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A Neostriatal Habit Learning System in Humans 
Barbara J. Knowlton, Jennifer A. Mangels, Larry R. Squire* 

Amnesic patients and nondemented patients with Parkinson's disease were given a 
probabilistic classification task in which they learned which of two outcomes would occur 
on each trial, given the particular combination of cues that appeared. Amnesic patients 
exhibited normal learning of the task but had severely impaired declarative memory for 
the training episode. In contrast, patients with Parkinson's disease failed to learn the 
probabilistic classification task, despite having intact memory for the training episode. 
This double dissociation shows that the limbic-diencephalic regions damaged in am- 
nesia and the neostriatum damaged in Parkinson's disease support separate and parallel 
learning systems. In humans, the neostriatum (caudate nucleus and putamen) is essential 
for the gradual, incremental learning of associations that is characteristic of habit learn- 
ing. The neostriatum is important not just for motor behavior and motor learning but also 
for acquiring nonmotor dispositions and tendencies that depend on new associations. 

Studen t s  of brain and behavior have long the  hippocarnpus or anato~nically related 
recognized that double iiissociations ( 1 )  structures were impaired o n  tasks thought 
provide the  strongest evidence for separat- to require spatial, relational memory, hut 
ing the functions of brain systems. Recent they were intact at tasks of habit learning 
work with experimental animals has iiisso- that require the  gradual, incremental learn- 
ciated hippoca~npal and dorsal striatal ing of associations. Lesions of the dorsal 
learning systems (2 ) .  Rats with lesions of striatum produced the  opposite pattern of 

results. 
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conditioning, and the phenomenon - of 
priming (4). However, the human data, 
which are based largely on single (one-way) 
dissociations ( 5 ) ,  are subject to an alternate 
interpretation that has been difficult to dis- 
count completely. Namely, there is a single 
memory system, and in amnesia, some tasks 
are simply more sensitive at detecting what- 
ever residual memory ability remains (6). In 
addition, it is not always clear how the 
memory distinctions proposed in humans 
relate to findings in experimental animals. 
In particular, a neostriatal habit learning 
system like the one identified in rodents 
(2) has not been demonstrated in humans 
(7). In the present study, we tested for a 
double dissociation between declarative 
memory and habit memory in' humans, 

seeking a parallel to the reports in exper- 
imental animals. 

We tested 12 amnesic ~atients who had 
bilateral damage to the hippocampal forma- 
tion or diencephalic midline (8), and 20 
nondemented patients with Parkinson's dis- 
ease (PD) (9), which causes neuronal de- 
generation within the substantia nigra and 
loss of a major input to the neostriatum. We 
also tested 15 controls matched to the Da- 
tient groups with respect to age and educa- 
tion (10). . , 

Two tasks were administered, a task of 
probabilistic classification learning and a 
multiple-choice questionnaire (1 1). In the 
first task (Fig. l), individuals learned grad- 
ually which of two outcomes would occur 
on each trial, given the   articular combina- 

Fig. 1. Appearance of the 
computer screen at the be- 
ginning of the probabilistic 
classification task. The four 
cues are shown along with 
the sun and rain icons. On 
each trial, one, two, or three 
of these cues were present- 
ed side by side (in 1 of the 14 
possible combinations), and 
individuals predicted wheth- 
er the outcome would be 
sunshine or rain by pressing 
one of two icon keys. Feed- 
back was provided immedi- 
ately to signal a correct or 
incorrect response: The appropriate icon appeared above the cues, a high-pitched (correct) or low- 
pitched (incorrect) tone was sounded, and a vertical bar at the right of the screen increased or 
decreased by one unit. A particular cue was associated with the outcome sunshine either 75,57,43, or 
25% of the time, and thus either 25,43,57, or 75% of the time with the other outcome (rain). For each 
person in the study, the four cues were randomly assigned one of these probabilities. Testing proceeded 
for 50 trials followed by a short break (<l min) and then for an additional 100 trials with a second break 
after trial 100. 

