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ABSTRACT

Language is thought to comprise a mental lexicon,  in which words are stored, and a mental

grammar,  which can generate unlimited rule-governed forms.  Evidence is presented that the

lexicon is part of a temporal lobe “declarative memory” system, previously implicated in the

memory for facts and events, and that grammatical rules are processed by a frontal/basal-ganglia

“procedural” system, previously implicated in the processing of  motor, perceptual and cognitive

skills.  Patients with relative damage to one or the other brain system were given a task in which the

use of lexical memory and grammatical rule processing differed,  while other factors were held

constant: They were asked to produce the past tense of regular (look-looked) and novel (plag-

plagged) verbs, which require a grammatical -ed-suffixation rule, and irregular verbs (dig-dug),

which are retrieved from memory. The general declarative memory impairment in Alzheimer's

disease, which is associated with relative damage to the temporal lobe, led to more errors with

irregular than regular and novel verbs. The general impairment of procedures in Parkinson's

disease, which is associated with relative damage to frontal cortex or the basal ganglia, led to more

errors with regular and novel verbs than with irregular verbs. Moreover, basal ganglia lesions in

Parkinson's disease and in Huntington's disease which lead to the suppression of movement  also

led to the suppression of rule use.  In contrast,  a different kind of basal ganglia lesion in

Huntington's disease, which leads to excess movement, also led to excess rule use.  This suggests

that the well-studied basal ganglia neural circuits underlying motor programming might play a

comparable role in rule programming.
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INTRODUCTION

This paper addresses three questions in the study of the neural basis of language: First, how

many brain systems underlie language, and what class of functions does each compute? Second,

where are these systems in the brain?  Third, what neural mechanisms underlie their computations?

Evidence is presented that two major brain systems, whose functions, neuroanatomy and  neural

mechanisms have been well-studied, respectively subserve the two capacities that  give human

language its vast expressive power: a ``mental lexicon'' of memorized arbitrary information

associated  with words, including their sound patterns and their meanings; and a ``mental grammar,''

whose generative rules combine words  into an infinite number of larger words, phrases, and

sentences (e.g., see Saussure, 1916; Chomsky, 1965; Pinker, 1994).

A large body of work has suggested a neural dissociation between  lexical memory and

grammatical processing. In particular, lexical memory has been linked with left temporal or

temporo-parietal cortex, and grammatical processing with left frontal cortex  (e.g.,  Wernicke, 1874;

Geschwin, 1965; Damasio & Damasio, 1992; Goodglass, 1993; Dronkers & Pinker, 1995).

However, this neural dissociation remains controversial  (e.g., Bates & Wulfeck, 1989;  Blackwell

and Bates, 1995; Plaut, in press), partly because tasks probing for grammar and for memory  have

differed in ways other than their use of the two capacities. In this paper the dissociation between

lexical memory and  grammatical rule processing is confirmed with a simple language task in which

the use of the two linguistic capacities is constrasted while other factors, such as complexity,

meaning and task demands, are held constant.   

This paper links the dissociation to larger principles of neural organization.  Cutting across the

division of the brain into  systems such as language and visual perception, there is an  orthogonal

division into two major kinds of memory systems (Cohen & Squire, 1980; Mishkin, Malamut, &

Bachevalier, 1984 Damasio & Damasio, 1992; Lieberman & Kako, 1992; Squire, 1993). One is a

declarative memory system for facts, events, and arbitrary visual information, subserved by a

medial-temporal circuit  connected largely with temporal neocortex, with the medial-temporal

components consolidating memories eventually stored in neocortex (Cohen & Squire, 1980;

Mishkin, Malamut, & Bachevalier, 1984 Squire, 1993; Suzuki & Amaral, 1994). The other is a

procedural memory system for the learning and  processing of motor, perceptual and cognitive

skills, subserved by basal ganglia circuits  which project via the thalamus to frontal cortex (Cohen

& Squire, 1980; Mishkin, Malamut, & Bachevalier, 1984 Heindel et al., 1988; Saint-Cyr, Taylor &

Lang, 1988; Gabrieli et al., 1993; Squire, 1993).
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The forms and meanings of words are like  facts and events in being arbitrary  and in possibly

having storage sites in temporal regions. Therefore the temporal lobe declarative memory system

may subserve words as well as facts and events. Grammatical rules are like skills in requiring the

coordination of procedures in real time and in possibly having neural loci in frontal regions.

Therefore the frontal/basal-ganglia procedural system may process grammatical rules as well as

motor, perceptual, and cognitive skills.

In this paper the memory/rule dissociation is tested with a task based  on a simple linguistic

system in which reliance on grammar and lexicon  differs, while other factors are held constant.

Regular (look-looked) and irregular (dig-dug) past tense forms of verbs are well-matched in

complexity (one word), syntax (tensed), and meaning (past).  But regular verbs are predictable in

form (verb stem + -ed), and new ones are constantly being added (faxed, moshed), whereas

irregular verbs are unpredictable (compare sing-sang, fling-flung, bring-brought),  and constitute a

fixed list.   A simple theory is that irregular forms are memorized, and regular forms are generated

by a rule. Regulars and irregulars interact as follows: Retrieval of an irregular blocks the rule  (dug

pre-empts digged); when an irregular is not successfully retrieved,  application of the rule may

occur, resulting in  ``overregularization'' errors such as digged.

Two alternatives to this memory/rule theory have been proposed, both inspired by the

probabilistic patterns found among the irregulars (ring-rang, sing-sang, drink-drank, sit-sat). Both

alternatives posit that irregular and regular verbs are computed in a single system, and that they

differ only in number and in how consistently they follow a pattern. One posits rules for irregulars

(e.g., ``change i to a''), with memory compressed to the minimum information necessary (Chomsky

& Halle, 1968; Halle & Mohanon, 1985). The other posits a connectionist pattern-associator

memory, with rules eliminated, and both regular and irregular forms produced as generalizations

from previously learned similar verbs (e.g., sang generalized from sat and rang, stalked generalized

from stopped and walked) (Rumelhart & Mcclelland, 1986; Plunkett & Marchman, 1991).

