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Abstract Learning deficits may be part of the early symptoms of Huntington’s disease (HD). Here we characterized implicit and explicit aspects of sequence learning in 11 pre-symptomatic HD gene carriers (pHD) and 11 normal controls. Subjects moved a cursor on a digitizing tablet and performed the following tasks: SEQ: learning to anticipate the appearance of a target sequence in two blocks; VSEQ: learning a sequence by attending to the display without moving for one block, and by moving to the sequence in a successive block (VSEQ test). Explicit learning was measured with declarative scores and number of anticipatory movements. Implicit learning was measured as a strategy change reflected in movement time. By the end of SEQ, pHD had a significantly lower number of correct anticipatory movements and lower declarative scores than controls, while in VSEQ and VSEQ test these indices improved. During all three tasks, movement time changed in controls, but not in pHD. These results suggest that both explicit and implicit aspects of sequence learning may be impaired before the onset of motor symptoms. However, when attentional demands decrease, explicit, but not implicit, learning may improve. Ó 2008 Elsevier Ltd. All rights reserved. Keywords: Reaching movements; Motor sequence; Basal ganglia; Energy-saving strategy



1. Introduction HD is an autosomal dominant degenerative disease of variable onset characterized by motor abnormalities, cognitive decline, personality changes and psychiatric disturbances. Most frequently, the disease becomes manifest in the third to fifth decade of subjects with 40 or more CAG repeats on chromosome 4 and leads to death 15 or 20 years after onset. HD is usually diagnosed when motor symptoms first appear [1]. Cognitive dysfunction becomes more evident with disease * Corresponding author. Department of Physiology & Pharmacology, Harris Hall H-210, CUNY Medical School, 160 Convent Avenue, New York, NY 10031, USA. Tel.: þ1 212 650 5814; fax: þ1 212 650 7726. E-mail address: [email protected] (M.F. Ghilardi). 1353-8020/$ - see front matter Ó 2008 Elsevier Ltd. All rights reserved. doi:10.1016/j.parkreldis.2007.11.009



progression [2e4]. However, the severity, the order of appearance and the time course of the different symptoms are very variable [5] and not entirely predictable by the number of CAG repeats [6e8]. Several neuropsychological studies have investigated whether cognitive deficits might be already present in the pre-clinical stages, when motor symptoms are not yet evident, with mixed results [9e11]. Recent studies have shown that pre-clinical cognitive deficits might include impaired executive functions, attention, working memory, organization, sequencing, regulation, perception, and episodic memory [12,13]. Because of this pattern of cognitive impairment, it is reasonable to expect that explicit learning of sequences might be also altered in absence of overt motor symptoms. Indeed, we have recently found that this was the case [14,15].
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In this paper, we expand the results of our previous studies by, first, ascertaining whether in subjects with pre-symptomatic HD (pHD), implicit and explicit aspects of sequence learning are differentially impaired. Secondly, by using a sequence learning task that requires less attentional and working memory resources, we determine whether learning improves. We use tasks where subjects are explicitly asked to learn and anticipate the order of appearance of eight targets. We have previously shown that, with these tasks, normal subjects typically learn the order of simple repeating sequences in 90 s or less, either when learning occurs while reaching for targets or when, in a less demanding situation, the sequence order is first learned visually, without moving [16e18]. Learning of the sequence order is reflected by decreases of onset time, as subjects move out of reaction time mode and anticipate target appearance, and measured with discrete variables, such as the number of correct anticipatory movements. In addition, while learning the sequence, subjects prolong their movement time and improve spatial accuracy [17]. The change in movement time, which is accompanied by decreases in the amplitude of peak accelerations, is a measure of skill or implicit learning, as it happens without explicit requests and subject’s awareness. This implicit learning occurs in tasks where target anticipation is possible and is seen as a shift from a timesaving (as in reaction time tasks) to an energy-saving (as in timed-response tasks) strategy. In summary, in our sequence learning tasks, the order of the elements is mostly learned explicitly and can be quantified with the number of correct anticipatory movements, while the ability to modulate movement time and thus, to change motor strategy is learned without awareness, implicitly, and can be measured with movement time changes [16e18].



subjects learned to perform the tasks in one or two training sessions the day before testing. Training was complete when performance became stable. The following tasks were administered: CCW: Targets appeared in a predictable counterclockwise order. Subjects had to reach the target in synchrony with the tone. Thus, they had to initiate each movement before target and tone presentation. RAN: Targets were presented in a non-repeating and unpredictable order. Instructions were to reach for each target ‘‘as soon as possible’’, minimizing reaction time but avoiding target anticipation. For each subject, the floor value of the reaction time distribution, i.e., the lowest onset time, was used to define anticipatory movements in SEQ [17]. SEQ: The eight targets appeared in a repeating order. Subjects were informed that a sequence was to be presented, instructed to learn the order of the sequence while reaching for targets and to anticipate target appearance in two successive blocks (SEQ1 and SEQ2). At the end of each block, they were reported the sequence order and declarative scores (from 0 to 8) were computed [17]. VSEQ: A repeating sequence of eight targets was presented for 11 cycles. Subjects were asked to learn the sequence order without moving. Learning was assessed in a subsequent block, VSEQ test, where subjects were asked to reach for that target sequence as in SEQ.