Fig. 2 (A) Performance on the proba- 75. A 
bilistic classification task by controls 

90- B 

(CON, n = 15), amnesic patients (AMN, 
n = 12), patients with Parkinson's dis- 
ease (PD, n = 20), and a subgroup of 65 
the PD patients with the most severe o 
symptoms (PD*, n = 10). None of the 60- 

groups performed significantly above 8 PD 8 
chance levels (50% correct) on the first ,$ 55. 8 50- 

P 
block of 10 trials. The controls and am- 
nesic patients gradually learned the 50' 

cue-outcome associations during 50 1 , , , 3d 1 I I I [ 
trials. Standard errors of the mean 45 10 20 30 40 50 
ranaed from 3.8 to 5.8%. A two-wav Trials CON AMN PD PD* 

AN&A (CON compared with AMN) rivealed an effect of trial block [analysis of linear trend, F(1,25) = 
10.6, P < 0.011, but no group effect or group x trial block interaction (Fvalues < 1.7, Pvalues > 0.20). 
The PD patients exhibited no measurable learning across 50 trials (linear, F < 1.0), and their score for 
trials 41 through 50 was no better than chance [56.3%, t(19) = 1 . l ,  P > 0.101. Standard errors of the 
mean for the two PD groups ranged from 4.5 to 8.1 %. A two-way ANOVA (CON compared with PD) 
revealed an effect of group, F(1,33) = 4.9, P < 0.05. In addition, a comparison of AMN with PD* revealed 
a significant group x trial block interaction [linear F(1,30) = 4.2, P < 0.051. (B) Performance on the 
declarative memory task. Both PD and PD* groups exhibited entirely normal declarative memory for 
facts about the testing episode, despite their poor performance on the task itself. In contrast, the 
amnesic patients exhibited a severe impairment in declarative memory for the testing episode but 
normal performance on the classification test. Brackets show standard errors of the mean. 

tion of cues that appeared. Each cue was 
independently and probabilistically related 
to the outcome. and the two outcomes oc- 
curred equally often. The probabilistic struc- 
ture of the task amears to defeat the normal . . 
tendency to try to memorize a solution, and 
individuals can learn without being aware of 
the information they have acquired. Infor- 
mation about a single trial is not as useful as 
information accrued across manv trials. In 
this.sense, the task is akin to the kind of 
gradually acquired, habit learning tasks that 
depend on the dorsal striatum in experimen- 
tal animals (2). The second task assessed 
declarative memory for the classification 
task by means of eight multiple-choice ques- 
tions about the cues, the layout of the com- 
puter screen, and the training episode (four 
alternatives. chance = 25% correct). 

Across 50 training trials, the amnesic 
patients learned the classification task as 
well as controls (Fig. 2A). Both groups be- 
gan near 50% correct (the score that would 
be achieved by guessing) and reached a 
level of about 70% correct in trials 41 
through 50 (12). In contrast, the PD pa- 
tients did not learn the task (Fig. 2A). 
Impaired learning was particularly evident 
in the 10 PD patients with the most severe 
symptoms [Hoehn and Yahr Scale score was 
2 3  (9)]. Across the five trial blocks (trials 1 
through 50), these 10 patients performed 
worse than both the control group [analysis 
of variance (ANOVA), F(1,23) = 11.4, 
P < 0.011 and the amnesic patients [F(1,20) 
= 5.0, P < 0.041. In addition, their score in 
the fifth trial block (trials 41 through 50) 
was at chance (50.2% correct), worse than 
the corresponding score of the controls 
[Student's t test, t(23) = 2.70, P < 0.011, 
and marginally worse than the score of the 
amnesic patients [t(20) = 1.92, P < 0.071. 