Recent psycholinguistic evidence, however,  has supported the memory/rule account (Pinker &

Prince, 1988; Pinker, 1991). The irregular system is acquired early, is generalized rarely, requires

words to be frequent or to come from families of similar forms, and behaves like stored roots in

word-formation rules. The regular system is acquired later, is generalized freely even to rare, novel,

and unsual words, and behaves as the ``default'' in word-formation, applying even to words that

could not be stored as verb roots in memory, such as nouns (high-sticked) and onomatopoeia

(pinged) (Kim et al., 1991; Marcus et al., 1992; Xu & Pinker, 1992; Prasada & Pinker, 1993;

Ullman, 1993; Marcus et al., 1995). These phenomena occur in many languages, even those in

which regular forms are in the minority (Marcus et al., 1995). This converging evidence suggests

that irregulars  are words stored in associative memory,  and regulars are generally computed by a
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grammatical rule It is therefore of interest to confirm this distinction in the form of a neural

dissociation, and to use it to illuminate the functions of the major brain systems underlying

language and their relation to overall brain organization.

  If indeed irregulars are stored words, and the temporal lobe  declarative memory system

underlies lexical memory, and if regulars are rule-products, and the frontal/basal-ganglia procedural

system underlies the processing of rules, then the following double dissociations are predicted. In

patients with general impairments of declarative memory, and with damage to the temporal lobe but

relative sparing of frontal cortex and the basal ganglia (e.g., in Alzheimer's disease), deficits of fact

retrieval and word retrieval should be associated with deficits in the production irregular past tense

forms (dig-dug), but not with deficits in  the production of regular (look-looked)  or novel (plag-

plagged) past tense forms. Severe impairments of lexical memory associated with such damage

(e.g., in Alzheimer's disease)  should be accompanied by worse performance at irregulars than

regulars, overregularization errors (dig-digged) where the irregular fails  to be recalled and the rule

is applied instead,  and successful application of the rule to novel verbs. In contrast, in patients with

general impairments of procedures, and damage to the frontal/basal-ganglia system but relative

sparing of the temporal lobe (e.g., in Parkinson's disease), motor skill processing deficits should be

associated with deficits  in the production of regular and novel past tense forms,  but not with

deficits in the production of irregular pasts. Severe impairments of procedures or grammar

associated with such damage (e.g., in Parkinson's disease) should lead to greater difficulty

producing regular than irregular forms, an absence of overregularizations, and trouble inflecting

novel verbs. In practice, this contrast might be relative rather than absolute, because in a single

patient a lesion could strike both brain systems or a brain system common to the different verb

types.

Language can be linked not only to the function and neuroanatomy  of the two brain systems,

but also to their neural mechanisms. Within the procedural system, the basal ganglia circuits that

project to frontal cortex are parallel and structurally and functionally segregated: Each receives

projections from a particular set of ipsilateral cortical and subcortical regions, and projects via  the

thalamus to a particular ipsilateral frontal lobe area. Thus the ``motor'' circuit projects to frontal

motor areas, and subserves motor control, the ``oculomotor'' circuit projects to the frontal eye fields,

and subserves eye movement, and the ``prefrontal'' circuit projects to prefrontal areas, and may

subserve cognitive functions. These circuits are structurally segregated  in that they have few

connections between them, and are  functionally segregated in that each subserves a different

function. They are parallel in that they have similar  synaptic organizations, paralleling each other

throughout the basal ganglia's pathways. Thus within the basal ganglia each circuit splits  into the

``direct pathway,'' whose activation leads to  excitation in frontal cortex, and the ``indirect pathway,''
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whose activation leads to inihibition in frontal cortex (Alexander, DeLong and Strick, 1986;

Alexander, Crutcher, DeLong, 1990; Young and Penney, 1993; Middleton & Strick, 1994).

Therefore ``it would seem likely that similar neuronal operations  are performed at comparable

stages'' in each of the circuits,  and so ``detailed knowledge of the workings of once circuit  may

prove useful in attempts to clarify another'' (Alexander, DeLong and Strick, 1986 p. 361).

Basal ganglia circuitry may project to Broca's area (Hoover & Strick, 1993; Preuss, 1995),

raising the possibility that the basal ganglia subserve grammatical processing. If basal-ganglia-

thalamo-cortical circuitry subserving grammatical  rules does exist, it should perform neural

operations  comparable to those done for motor programming, in which case basal ganglia lesions

across circuits may similarly affect rule and motor programming. Thus the following associations

are predicted. Basal ganglia lesions leading to excess inihibition  in frontal cortex, and the

suppression of movement (e.g., the hypokinesia  found in Parkinson's and often in Huntington's

disease), may also lead to the suppression of rule use. In contrast, basal ganglia lesions leading to

excess excitation in frontal cortex,  and unsuppressible movements  (e.g., the hyperkinesia in

Huntington's disease), may also lead to excess rule use.

  

METHOD

Past Tense Production Task

Materials

This task was given to all cognitively impaired populations  described in this paper: patients

with Alzheimer's, Parkinson's  or Huntington's diseases, and posterior and anterior aphasics, as well

as normal control subjects.

Verbs

Subjects were presented with 120 verbs from six classes: 20 existing irregular verbs, which

take  an irregular past tense (dig-dug); 20 doublet verbs, which can take both an irregular and a

regular past tense (dive-dove/dived); 20 existing regular verbs, taking regular pasts  (look-looked),

and having stems not phonologically  similar to the stems of irregulars; 20 attracted regular verbs,

taking regular pasts, and having stems that are phonologically similar to the stems of irregulars

(glide-glided, c.f. hide-hid, ride-rode); 20 novel regular verbs, made-up stems which are not

phonologically similar  to the stems of existing irregulars, and whose expected pasts  were therefore

regular (plag-plagged); and 20 novel irregular verbs, made-up stems which are phonologically
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similar to the stems of  existing irregulars, and whose possible pasts might therefore be irregular or

regular (crive-crove/crived,  c.f. drive-drove, jive-jived).

