
through small yellow sectors (Fig. 1G). 
Since a single layer of green (Rpl) cells may 
be associated with some verv narrow sectors 
or the boundaries of larger sectors (3, we 
cannot definitively determine whether the 
necrotic regions in these yellow sectors de- 
rive from oil yellow (rpl) cells. The hyper- 
sensitive necrosis initiated in green tissue at 
a green-yellow boundary progressed less far 
into oil yellow sectors than into green tis- 
sues (Fig. 1, F and G), leading to an asym- 
metric H R  lesion. This suggests input of the 
Rp locus into propagation as well as initia- 
tion of the necrotic response. We do not 
believe that this result is due to reduced 
vigor in the yellow sectors, since the size and 
shape of hypersensitive lesions in Rpl oylrpl 
oy and Rpl Oylrpl oy tissues were similar 
(compare Fig. 1A with Fig. 11). In this 
regard, however, the oil yellow sectors in the 
irradiated material were lighter and more 
homogeneously yellow than homozygous 
recessive oil vellow tissues. This indicates 
that either the hemizygous (-loy) pheno- 
type is more severe than the homozygous 
recessive oil vellow state or that there is a 
significant contribution by the hemizygosity 
of other loci on the short arm of chromo- 
some 10 to the lowered vigor and yellowing 
of these sectors. 

Our data indicate that the Rpl locus must 
be present and active in cells encountered by 
P. sorghi to determine resistance to this 
pathogen and, hence, that the Rpl -specified 
resistance events are not initiated by a diffis- 
ible factor. In experiments that juxtapose 
resistant and susceptible tissues, various 
groups have observed hypersensitive necro- 
sis at the graft junction (9). Among the 
difficulties in interpreting these results are 
the resistance-necrosis reactions induced by 
cutting and gluing the grafted tissues, the 
lack of sharpness in (and, often, difficulty in 
i d e n t i ~ i n ~ )  the boundaries of resistant -and 
susceptible tissues, and the other genetic 
differences between host and graft tissue 
sources. 

The well-marked, isogenic nature of the 
sectored plants used in this study proves that 
a factor on the short arm of chromosome 
10, presumably Rpl, specifies cell-autono- 
mous initiation of HR-associated resistance 
upon exposure to P, sorghi spores. Deter- 
mining whether or not Rpl-initiated hyper- 
sensitive necrosis may be propagated 
through cells lacking Rpl will require de- 
tailed microscopic analysis of fungal growth 
and cell necrosis at green-yellow boundaries. 
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Behavioral Dissociation of Dishabituation, 
Sensitization, and Inhibition in Aplysia 

Three forms of nonassociative learning (habituation, dishabituation, and sensitization) 
have commonly been explained by a dual-process view in which a single decrementing 
process produces habituation and a single facilitatory process produces both dishabit- 
uation and sensitization. A key prediction of this view is that dishabituation and 
sensitization should always occur together. However, we show that dishabituation and 
sensitization, as well as an additional process, inhibition, can be behaviorally dissociat- 
ed in Aplysia by (i) their differential time of onset, (ii) their differential sensitivity to 
stimulus intensity, and (iii) their differential emergence during development. A simple 
dual-process view cannot explain these results; rather, a multiprocess view appears 
necessary to account for nonassociative learning in Aplysia. 

HE RELATION AMONG DIFFERENT 
forms of learning has been the sub- 
ject of considerable debate for several 

decades (1). For example, until recently (2, 
3) it has been thought that three different 
forms of nonassociative learning (habitua- 
tion, dishabituation, and sensitization) 
could be explained by the interactions of 
two opponent processes-a single decre- 
menting process that gives rise to habitua- 
tion and a single facilitatory process that 
gives rise to both dishabituation (the facili- 
tation of decremented responses) and sensi- 
tization (the facilitation of nondecremented 
responses) (4). If this view is correct, then 
dishabituation and sensitization should al- 
ways occur together. However, we report 
here that dishabituation and sensitization, as 
well as an additional process, inhibition, can 
be behaviorally dissociated in the siphon 
withdrawal reflex of the marine mollusk 
Aplysia. This reflex has been used successful- 
ly to analfze both nonassociative and asso- 
ciative learning on behavioral and cellular 
levels ( 5 ) .  Our results suggest that a simple 
dual-process view involving a single decre- 
menting and a single facilitatory process 
requires revision and that a multiprocess 

view, perhaps involving inhibitory as well as 
facilitatory interactions, is necessary to ac- 
count for the mechanisms underlying nonas- 
sociative learning. 