In contrast, the PD patients, including 
the subgroup with the most severe symp- 
toms, performed entirely normally on the 
test that assessed declarative memory for 
the classification task (t values < 1.0, Fig. 
2B). The amnesic patients, however, per- 
formed more poorly than each of the other 
groups ( t  values > 6.0, P values < 0.001). 
Together these results demonstrate a double 
dissociation of memory function between 
the brain structures damaged in amnesia 
(13) and the brain structures damaged in 
Parkinson's disease. Probabilistic classifica- 
tion learning depends on the neostriatum 
but not on the medial temporal lobe or 
diencephalon, and the opposite is the case 
for declarative memory. 

With training extended for an addition- 
al 100 trials, the PD patients gradually im- 
proved their performance, achieving a score 
of 60.9 2 3.1% correct for trials 51 through 
100 and 61.9 2 3.7% for trials 101 through 
150 (14). The amnesic patients achieved a 
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score of 59.2 5 4.5% correct d ~ ~ r i n g  trials 
101 through 150, and controls scored 
66.1 2 2.5% correct (15). Continued train- 
ing may allow information to become avail- " ,  
able from declarative memory, that is, the 
controls and the PD patients may have 
eventually detected anci memorizeci some of 
the cue-outcome associations ( I  I ) .  

The impaired performance of PD patients 
on the probabilistic classification task paral- 
lels the habit learning deficits observed in 
ex~erilneiltal animals with lesions of the dor- 
sal striatum. However, because Parkinson's 
disease is thought to affect the function of the 
frontal lobes 116). and because our PD na- , ,, 

tients had ne~~ropsychological signs of frontal 
lobe dysfunction (17), we considered the pos- 
sibility that frontal lobe dysfunction, rather 
than neostriatal dysf~lnction, could explain 
the impairment we observed. We therefore 
tested 10 patients with circumscribed damage 
to the frontal lobes (18). These patients ob- 
tained scores of 53.9, 68.0, 63.1, 54.6, and 
58.2% on the first five trial blocks (trials 1 
through 50). Their overall score of 60.5 i 
5.0% correct for the first 50 trials was similar 
to the scores of the amnesic and control 
groups (58.5 5 3.3% and 65.9 i 3.3% cor- 
rect, respectively, P values > 0.19), and mar- 
ginally better than the score of the 19 severely 
affected PD patients [t(18) = 2.9, P = 9.061 
(19). On the questionnaire, the frontal pa- 
tients obtained a normal score of 68.1 ? 4.7% 
correct. 

Whereas some neuropsychological find- 
ings have emphasized the similarities be- 
tween Parkinson's dlsease and frontal lobe 
pathology (7, 20), our findings show that 
the cognitive ilnpairlnents can be distin- 
guished (21 ). Not ollly did the frontal pa- 
tients improve at the classificatio~l task 
more quickly than the severely affected PD 
patients (1 9) ,  but performance on the clas- 
sification task correlated with the symptoms 
of Parkinson's disease and not with symp- 
toms of frontal lobe dysfunction (22). 

In humans the neostriatum (caudate nu- 
cleus and putamen) appears to be part of a 
brain system supporting the gradual, incre- 
mental learning characteristic of habit 
learning. Synaptic changes responsible for 
habit learning could occur in the neocortex, 
such that cortical targets in the neostriat~un - 
receive altered input. This could result in 
the creation and selection of new disposi- 
tions and actions for behavior. Alternative- 
ly, learning could occur in the neostriatum 
itself, as changes within corticostriatal pro- 
jections. Other memory systems depend on 
limbic-diencephalic and neocortical inter- 
action (declarative memory), the arnygdala 
and neocortex (emotional conditioning), 
the cerebellum (classical conditioninp of " 

skeletal musculature), and the posterior 
neocortex (perceptual priming) (3). 