The verbs were selected according to 6 criteria. First, the existing verbs were chosen to cover

relatively wide stem and past tense frequency ranges. Second, I avoided verbs which can play the

role of auxiliary or modal (do, be, have). Third, I eliminated verbs which were judged to be possible

denominals  (derived from a noun), de-adjectivals (derived from an adjective), or verbs of

onomatopoeic origin; the motivation for their elimination was that past tense forms  of such derived

verbs have been shown to be computed differently from other past tense forms (Kim et al., 1991).

Fourth, an attempt was made to avoid existing or novel verbs  whose stems or expected pasts were

phonologically or orthographically identical or similar to other existing words. Thus I avoided rend,

whose irregularized past rent  exists as a distinct word; similarly, novel forms like flam or shar

were rejected as being too similar to flame or share. Fifth, I attempted to avoid stems with

ambiguous pronunciations; thus I excluded verbs like blow, whose orthography is similar to both

flow and allow. I also avoided novel verbs like  palk, which might be incorrectly pronounced with

the ``l'' sound, rather than like walk. Sixth, all novel forms had to have acceptable English spellings.

Thus forms such as krog and krive were forsaken in favor of crog and crive.

In addition to these general criteria, further specific criteria  were applied to each of the six verb

classes:

Existing irregulars. These are verbs for which only an  irregular past is acceptable (dig-dug);

thus doublet verbs like dive-dove/dived were excluded.1  The 20 existing irregular verbs were swim-

swam, dig-dug, swing-swung, cling-clung, wring-wrung,2  grind-ground, bend-bent, bite-bit, feed-

fed, slit-slit, come-came, make-made, give-gave, think-thought, stand-stood,  hit-hit, split-split, keep-

kept, drive-drove, send-sent. However, all analyses in this paper were carried out on a 16 verb

subset, with hit, split, slit and grind excluded. The first three were omitted because their pasts

cannot be distinguished from their stems. Grind was excluded because  its past tense form

(ground) also exists as the stem of another verb (grind was the only such verb in the list). The

mean of the natural logarithms of each  past tense frequencies (Francis and Kucera, 1982)  for these

16 verbs was 3.7 (standard deviation of 1.9). 3  According to the memory/rule theory, irregular past

tense forms  (e.g., dug) are expected to be stored in and retrieved from memory.

Doublets. These verbs have acceptable regular and irregular pasts (dive-dove/dived). Doublets

were analysed separately from existing irregulars  because their evidence suggests that their regular

as well as irregular pasts appear to be stored in memory (Ullman, 1993). The 20 doublet verbs were

knit-knit/knitted, wed-wed/wedded, wet-wet/wetted, thrust-thrust/thrusted, light-lit/lighted, burn-

burnt/burned, dwell-dwelt/dwelled, spill-spilt/spilled, kneel-knelt/kneeled, dream-dreamt/ dreamed,

creep-crept/creeped, leap-leapt/leaped, tread-trod/treaded, sneak-snuck/sneaked, spin-spun/
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spinned, slink-slunk/slinked, slay-slew/slayed, strive-strove/strived, dive-dove/dived, shine-

shone/shined. All analyses in this paper excluded knit, wed, wet and thrust because their stems and

pasts cannot be distinguished. The mean of the ln-transformed frequencies for these 16 verbs'

irregular pasts is 0.8 (sd = 1.0), and 0.9 (sd = 1.1) for their regular pasts. According to the

memory/rule theory,  not only doublet irregular pasts (e.g., dove), but also doublet regular pasts

(e.g., dived), are likely to be stored in and retrieved from memory.

Existing regulars. These monosyllabic verbs were selected for their stems'  phonological

similarity to the stems of other regulars,  and dissimilarity to the stems of irregulars. To meet this

second criterion I attempted to select regular verbs whose stems' vowels and final consonant

clusters were not shared with those of irregular stems.  The 20 existing regulars were scowl, tug,

flush, cram, mar,  chop, flap, stalk, cook, scour, slam, cross, rush, shrug,  rob, drop, look, walk,

stir, soar. The mean of the ln-transformed past tense frequencies  for these 20 verbs was 2.0 (sd =

1.6). According to the memory/rule theory, regular past tense forms  (e.g., looked) are likely to be

rule produced.

Attracted regulars.  These verbs' stems are phonologically similar to the stems of irregulars

(glide-glided, c.f. ride-rode, hide-hid). They were treated separately from the (non-attracted)

existing regulars  described above because evidence suggests that such regular verbs,  whose stems

are similar to the stems of irregulars, are attracted  into the associative memory underlying

irregulars,  and stored alongside these irregulars --- whence their designation ``attracted regulars''

(Ullman 1993). The 20 attracted regulars, together with their regular pasts  and plausible

irregularized pasts, were swig-swag/swug/swigged, writhe-wrothe/writhed, sneeze-snoze/sneezed,

quell-quelt/quelled, yearn-yearnt/yearned, grit-grit/gritted, strut-strut/strutted, squeak-

squoke/squeaked, fend-fent/fended, wink-wunk/winked, earn-earnt/earned, swell-

swelt/swold/swelled, squeeze-squoze/ squeezed,  deem-demt/deemed, trim-trum/trimmed, skid-

skid/skidded, chide-chid/chode/chided,  fret-fret/fretted, blend-blent/blended, glide-

glid/glode/glided. In this paper all analyses excluded grit, strut, skid and fret because their stems

and likely irregularized pasts cannot be distinguished. The mean of the ln-tranformed past tense

frequencies  for these 20 verbs was .9 (sd = .7). According to the memory/rule theory, attracted

regular past tense forms  (e.g., glided) are likely to be stored in and retrieved from memory.