2.2.1. Data analysis For each movement we computed: (1) spatial error, the distance from the center of the target to the movement reversal point; (2) movement time, the time from movement onset to the reversal point; and (3) onset time, the time from target and tone presentation to movement onset. For SEQ1, SEQ2 and VSEQ test we quantified the number of anticipatory movements, i.e., those with onset times lower than RAN floor value, directed to the correct targets. This number reflects explicit learning and is a good predictor of declarative scores [17]. 2.2.2. Statistical analysis To assess learning across cycles and the differences between groups and tasks we used mixed model analysis of variance (ANOVA) followed, when appropriate, by post hoc comparisons. Results were considered significant for p < 0.05 with Bonferroni correction for multiple comparisons.



2. Methods 2.3. Neuropsychological tests 2.1. Subjects We studied 11 right-handed pHD subjects (five men and six women; mean age: 45.8  11.0 years, range from 33 to 62; CAG repeat length: 41.6  1.8; range: 39e45). They underwent a standardized neurological exam and were administered the functional assessment scale of the Unified Huntington’s Disease Rating Scale (UHDRS) [19]. Their scores were: motor: 7.6  9.7; behavioral: 9.5  10.1; independence scale: 100  0; and total functional capacity: 12.9  0.3. Magnetic resonance imaging was performed to exclude potential structural brain lesions. Controls were 11 neurologically normal subjects (six men and five women; mean age: 46.1  12.9 years, range from 28 to 66 years, Mini Mental State Examination [20] scores >27). Controls and pHD subjects were matched for age and education. Written informed consent was obtained from all participants under a protocol approved by the institutional review boards.



2.2. Motor tasks General features of the motor tasks have been detailed previously [16,17]. Briefly, subjects moved a cursor on a digitizing tablet with their right hand out and back from a central starting point to one of eight radially arrayed targets at 1.6 cm distance. Subjects were instructed to make uncorrected movements with sharp reversal inside each target. Targets appeared on a screen in synchrony with a tone at a constant interval of 1 s. Testing was done in separate trial blocks of 90 s each, for a total of 88 movements (11 complete movement cycles). All



pHD subjects underwent a battery of neuropsychological tests (Table 1). With the exception of Dementia Rating Scale (DRS), results of all tests were converted in T scores. Scores were considered abnormal when outside 1 SD of the normal range. Table 1 Results of neuropsychological tests Neuropsychological tests



No. of abnormal pHD



A. General cognition: Dementia Rating Scale (DRS), National Adult Reading Test (NART) B. Processing efficiency and working memory: Symbol Digit Modality Test (SDMT) written and oral, Stroop word, Stroop color, Trial A, Brief test of attention C. Shifting and inhibition: Stroop ‘‘color & word’’, Trial B D. Memory tests: California Verbal Learning Test delayed recall score (CVLT LD FR), Rey Figure Copy Delay E. Visuo-spatial tests: Hooper Visual Organization, Rey Copy F. Verbal tests: Controlled Oral Word Association (COWA), Boston Naming, and Token test



0 3



1 4



0 5



M.F. Ghilardi et al. / Parkinsonism and Related Disorders 14 (2008) 457e464



3. Results 3.1. Predictable and random sequences During CCW, pHD and control subjects made straight out and back movements and anticipated target appearance, with no significant difference in spatial accuracy (pHD: 0.25  0.03 cm; controls: 0.21  0.02 cm). In both groups, onset times, temporal and spatial accuracy significantly improved during the block, as shown previously [21]. However, movements in pHD started later than in controls, had shorter duration but reached the target at the same time as controls (Fig. 1A). Movements in RAN were also straight in all subjects. In both groups, reaction and movement times were stable across each block, while spatial accuracy increased (F(1,200) ¼ 6.98, p < 0.0001). Reaction time, movement times and spatial accuracy of pHD were not significantly different from those of controls (Fig. 1B). 3.2. Sequence learning The results of ANOVA performed for all variables are summarized in Tables 2 and 3. The results of post hoc comparisons are reported in the main text. 3.2.1. Concurrent visual and motor sequence learning As subjects attempted to anticipate the upcoming target, some movements were in the wrong direction. The number



A



Onset Time (ms)



of correct movements per cycle was similar in the control (7.2  0.55) and pHD (7.1  0.43). Sequence learning was evident as a progressive decrease in SEQ1 onset time (Fig. 2A). In controls, this reduction was more conspicuous and occurred more rapidly than in pHD (Fig. 2A). The group differences persisted in SEQ2. Onset time change in our tasks is the sum of both explicit and implicit learning aspects of a sequence [17]. The number of correct anticipatory movements and declarative scores represents the explicit learning of sequence order; the progressive increase in movement times captures an implicit aspect of skill learning [17]. In the following paragraphs, we describe these two types of learning for the two groups. Explicit sequence learning. Declarative scores at the end of SEQ1 were significantly lower in pHD compared to controls (Fig. 3). The number of correct anticipatory movements increased across cycles in SEQ1 for both groups, but at a more rapid rate in controls than in pHD. This group difference persisted in SEQ2 (Fig. 2B). Implicit sequence learning. During SEQ1, movement times were different in the two groups: in controls, they increased significantly ( p < 0.005, Fig. 2C), while in pHD, they were shorter than in controls and showed a small, although not significant, decrement across SEQ1 ( p ¼ 0.09). In SEQ2, the difference between the two groups persisted. Spatial errors decreased across SEQ1 and SEQ2 cycles in both groups, and were higher, although not significantly so, in pHD than in controls (controls, SEQ1: 0.26  0.02 cm,
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