To examine dishabituation, we first pro- 
duced habituation of the siphon withdrawal 
reflex by administering 20 water-jet stimuli 
to the siphon at a 30-s interstimulus interval 
(ISI). We then administered a single stimu- 
lus to the tail; this stimulus ranged in inten- 
sity from a mild tactile stimulus to multiple 
electrical shocks (6). Finally, we tested the 
reflex amplitude with water-jet stimuli to 
assess the magnitude of dishabituation (7). 

To analvze the time of onset of dishabitu- 
ation, we compared two conditions. In one 
condition (Dishab.) animals received tail 
stimulation after habituation of the siphon 
withdrawal reflex, while in the other (Re- 
covery) there was no tail stimulus after 
habituation (8). Groups were tested 90 s, 10 
min, and 20 min later. The results for Weak 
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tail shock are shown in Fig. 1A (9). In the 
90-s test, the Recovery group showed no 
significant increase in response magnitude 
com~ared to the last resDonse in the habitu- 
ation series; in contrast, there was a signifi- 
cant increase in the Dishab. group 
(P < 0.005). Moreover, the Dishab. group - .  

showed significantly increased responses 
compared to the Recovery group 
(P < 0.02). Thus, significant dishabituation 
appeared soon (witiin 90 s) after the pre- 
sentation of the tail stimulus. There were 
also significant increases in response magni- 
tude in the Dishab. group in the later tests, 
but these were paralleled by comparable 
increases in the Recovery group (Fig. 1A). 
Furthermore, the increased responses of the 

5' 90-s test 10-min test 20-min test 

S 
5 Q B .  

Touch Weak Int. Strong 4x 
(n.6) (n=13) (n-9)  (n=13) (n-9)  

Fig. 1. Dishabituation has an early onset and is 
preferentially produced by weak stimuli. (A) Time 
of onset. Data from the Weak stimulus group are 
illustrated [comparable results were obtained for 
the other stimulus intensities (9 ) ] .  Data are nor- 
malized to the last response in the habituation 
series. In this and subsequent figures data are 
given as medians (interquartile ranges are given 
below in parentheses), and asterisks indicate sta- 
tistical significance [as described in (7) and in the 
text]. Test results were as follows: 90-s test: 
Dishab, group, 169% (97%, 224%) and Recov- 
e y  group, 89% (74%, 123%); 10-min test: 
Dishab. group, 226% (133%, 297%) and Recov- 
ery group, 196% (121%, 300%); 20-min test: 
Dishab, group, 193% (152%, 271%) and Recov- 
ery group, 204% (113%, 261%). (B) Sensitivity 
to stimulus inteosity. Tail stimulus intensities are 
shown in increasing order. Data are the median 
responses (normalized to the habituated re- 
sponse) for each intensity at the 90-s test. Touch: 
152% (127%, 173%); Weak: 169% (97%, 
224%); Int.: 163% (114%, 191%); Strong: 
111% (66%, 296%); and 4 x :  100% (68%, 
115%). 

Dishab. and Recovery groups in the 10- and 
20-min tests were no longer significantly 
different from each other, suggesting that 
the increases observed at these times were 
due to recovery and not dishabituation. 
Therefore, all subsequent analyses of disha- 
bituation were restricted to the 90-s test. 
where we could be confident that any in- 
creased responses after the tail stimulus were 
due solely to dishabituation. 

Having established that dishabituation 
has an early onset, we then examined how 
dishabituation varied as a function of the 
intensity of the tail stimulus. Five groups of 
animals were compared in which the intensi- 
ty of the tail stimulus was varied from a mild 
tactile stimulus (Touch), to increasing am- 
plitudes of a single electrical shock [Weak, 
Intermediate (Int.), and Strong], and finally 
to multiple tail shocks ( 4 x )  (6). We found 
that the intensity of the tail stimulus had a 
dramatic effect on the magnitude of disha- 
bituation observed (Fig. 1B). Significant 
dishabituation was produced by Touch 
(P < 0.001), Weak (P < 0.005), and Int. 
(P < 0.001) tail stimuli; but no significant 
dishabituation was produced by either the 
Strong or 4 x  stimuli. Thus, surprisingly, 
the magnitude-intensity relation for disha- 
bituation showed an inverted U-sha~ed 
function, with the greatest amount of disha- 
bituation produced by the weaker stimuli 
and progressively less dishabituation pro- 
duced as the intensity of the tail stimulus 
was increased. 

