenkephalin A 
and proenkephalin B (prodynorphin). 
Proenkephalin A contains four copies of 
methionine enkephalin (ME) and one 
copy each of leucine enkephalin (LE), 
ME-Arg-Phe, and ME-Arg-Gly-Leu (3). 
Some of these peptides in turn are part of 
longer peptide sequences (for example, 
peptides I,  F ,  E ,  and B) (4). Proenkepha- 
lin B contains three L E  sequences, each 
of which represents the amino terminus 
of a-neoendorphin, dynorphin A, or dyn- 
orphin B (5). Different cells seem to 
process the enkephalin precursors in dif- 
ferent ways. For  example, chromaffin 
cells of the adrenal medulla make and 
store substantial amounts of high molec- 
ular weight enkephalin precursors as 
well as  enkephalin octa- and heptapep- 
tides (4). In the brain, however, most of 
the enkephalin measured in radioimmu- 
noassays is present as  ME, L E ,  ME- 
Arg-Phe, and Me-Arg-Gly-Leu. There is 
little or no high molecular weight materi- 
al reacting with antibodies to enkephalin 
(4). In the posterior pituitary there are 
substantial amounts of M E  and L E  (6-8) 
but very little or no ME-Arg-Phe and 
ME-Arg-Gly-Leu (8). Thus, the proenke- 

phalin A molecule can give rise to a 
variety of cellular secretory products in 
different tissues depending on the extent 
and pattern of its intracellular process- 
ing. 

Proenkephalin B-derived peptides are 
present in high amounts in the posterior 
pituitary and throughout the brain but in 
low amounts in the adrenal gland (9, 10). 
Although proenkephalin B contains 
three L E  sequences, it has been argued 
that L E  derives exclusively from the 
single copy of L E  in the proenkephalin A 
precursor (4). This is because the molar 
ratios of M E  to L E  in various areas of 
the brain (-4: 1) correspond roughly to 
the ratio in the proenkephalin A precur- 
sor and because the regional distribu- 
tions of dynorphin and enkephalin (LE 
or ME) in the brain differ (11). However, 
we have suggested that L E  in the rat 
substantia nigra is derived mainly from 
proenkephalin B-containing neurons (12). 
To examine the functional relations 
among LE,  ME, and dynorphin in the 
posterior pituitary, we used specific radio- 
immunoassays to measure amounts of 
ME, L E ,  and dynorphin-related peptides 
as well as  vasopressin and oxytocin in 
the posterior pituitary of male Sprague- 
Dawley rats (200 to 250 g in body weight) 
under conditions of enhanced secretory 
activity. We found differentiating alter- 
ations in concentrations of L E  and ME 
in the neural lobes of rats after hyperton- 
ic saline (salt loading) and treatment with 
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