Novel regulars. These novel verb stems were selected to be phonologically similar to the  stems

of existing regulars and dissimilar to the stems of irregulars; therefore their only likely pasts are

regular. The 20 stems were spuff, traff, dotch, stoff, cug, slub, trab, pob, plag, crog,  vask, prass,

brop, prap, satch, grush, plag, tunch, scur, scash. According to the memory/rule theory, novel

regular past tense forms  (e.g., plagged) are rule produced.
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Novel irregulars. These novel verb stems were selected to be phonologically similar to the

stems of existing irregulars. The 20 stems, together with their regular pasts and some plausible

irregularized pasts, were strink-strank/strunk/strinked, frink-frank/frunk/frinked,  strise-

stris/strose/strised, treave-trove/treaved, crive-criv/crove/crived, shrell-shrelt/shrelled,  vurn-

vurnt/vurned, steeze-stoze/steezed, shrim-shram/shrum/shrimmed, trine-trin/trone/trined, preed-

pred/preeded, cleed-cled/cleeded,  scrit-scrit/scrat/scritted, ret-ret/retted, sheel-shelt/sheeled, blide-

blid/blode/blided, cleep-clept/cleeped,  prend-prent/prended, shreep-shrept/shreeped, drite-

drit/drote/drited. All analyses were performed on the 18 verb subset exluding scrit and ret, which

were omitted because their likely irregularized pasts cannot  be distinguished from their stems. The

memory/rule theory might expect novel irregular pasts (crive-crove) to be computed  across the

same memorized associations as existing irregulars  with similar stem-past mappings (drive-drove)

(Bybee and Slobin, 1982; Bybee and Moder, 1983; Prasada and Pinker, 1993; Ullman, 1993); in

contrast,  regularizations of such verbs (e.g., crived), are likely to be rule produced.    

Sentences

    Each verb stem was presented in a ``stem sentence'', which was  followed by a ``past tense

sentence'' prompting for a past tense form. For example:

Every day I look at Susan.

Just like every day, yesterday I ________ at Susan.

All sentences were written to conform to three criteria, whose purposes were to ensure

consistency among the items and to facilitate the task for language-impaired subjects. First, every

stem and past sentence were in the completive aspect. Second, every stem sentence began with

``Every day I,'' and   every past sentence began with ``Just like every day, yesterday I.'' Third, the

verb was always followed  by a two word argument or adjunct, each word being of  high frequency,

few syllables, and uninflected.  Moreover, for novel verbs these words were selected  to minimize

the possibility of conjuring up a meaning for the novel form from an existing similar-sounding

verb; thus I avoided ``Every day I brop a penny'' to prevent confusion with drop.

Procedure

The items were first randomized by computer program (Perlman, 1986), and then gone over by

hand to ensure that similar-sounding verb forms did not follow each other too closely.  All subjects

received items in the same order;  this was done for testing convenience.

Each subject was tested separately. The subject was first given several practice items, for which

he or  she was asked to read each stem and past tense sentence out loud, filling in the missing word

in the past tense sentences. Each sentence pair was printed on a single sheet of paper in large font.
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If the subject misread the verb stem, he or she was stopped  and asked to read it again. If reading

was laborious, both sentences were read by the experimenters, with appropriate intonation to elicit a

response for the missing word. All sessions were audio-taped.  During the testing of each subject,

the experimenters wrote down  all responses for each verb item. If any response was unclear, or if

the experimenters disagreed about a response,  the tape was played back until a consensus was

reached. Special attention was paid to weak final consonants such as the final [t] in looked and kept.

An item was counted as correct if it elicited only correct responses.   Thus any incorrect responses,

without, before, or after a correct  response, resulted in an incorrect score for that item. For doublet

and novel irregular verbs (dive, crive),  there is no single correct past tense;  therefore regular pasts

(dive, crived) were counted as correct if they were produced at any point before re-prompting, and

analogously with irregular pasts (dove, crove). Similarly, unmarked forms (e.g., look-look, keep-

keep)  were counted if they were produced before re-prompting. Over-regularizations (digged), as

well as multiply- or syllabically-suffixed forms (plaggeded, plag-id)  were counted even if they

were produced after any re-prompting,  to increase the sample size, because they were relatively

rare. These scoring criteria were used for all cognitively-impaired populations and for the normal

control subjects.

Object Naming Task

To measure lexical memory, subjects were asked to name 84 line-drawings of objects from the

Boston Naming Test (Goodglass, Kaplan and Weintraub, 1983),  presented one at a time. Subjects

were allowed several attempts on each item. Responses were scored as correct if the object was

correctly named during any attempt, as long as the next item had not yet been been presented.  No

phonemic or semantic prompting was given. A score of 100% indicates that all items were named

correctly.

Dementia Task: IMC

To estimate the severity of any dementia, subjects were given the Information, Memory and

Concentration (IMC) subtest of the Blessed Dementia Scale (Blessed, Tomlinson, & Roth, 1968).

The IMC dementia test has five subsections: (1) The subject is asked for general information, such

as his or her name and the current season; (2) tests for ``personal memory'', such as date of birth;

(3) requests ``non-personal memories'', such as the name of the current president and a date during

World War II; (4) is a 5 minute delay recall test of a fictitious person and his address; (5) asks the

subject to list the months backwards and count forwards and backwards between 1 and 20. Higher

IMC scores indicate greater dementia; a score of 0 indidates an absence of dementia.

Fact Retrieval



    12

Memory for facts and events was measured with the remote memory subsection of the IMC

dementia test --- that is,  the second and third subsections in which subjects are asked questions

about personal and non-personal facts and events.  Higher scores correspond to more errors.