The second series of experiments exam- 
ined sensitization. In ~arallel to the studies 
examining dishabituation, we determined 
both the time of onset of sensitization and 
its magnitude as a function of tail stimulus 

intensity. The procedure for analyzing sensi- 
tization was the same as that for dishabitua- 
tion, except that animals were presented 
with only two baseline siphon stimuli at a 
nondecrementing (10 min) IS1 prior to the 
tail stimulus, and an additional siphon test 
was added 30 min after the tail stimulus. To 
determine the time of onset for sensitiza- 
tion, we used the same range of stimulus 
intensities as before (6) and examined reflex 
responsiveness at a number of test intervals 
after the tail stimulus. In contrast to disha- 
bituation, sensitization was not expressed 
until a considerable delay after the tail stim- 
ulus (Fig. 2). At both the 90-s and 10-min 
tests, there was no significant increase in 
reflex responsiveness for any stimulus inten- 
sity; in fact, there was a tendency for nonde- 
cremented reflex responses to be inhibited 
after the tail stimulus. Significant sensitiza- 
tion was only observed 20 and 30 min after 
the tail stimulus, indicating that sensitiza- 
tion has a delayed onset (10). 

We next examined the relation between 
the magnitude of sensitization and tail stim- 
ulus intensity. We found that significant 
sensitization was only produced by stronger 
stimuli (Int., P < 0.05; Strong, P < 0.02; 
and 4 x ,  P < 0.01) (Fig. 2). No sensitiza- 
tion was produced by weaker stimuli 
[Touch and Weak, not significant (NS)]. 
This finding is in marked contrast to that 
obtained for dishabituation in which signifi- 
cant facilitation was seen only with weaker 
stimuli and no facilitation was seen with 
stronger stimuli (Fig. 1B). 

Our results show that dishabituation and 
sensitization can be dissociated by their time 
of onset and their stimulus requirements in 
adult Aplysia. Recently, in juvenile Aplysia 

Weak (n  = 13) 
lnt. (n  = 12) 

Fig. 2. Sensitization has 10.0 
a delayed onset and is 
preferentially produced 
by strong stimuli. The - 7'5 
data for each of the four 
post-shock tests in the $ 5.0 
sensitization procedure v, 

are shown. For each test, 
histograms represent 2.5 
data from increasing E 
stimulus intensities. The o,o 
data are expressed as me- 
dim difference scores in 2 
seconds (post-test minus -2.5 
the mean of the two pre- 
tests). At both the 90-s 
and 10-min tests, there is -5.0 -1 

10-min 
no sensitization 190-s test test 

20-min 
test 

30-min 
test 

test: Touch, -2.7 
(-8.1,0.3); Weak, -1.9 (-7.9, 1.2); Int., -1.1 (-5.5,3.2); Strong, -2.6 ( -7 .3 ,0 .1 ) ; and4~ ,  -4.6 
(-7.3, -3.4). Ten-minute test: Touch, -1.7(-5.8,2.2); Weak, -1.2 (-4.4,2.4); Int.,O (-2.5,6.1); 
Strong, - 1.2 (-4.7, 5.3); and 4X, 0.1 (-5.91,2.71)]. Significant sensitization is only observed in the 
20- and 30-min tests in response to stronger shock intensities [20-min test: Touch, -4.4 (-9.3, 4.3); 
Weak, 0.1 (-4.9, 4.5); Int., 1.7 (0, 5.5); Strong, 7.1 (0.4, 19.2); and 4 x ,  4 (-2.2, 6.8)]. Thirty- 
minute test: Touch, -3.4 (-9.4, -0.4); Weak, -2.7 (-9.6, -1.2); Int., 0.5 (-3.6, 5.6); Strong, 8 
(-1.3, 17.4); and 4 x ,  5 (2.1, 12.6)]. 
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we have also found that dishabituation and 
sensitization can be dissociated on the basis 
of their developmental timetables (1 1-13). 
These three independent means of distin- 
guishing between dishabituation and sensi- 
tization are summarized in Fig. 3. The disso- 
ciation of dishabituation and sensitization 
on the basis of their differential time of onset 
is most apparent shortly after the tail stimu- 
lus. We compared the effects of a range of 
tail stimulus intensities on habituated and 
nonhabituated responses in the 90-s test 
(Fig. 3A). Dishabituation is exhibited at a 
number of stimulus intensities, whereas in 
this early test sensitization is not produced 
at any intensity. In fact, the strongest tail 
stimulation produces significant inhibition 
of nondecremented responses (4  x , 
P < 0.01). This same stimulus intensity 
( 4 ~ )  produced no dishabituation. Thus the 
lack of dishabituation to the 4 x  stimulus 