Previous studies of patients with basal 
ganglia ciisordess, such as Huntington's dis- 
ease anci Parkinson's ciisease, have ciocu- 
menteci learning impairments in proceciural 
tasks, notably, those that require the gener- 
ation of motor programs (23). The  present 
findings show that a neostriatal system in 
humans is important not just for inotor 
learning but also for acquiring nonmotor 
habits that depend on  new associations 
(24). These nonrnotor habits presumably 
include a \vide range of dispositions and 
tendencies, which are shaped by reward, 
specific to stimuli, and \vhich 
guide behavior and cognition. 
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A Requirement for Local Protein Synthesis 
in Neurotrophin-Induced Hippocampal 

Synaptic Plasticity 
Hyejin Kang and Erin M. Schuman* 

Two neurotrophic factors, brain-derived neurotrophic factor (BDNF) and neurotrophin-3 
(NT-3), are able to produce a long-lasting enhancement of synaptic transmission in the 
hippocampus. Unlike other forms of plasticity, neurotrophin-induced plasticity exhibited 
an immediate requirement for protein synthesis. Plasticity in rat hippocampal slices in 
which the synaptic neuropil was isolated from the principal cell bodies also required early 
protein synthesis. Thus, the neurotrophins may stimulate the synthesis of proteins in 
either axonal or dendritic compartments, allowing synapses to exert local control over 
the complement of proteins expressed at individual synaptic sites. 

T h e  cellular changes that underlie both syn- 
a ~ t i c  and behavioral ~lasticitv are usuallv clas- 
s;fied as either (i) shi;rt term,'hecause they are 
based on the modification of preexisting pro- 
teins, or (ii) long term, because they require 
protein synthesis. For example, studies of syn- 
aptic plasticity in the hippocampus and in 
Aplysia have shown that, whereas the short- 
term phase (9 to 1 hour) of synaptic enhance- 
ment is not blocked bv inhibitors of nrotein 
translation, the long-tekm phase (>1  liour) is 
lil). but see 12)). These cellular studies are ., . . -  
paralleled by many studies of behavioral plas- 
ticity that also indicate that short-term mem- 
ories are insensitive to inhibitors of protein 
synthesis (3). The neurotrophic factors BDNF 
and NT-3 can enhance synaptic efficacy (4), 
and we have now examined the tenlporal 
sensitivity of the neurotrophin-induced syn- 
aptic enhance~nent to inhibitors of protein 
synthesis. 

Synaptic translnission was examined at 
the Schaffer collateral-CA1 pyranlidal neu- 
ron synapse in adult rat hippocampal slices 
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with the use of conve~~tional  extracellular 
recording techniques (5). In control exper- 
iments, extracellular application of BDNF 
(50 ng/ml) or NT-3 (59 ng/ml) elicited a 
robust enhancement of synaptic transmis- 
sion (Fig. 1, A and B) (4) [mean percent of 
baseline: BDNF, 221.4 i 16.4 (mean -t 
SEM, n = 7),  P < 0.995; NT-3, 231.1 i 
19.5 (n  = 8) ,  P < 9.0051. Pretreatlllent 
with one of t\vo protein synthesis inhibitors 
(6) ,  either anisornycin (49 ~ k l )  or cyclo- 
hexi~nide (49 (*.;L,f), markedly attenuated 
the synaptic enhancement induced by ei- 
ther neurotrophin (Fig. 1, C through F and 
H) [mean percent of baseline: BDNF plus 
anisomycin, 134.2 i 8.4 (n = 9),  P < 9.05; 
BDNF plus cyclohexirnide, 138.7 i 13.2 
(n  = 7), P < 0.05; NT-3 plus anisornycin, 
130.1 i 7.6 (n  = 9) ,  P < 9.95; NT-3 plus 
cycloheximide, 118.5 2 14.9 (n = 7),  not 
significant (NS)]. In contrast to previous 
studies of synaptic plasticity, the sensitivity 
to inhibitors of protein synthesis was evi- 
dent within minutes of neurotrophin appli- 
cation (Fig. 1, C through F). Sinlilar pre- 
treatment of hippocampal slices with an 
inhihitor of prokaryotic protein synthesis, 
chloramphenicol (89 FM), did not signifi- 
cantly reduce the synaptic enhancement 
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