EXPERIMENT 1: PATIENTS WITH ALZHEIMER'S DISEASE

Patients with probable Alzheimer's disease (AD)4  are impaired at learning new words, facts,

events, and visual information,  as well as recalling and recognizing old ones  (Lawson and Barker,

1968; Bayles, 1982; Corkin, 1982;  Muscovitch, 1982;  Hier et al., 1985;   Nicholas et al., 1985;

Huff et al., 1986;  Kempler, Curtiss and Jackson, 1987; Rissenberg and Glanzer, 1987; Beatty et al.,

1994; Huff et al., 1988; Sagar et al., 1988; Sahakian et al., 1988; Dall'Ora et al., 1989; Kopelman

1989; Nebes, 1989; Carlessimo and Oscar-Berman, 1992;  Price et al., 1993).

In contrast, AD patients (ADs)  appear to be relatively spared at learning new perceptual, motor

and cognitive skills  (Eslinger and Damasio, 1986; Heindel, Butters, & Salmon, 1988; Heindel,

Salmon et al., 1989; Knopman, 1991; Knopman and Nissen, 1987; Bondi and Kaszniak, 1991;

Grosse et al., 1991; Heindel et al., 1991; Deweer et al., 1993; Gabrieli et al., 1993), and at

processing motor and cognitive skills learned before disease onset (Cummings and Zarit, 1987;

Beatty et al., 1988;  Crystal, Grober and Masur, 1989; Beatty et al., 1994).

Moreover, evidence suggests that ADs may have relatively spared syntax, morphology, and

phonology, even in the face of lexical and conceptual deficits. This has been shown in English in

spontaneous speech (Kempler, Curtiss & Jackson, 1987; Hier, Hagenlocker & Shindler, 1985;

Bayles, 1982; Appell, Kertesz and Fisman, 1982; Nicholas, Obler, Albert, & Helm-Estabrooks,

1985; Murdoch, Chenery, Wilks and Boyle, 1987; Price et al., 1993), elicited sentence production

(Schwartz, Marin, & Saffran, 1979), sentence comprehension (Schwartz, Marin, & Saffran, 1979;

Kempler et al., 1987),  and identification or correction of errors (Cushman and Caine, 1987;

Whitaker, 1976). Similar contrasts have also been shown in French  (Irigaray, 1973; see Obler,

1981).

These behavioral dissociations may stem from neuroanatomical dissociations.  In AD, medial

temporal structures tend to have higher  densities of neurofibrillary tangles (NFTs) than any other

area, while high-order temporal areas have higher densities  than many other neocortical areas,

including Broca's area (Brodmann's areas 44 and 45),  which tends to be relatively spared,  as do the

basal ganglia and the cerebellum  (Kemper, 1984, 1994; Arnold et al., 1991;  Dustin, Brion &

Flament-Durand, 1992). Similarly, Brun and Gustafson (1976) found that medial temporal and

temporo-parietal areas suffered the greatest cell loss in AD. A number of PET studies of regional
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brain metabolism in AD  suggest that hypometabolism is worse and more frequent in the  temporal

and parietal than in the frontal lobes, and that the basal ganglia and cerebellum are relative spared

(see Rapoport, 1991; Grady and Rapoport, 1992).  Note that NFT densities and hypometabolism,

unlike densities of neuritic plaques, are good predictors of cognitive decline  (Wilcock & Esiri,

1982; Rapoport, 1991).

If temporal neocortex underlies the storage of words as well as facts, but is not involved in

processing grammatical rules,  we should find correlations between difficulties remembering facts

and difficulties remembering words,  and each of these with difficulties producing irregularized past

tense forms, but not with difficulties producing regularized pasts.  In addition, AD patients with

severe lexical memory impairments should  be worse at producing irregular than rule-generated past

tense forms.

Subjects

The tasks were given to 24 patients diagnosed with probable AD  lacking complications,

according to the guidelines of the National Institute of Aging (NIA) and  the National Institute of

Neurological and Communicative Disorders and Stroke  (NINCDS) (Khachaturian, 1985;

McKhann, Drachman, Folstein, Katzman, & Price, 1984). All patients were Native speakers of

standard American English; 21 were monolingual, 3 bilingual;5   16 were female, 8 male; 22 were

right-handed, 2 ambidextrous. The 24 patients had a mean age of 73 years,  and a mean of 15 years

of education.

Results and Discussion

Across the 24 AD patients, object naming difficulties correlated with difficulties  producing

existing (dug)  and novel (crove) irregular pasts, but not existing (looked)  or novel (plagged)

regular pasts, or regularizations of novel irregulars (crived) (with irregularizations partialed out)

(Table 1, a). This pattern also held when IMC dementia scores were partialed out (Table 1, b),

suggesting that the correlation pattern cannot be explained by the patients' dementia.  It might be

argued that the lack of a correlation between object naming and past tense production of regulars

was due to the high production rate of existing regulars,  resulting in a relative lack of variance

(92% correct, sd=12%, vs 84%, sd=16% for existing irregulars).  However, the correlation pattern

held even when  the past tense production variable was rank-ordered (Table 1, c); moreover,

irregulars were produced no less successfully, and with smaller standard deniations, than novel

regulars (plagged) and regularizations of novel irregulars (crived) (respectively, 86% %, sd=18%

and 75%, sd=21%), which showed the same pattern as existing regulars (looked).  Object naming
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difficulties correlated negatively with  overregularization rates (digged)  (r(22)=-.58 p=.003),  even

with IMC scores partialed out (r(21)=-.45 p=.029). This supports the hypothesis that

overregularizations  are rule-produced upon the failure to retrieve their corresponding  irregulars

(dug) from memory (Marcus et al. 1992).

Fact retrieval difficulties correlated with object naming difficulties (r(22) =  -.61, p < .001), and

also with difficulties producing irregular pasts, but not with difficulties producing any of the three

regularized pasts (looked, plagged, crived) (Table 1, d). This correlation pattern remained with IMC

dementia scores  (excluding the IMC fact retrieval component) partialed out  (Table 1, e), even when

the past tense variable was rank ordered  (Table 1, f). Similarly, fact retrieval difficulties correlated

negatively with overregularization rates (r(22)=.57 p=.004), even with  IMC scores (excluding fact

retrieval) partialed out  (r(21)=.45 p=.030). Surprisingly, the correlation between fact retrieval

difficulties  and difficulties producing novel irregularized pasts (crove) was either not significant

(Table 1, d and e) or marginally significant (Table 1, f); this suggests that their are few neural

substrates in common between fact retrieval and the production of novel irregulars.