Touch 
Weak 

El Strong 

may be due to the recruitment of an inhibi- 
tory process that competes with the expres- 
sion of the facilitatory process of dishabitua- 
tion (14). Dishabituation and sensitization 
can also be dissociated by their sensitivity to 
stimulus intensity (Fig. 3B). Maximal disha- 
bituation is produced by weak stimuli; maxi- 
mal sensitization is produced by strong 
stimuli. Moreover, the stimulus that is most 
effective in producing dishabituation 
(Weak) produces no significant sensitiza- 
tion, and the stimulus that is most effective 
in producing sensitization (Strong) pro- 
duces no significant dishabituation. Finally, 
dishabituation and sensitization emerge at 
different times during development (Fig. 
3C). Previous work had shown that dishabi- 
tuation emerges early in development 
(about 2 weeks after metamorphosis) (11- 
13, 15), but that sensitization is not appar- 
ent until about 50 days later (11-13). Thus, 

Test m 

* Sensitization 
180 - (30-mln test) 

r - 2 .  
u 
c .- g -4 .  - 

-6 - Dlshabituatlon Sensitization 
training training 

Fig. 3. Behavioral dissociation 
of dishabituation and sensitiza- 
tion. (A) Time of onset. The 60 - 

I 

effects of a range of stimulus Touch Weak Int. Strong 4x 
intensities on habituated and 
nonhabituated responses (dis- 
habituation and sensitization c 
training, respectively) at the 90- 
s test are shown. Data from $ 300 
Figs. 1B and 2 are summarized ,m 
and plotted as a median differ- ; 
ence score of the post-test mi- r n  

nus the pre-score. Significant 200 
dishabituation is evident at sev- 2 
eral intensities [Touch, 1.7 
(0.9,2.1),P<0.02;Weak,2.6 $ 100 
(-0.1,5.2),P < 0.01; andInt., 
1.3 (0.7, 2.3), P < 0.01; but 
not Strong, 0.4 (-1.9, 4.8), 
NS; or 4 x ,  0 (-2.6, I ) ,  NS]. Dishabituation Sensltlzatlon Dlshabltuation Sensitization 
In contrast, sensitization is not 
seen at any stimulus intensity; in all cases, tail stimulation produced suppression of nondecremented 
responses, with the strongest stimulus ( 4 ~ )  producing significant inhibition (Fig. 2). (8) Sensitivity to 
stimulus intensity. Reflex magnitude as a function of tail shock intensity for dishabituation and 
sensitization is summarized. The dashed h e  through 100% indicates baseline. Maximal dshabituation 
is produced by Weak stimuli (which produce no significant sensitization), and maximal sensitization is 
produced by Strong stimuli (which produce no significant dishabituation). (C) Developmental 
emergence. A summary of the development of dishabituation and sensitization is shown. Data from 
Ranlun and Carew (12) have been reanalyzed. Data from juvenile stage 11 (20 days afier metamorpho- 
sis) and from late stage 12 (90 days after metamorphosis) are shown. In stage 11, tail shock produces 
significant dishabituation (n = 22) [339.9% (1 19.2%, 489.5%), P < 0.0051, but no sensitization 
(n = 20) [84.8% (58%, 115.7%), NS]; 10 weeks later in stage 12, tail shock still produces both 
significant dishabituation (n = 10) [290.7% (174.8%, 376.8%), P < 0.0051 and significant sensitiza- 
tion (n = 10) [212.5% (104.7%, 311.3%), P < 0.051. Test data are normalized to pre-shock levels. 

the two forms of learning can be distin- 
guished on the basis of their ontogenetic 
timetables. 

In summary, we have determined that dis- 
habituation and sensitization in Aplysia can 
be dissociated in three independent ways: 
on the basis of their time of onset, their 
stimulus requirements, and their develop- 
mental timetables. These behavioral obser- 
vations raise important questions about the 
cellular processes underlying the dissocia- 
tion of these two forms of learning. One 
possibility is that dishabituation and sensiti- 
zation may reflect different underlying 
mechanisms. For example, the temporal dis- 
sociation between the onset of dishabitua- 
tion and sensitization may reflect the differ- 
ential activation of two processes, one which 
turns on rapidly and produces facilitation of 
decremented responses, and another which 
turns on gradually and produces facilitation 
of nondecremented responses. An alterna- 
tive possibility is that the behavioral disso- 
ciation we observe is produced by the in- 
hibitory process initiated by tail shock. For 
example, nondecremented processes may be 
more susceptible to inhibition, and thus the 
delayed onset of sensitization may reflect the 
gradual wearing off of the inhibitory process 
that competes with or masks the expression 
of sensitization. From our behavioral re- 
sults, one cannot distinguish between these 
possibilities. However, recent progress has 
been made in elucidating the cellular mecha- 
nisms underlying dishabituation and sensiti- 
zation (3, 16) as well as inhibition (1 7,18). 
Thus, it will now be important to determine 
the degree to which these different mecha- 
nistic processes can account for the behav- 
ioral dissociation that we have observed in 
both developing and adult animals. 
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Poliovirus Host Range Is Determined by a Short Amino 
Acid Sequence in Neutralization Antigenic Site I 

The mouse-adapted strain of poliovirus type 2 (Lansing) induces fatal poliomyelitis in 
mice after intracerebral inoculation, whereas mice inoculated with poliovirus type 1 
(Mahoney) show no signs of disease. Previous work indicated that the adaptation to 
mouse virulence is associated with the viral capsid proteins and that mutations in 
neutralization antigenic site I of poliovirus reduce neurovirulence of the Lansing strain 
in mice. The role of antigenic site I in mouse neurovirulence was further explored by 
constructing an antigenic hybrid virus. Six amino acids in antigenic site I of the 
Mahoney strain were replaced with a sequence specific for the Lansing strain by using a 
mutagenesis cartridge. The hybrid virus was neutralized by polyclonal antisera elicited 
by the type 1 and type 2 strains of poliovirus and by neutralizing monoclonal 
antibodies directed against antigenic site I of type 2 virus. The hybrid virus induced 
paralytic disease in mice, an observation demonstrating that a short sequence of amino 
acids in antigenic site I is an important determinant of poliovirus host range. Antigenic 
site I may be involved in attachment of poliovirus to cells of the mouse central nervous 
system. 

T ISSUE TROPISM OF VIRUSES AND 

the progression of viral disease in the 
infected host are determined by sev- 

eral factors. Specific cellular surface mole- 
cules that serve as viral receptors dair an 

I i 

important role in these events. Another de- 
terminant is the genotype of a virus because 
it affects replication within the cell. Genetic 
variants of hiahlv virulent viruses whose " ,  
genomes differ by very few nucleotides may 
be dramatically attenuated even though ad- 
sorption and entry of the variant are not 
impaired. 

Poliovirus, a member of the Picornaviri- 
dae, has served as a model system to study 
the molecular basis of viral pathogenesis, 
particularly the relationship of genotype and 
phenotype to neurovirulence and host range 
(1). Attenuation of poliovirus appears to be 
caused largely by mutations that impair viral 
replication within the cell (2, 3). Poliovirus- 
es; which occur in three serotypes, are hu- 
man pathogens that can be propagated only 
in cultured cells of primate origin because 
other cell lines do n i t  express a functional 
receptor molecule (4). Although most polio- 
virus strains can infect only primates, the 
Lansing strain of poliovirus type 2 [PV- 
2(L)] has been adapted to mice (5) and 
causes fatal paralytic disease when inoculat- 
ed intracerebrally (6). In contrast, many 
other poliovirus strains, including type 1 
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(Mahoney) [PV- 1 (M)], although highly 
neurovirulent in primates including man, 
are avirulent in mice, even when adrninis- 
tered in high doses (7). A molecular genetic 
analysis of PV-2(L) has revealed that the 
major determinant or determinants of the 
mouse-adapted phenotype are contained 
within the four capsid polypeptides (7). A 
study of the neurovirulence of neutralization 
escape mutants of PV-2(L) suggests that the 
mouse-adapted phenotype is determined by 
a specific region of V P l  located roughly 
between amino acids 90 and 105 (8). 

The known chemical (9 )  and three-di- 
mensional (10) structures of poliovirus, the 
results of analyses with neutralizing mono- 
clonal antibodies (N-rnAbs) and neutraliza- 
tion-resistant variants, and the information 
gained from immunizations with synthetic 
peptides led to the identification of three 
neutralization antigenic sites (N-Ag) of the 
poliovirion (11). One of these sites is a 
continuous sequence of amino acids (90- 
105) in VP1 and is identical with the region 
to which LaMonica et a l .  (8) had mapped 
the mouse-adapted phenotype of PV-2(L). 
We refer to this region as N-AgI. In the 
crystal structures of human rhinovirus 14 
(12) and of PV- 1 (M) ( lo), N-AgI occurs as 
a loop near the apexes of the particle. 

The development of infectious poliovirus 
cDNA clones (13) and transcription vectors 
that produce unlimited amounts of highly 
infectious RNA in vitro (14) have made 
possible the construction of various poliovi- 
rus recombinants useful for studying viral 
replication and pathogenesis. The method 
of "cartridge mutagenesis," which facilitates 
exchange of very small regions of the 
genome, was adapted for poliovirus (15). T o  
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