If words and facts are stored in temporal neocortex rather than in medial temporal structures, we

might expect that performance at the acquisition of new facts, which is known to  depend upon

medial temporal structures, should not correlate with performance at the production of irregulars.

Indeed, the ADs' performance at the 5-minute recall test in the IMC, in which subjects are asked to

recall a fictitious name and address, did not correlate with performance at producing irregular past

tense  forms (or with performance at any other of the past tense types; see Table 1, g); this was even

more striking when performance at fact retrieval was partialed out (r(21)= -.05 p=.809).  In

contrast, fact retrieval performance still correlated with performance producing irregular pasts, even

with performance at  5-minute recall partialed out (r(21)= -.55 p=.007). This contrast also held with

Spearman rank correlations (r(21)= -.20 p=.371  vs r(21)= -.45 p=.032).

If one set of neural structures subserves the regular rule, while another set underlies the

production of existing and novel irregular pasts, then the ADs' production rates of the three types of

regularized pasts should be inter-correlated, as should their production rates of existing and novel

irregulars, while correlations between performance at regular and irregular past  types should not be

significant.  As shown in the upper section of Table 1, difficulties producing existing regulars

(looked),  novel regulars (plagged), and regularizations of  novel irregulars (crived) were highly

inter-correlated (p<.001 in all three cases), but were not correlated with success at existing or novel

irregulars (p>.25 in four cases, and a borderline significant correlation between novel  regulars and

novel irregular pasts, which may be due to their shared novelness). Moreover, the significant

correlations among the regular past types occured despite the existing regular's high success rate,

whose  resulting ceiling effects should serve to mask such correlations. The correlation between the
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production rates for existing and novel irregular past tense forms barely approached significance;

this is consistent with the hypothesis that they share only some underlying mechansims.

If irregular but not regularized past tense forms are lexicalized,  and if the neural systems

underlying lexical memory are lesioned in AD,  while those subserving grammatical rules are

relatively spared,  then those AD patients with the greatest impairments of lexical memory should be

worse at producing irregular than  regularized past tense forms.

AD symptoms are variable.  The 5 ADs with the worst object naming scores were therefore

selected for comparison with age- and education-matched control subjects. These 5 anomic ADs

were all right-handed;  4 were native speakers of American English, 1 was bilingual; 4 were female,

1 male.  The 5 had a mean age of 74, and a mean 14 years of education. Their scores were

compared with those of 14 normal control subjects, who had a mean age of 74 and a mean of 16

years of education; 11 were native speakers of American English, 3 bilingual;  12 were right-

handed, 2 ambidextrous; 9 were female, 5 male. There was no statistically significant difference

between the 5 anomic ADs' and the 14 control subjects' ages (t(17)=.32 p=.751) or  years of

education (t(17)=1.64 p=.119).

To determine whether the 5 anomic ADs were more impaired at the production  of irregular

pasts (dug) than regular pasts (looked),  compared to controls,  a mixed between-subject (AD and

control groups) and within-subject (regular and irregular verb classes) analysis of variance

(ANOVA) was carried out. This revealed a statistically significant interaction between group and

verb class (F(1,17)=20.45 p<.001), as did analogous mixed analyses of covariance (ANCOVAs)

with age (F(1,16)=24.03 p<.001), education (F(1,16)=16.33 p<.001)  or IMC dementia scores

(F(1,16)=14.14 p=.002) held constant.  Following up on the ANOVA with t-tests showed that

regular pasts were produced statistically significantly  more successfully than irregular pasts by the

ADs  (paired t(4)=8.33 p=.036 over subjects, indep. measures t(34)=4.86 p<.001  over items), but

not by the control subjects  (paired t(13)=1.29 p=.221 over subjects, indep. measures t(34)=1.22

p=.229 over items). (see Table 2 for means). The ADs' superior performance on the regular verbs

could not be due to any frequency advantage because the irregular items had higher past tense

frequencies. Neither does it appear to be caused by an averaging artifact: 4 of the 5 ADs had higher

regular than irregular scores (mean advantage of 38 percentage points); all 4 individual  subject

independent measures t-tests over items were statistically significant.  In contrast, the remaining

subject (EF) was only 6 percentage points more successful at the irregulars than on the regulars,  a

difference which was not statistically significant.   (see Table 2 for individual subject analyses).

The 5 ADs produced significantly more overregularizations (digged) than their control subjects,

(independent measures (t(17)=6.45 p<.001), as well as more overregularizations as a proportion of

their irregulars errors (independent measures t(10)=2.46 p=.034; analysis carried  out on only
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those control subjects who made at least one irregular error). This further supports the hypothesis

that overregularizations are produced upon failure to retrieve the stored  irregular past tense form.

Novel regular pasts (plagged) have not been heard before, and therefore could not be

memorized, and must be created anew.  According to the memory/rule theory, they must be

generated by the application of the rule to the stem; therefore the anomic ADs may be better at

producing  the pasts of novel regulars than of existing irregulars, despite the conceptual difficulties

associated with  carrying out the task with novel verbs.  A mixed between-subject (the 4 anomic

ADs able to carry out the production task with novel verbs, and the 14 control subjects)  and within-

subject (novel regular and existing irregular verb classes)  ANOVA revealed a statistically

significant interaction between subject group and verb class (F(1,16)=7.22 p=.016),  as did

analogous ANCOVAs holding constant age (F(1,15)=9.26 p=.008), education (F(1,15)=5.82

p=.029), or IMC dementia scores (F(1,15)=11.72 p=.004).

Follow-up t-tests showed that the ADs were more successful at producing past tense forms for

novel regulars than for existing irregulars (indep. measures t(7)=2.15 p=.069 over subjects, indep.

measures t(34)=2.80 p=.008 over items),  while their control subjects showed the opposite tendency

(nonsignificantly: paired t(13)=1.57 p=.140 over subjects; indep. measures t(34)=1.19 p=.243 over

items). Three of the four AD subjects were worse at producing pasts for existing irregulars than

novel regulars  (mean difference of 18 percentage points), while the fourth subject showed the

opposite pattern (21 percentage point advantage for the irregulars)6    (see Table 2).

If novel irregularizations (crive-crove) are associatively computed alongside existing irregulars

(Bybee and Slobin, 1982; Bybee and Moder, 1983;  Prasada and Pinker, 1993; Ullman, 1993),

their production should be impaired among anomic ADs. In contrast, regularizations of these same

verbs (crive-crived)  should be produced with fewer difficulties if they are rule-products. Although

in a mixed between-subject (the 4 anomic ADs able to perform the task on novel verbs, and the 14

controls) and within-subject  (irregularizations and regularizations of novel irregulars)  ANOVA the

interaction between group and past type  was not statistically significant (F(1,16)=1.19 p=.292),  the

ADs produced one fourth as many irregularizations  (crive-crove) as their controls (t(16)=1.72

p=.105), but a slightly, though non-significantly, larger number of regularizations  (crived)

(t(16)=.44 p=.670).  Thus the anomic ADs appeared to have trouble computing novel irregular

forms, resorting to the regularized form instead.   

Interestingly, rule-generated forms appeared to  have been produced with no impairment:

Despite the conceptual difficulty of performing the task with novel verbs,  the 5 ADs were not

significantly worse than their control subjects at  producing novel regular pasts (plagged), and

produced  more regularized pasts of novel irregulars (crived) than the controls. They also produced

more overregularizations as a percentage of irregular errors than their control subjects, with is
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consistent with facilitated rule use among the ADs, compared to controls. Similarly, once general

intellectual deterioration  was adjusted for, the ADs were better  than their controls at producing

regularized pasts. In an ANCOVA between the 5 anomic ADs and their controls, holding IMC

dementia scores constant, the ADs' IMC-adjusted mean  for the production of regular pasts

(looked) was actually  20 percentage points higher than that of their control subjects 0% for ADs,

90% for controls (F(1,16)=6.71, p=.020), while the ADs' unadjusted mean  was 9 percentage point

below that of the controls. A similar though non-significant pattern held for the analogous

ANCOVA for novel verbs: For novel regulars (plagged) the ADs' IMC-adjusted mean had a 17

point advantage  (F(1,15)=1.30, p=.273), 4% for ADs, 87% for controls versus a 9 point

disadvantage with the unadjusted means, and for regularizations of novel regulars (crived) the ADs'

IMC-adjusted mean had a 33 point advantage  (F(1,15)=.75, p=.399). 3% for ADs, 60% for

controls Thus once there has been an adjustment of the ADs' general intellectual  impairment, which

may have given them trouble understanding or paying attention to the task, we find that they are

better than  their control subjects at producing regularized past tense forms,  as if rule production

had been facilitated.     

Summary and Conclusion

Difficulties with object naming and with fact retrieval  were correlated with each other. Each of

these was correlated with difficulties producing existing irregular (dug), and, to a lesser extent,

novel irregular (crove) past tense forms, and, negatively, with overregularization rates (digged).  In

contrast, neither difficulties with object naming nor with fact retrieval were correlated with

difficulties producing any of the  three types of regular past tense forms (looked, plagged, crived).

This constrast held even when past tense performance was rank ordered, or when IMC dementia

scores or  performance at 5-minute fact recall were partialed out. Production rates of the three types

of regular pasts were  highly inter-correlated, but were not correlated with   production rates of

existing or novel irregular pasts.  The 5 most anomic ADs (those with the worst performance at

object naming) had more trouble producing irregularized (dug, crove) than  regularized (looked,

plagged, crived, digged) past tense forms, which appear to have been produced without impairment,

and possibly with facilitation.

These results suggest that the pasts of existing irregulars (dug) are stored in and retrieved from

lexical memory, which is  part of the same neural system as the memory for facts and events. The

production of novel irregular pasts (crove) also appears to depend partly on neural structures

underlying lexical memory, and  to a lesser extent, on those underlying the memory for facts and

events. In contrast, the results suggest that production of the three  types of regular pasts (looked,

plagged, crived) is not subserved  by the neural system subserving lexical and fact-event memory.
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The results therefore support the memory/rule hypothesis, with a brain system that is damaged in

AD subserving the memory of facts and words, but not the processing of grammatical rules. The

damage to temporal cortex in AD, and relative sparing of frontal cortex and the basal ganglia,

support the view that temporal cortex underlies the memory for facts and words, as part of the

declarative memory system,  but not grammatical processing, which may be subserved by the

frontal/basal-ganglia procedural system.

Further Discussion

Alzheimer's disease and the study of the neural bases of grammar

This study supports previous claims that grammatical processing is relatively spared in AD.  In

contrast, deficits in AD have  been reported not only for lexical memory and conceptual

information, but also for discourse (Bayles, 1982). Thus within language, the sparing of grammar

in AD  appears to be relatively selective, as opposed to the relatively selective impairment of

grammar in  anterior aphasia (Broca's aphasia). This contrast may provide a useful  construct for

the study of language, particularly of grammar.  The selective sparing of a domain such as grammar

may elucidate it in ways that its selective impairment could not. While selective impairment can

reveal which neural structures are necessary for a computation, selective sparing can reveal those

that are sufficient. Thus by studying ADs as well as anterior aphasics, we may be able to determine

which neural structures are both necessary and sufficient for grammatical processing. Moreover,

selective sparing may avoid certain problematic interpretations of selective impairment, such as

possible lesion side  effects (i.e., damage to one set of neural structures resulting in the malfunction

of another set through their connectivity).

Given that grammatical processing is relatively spared in AD, it seems likely that brain areas

which are heavily lesioned in  the disease are not necessary for grammatical rule processing.  Thus

the relatively high densities of of neurofibrillary tangles  in area 22, and very high densities in area

38 (Arnold et al., 1991),  may cause problems for claims that the anterior portion of area 22

(Dronkers et al., 1994),  or the left temporal pole in general (Mazoyer et al., 1993),  might play a

role in grammatical processing. Similarly, Arnold et al. (1991) found very high NFT  densities in

anterior insular cortex, suggesting that this  region may also not be necessary for grammatical rule

processing.

Dissociations in irregular and regular  spelling-to-sound transformations

This study has shown a dissociation in AD between the impaired  production of irregular past

tense forms, and the relatively  spared production of regular past tense forms. A similar dissociation

has also been shown in a non-grammatical domain. Studies have revealed that Alzheimer's disease

is associated with relatively intact reading and writing of regular spelling-to-sound transformations
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(forms with predictable pronunciations  in English, such as mint, or the novel form rint) , while

irregular spelling-to-sound transformations are problematic  (forms with unpredictable

pronunciations, such pint, or yacht)).

Balota and Ferraro (1993) found a frequency by regularity interaction  for reading, with

irregular spelling-to-sound transformations  showing a greater disadvantage for low frequency than

high frequency  forms, compared to regulars.  This is consistent with the view  that while irregularly

spelled forms are lexicalized,  regularly spelled forms are not.  Similarly, Schwartz, Marin and

Saffran (1979) found that a  subject with degenerative dementia showed  few problems with regular

words or high-frequency irregular words;  low-frequency irregular words were not tested. In

contrast, three anterior-lesioned patients to whom they gave the task (including VS and HT,

performed at chance at the regularly spelled words. Warrington (1975) tested three patients with

diffuse cerebral lesions of unknown origin (possibly Alzheimer's disease), two of whom showed

signs of increased pathology in left temporal, temporo-parietal, or adjecent posterior regions.  These

patients had difficulty reading irregular words, even those of high frequency, while their reading of

regular words was relatively spared.  An analogous regular-irregular contrast was found in  writing

to dictation (Rapcsak et al., 1989), wherein AD patients were better at spelling regular than irregular

words.

Such dissociations, respectively termed  ``surface dyslexia'' and ``surface agraphia'' for reading

and writing, are also found in patients with lesions (e.g., from strokes)  in left temporal areas and

adjacent posterior regions    (e.g., Coltheart et al., 1983).  This pattern contrasts with that of many

patients with  lesions in left anterior areas, who are often worse at reading or writing regular than

irregular spelled forms (``phonological dyslexia'' and ``phonological agraphia''). Lesions in

temporal and adjacent posterior areas are also associated  with greater difficulties producing

irregular than regular past tense forms, whereas anterior lesions are associated with the opposite

pattern (see Ullman et al., in press).

These parallel double dissociations between the domains of  spelling and inflectional

morphology suggest a neural commonality between regular spelling-to-sound transformations and

regular inflectional morphology, and likewise for irregulars. The apparent relative sparing of the

learning and processing of motor, perceptual and cognitive skills in AD, in the face of the impaired

learning, recall and recognition of words, facts, events, and arbitrary visual information,  suggests

that regular transformations in the spelling-to-sound and inflectional morphology domains involve

the procedural system, while irregulars in both domains are learned and stored in declarative

memory. It is important to point out that I am not claiming  that representations of all types of

arbitrary information  are randomly distributed across temporal or temporo-parietal cortex. Rather I

am suggesting that many different types of arbitrary or unpredictable information,  including
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information about facts and events, conceptual information, visual information,  unpredictable word

forms such as irregular pasts and words with irregular spelling-to-sound transformations, are

subserved by the declarative memory system. Such memories are presumably consolidated in

medial temporal structures, and eventually stored in cortex. However, representations sharing certain

features,  or learned in a particular modality, might very well be clustered together, such that a lesion

might affect representations of one type of information more than others.   Indeed, there have been a

number of case studies of patients  with temporal lobe pathology who have category-specific

deficits, even limited to a particular modality  (e.g., Warrington and Shallice, 1984; McCarthy and

Warrington, 1988; Hart and Gordon, 1992;  see Rapp and Caramazza, 1995. for a discussion).

Crucially, in this paper I am emphasizing  the neural commonality, rather than distinctiveness,  of

representations of these different types of information, which I suggest can be attributed to their

common dependence upon declarative memory.

EXPERIMENT 2: PATIENTS WITH PARKINSON'S DISEASE

Parkinson's disease (PD) is associated with  severe degeneration of dopaminergic neurons in

the substantia nigra pars compacta of the basal ganglia,  while in non-demented PD patients

temporal and parietal areas are relatively spared of pathology  (Dubois et al., 1991).  This basal

ganglia degeneration results in the  inhibition of frontal cortical areas to which  the basal-ganglia-

thalamic circuits project,  which appears to explain why PD patients (PDs) have difficulty initiating

and carrying out movement (hypokinesia) (Young and Penney, 1993). The basal ganglia

degeneration might also account for  findings suggesting impairments in the learning of new motor

(Harrington et al., 1990; Ferraro et al., 1993;  Jackson et al., 1995),  perceptual  (Bondi and

Kaszniak, 1991; Allain, Lieury, Quemener, et al.,  1995), and possibly cognitive  (St. Cyr et al.,

1988;  Allain, Lieury, Quemener, et al., 1995) skills. However, such deficits in skill learning have

not always been found, and the issue remains controversial (Heindel et al., 1989; Harrington et al.,

1990; Dubois et al., 1991;  Allain, Lieury, Thomas, et al., 1995).

Grammatical processing may also be impaired. Several studies have found impaired sentence

comprehension among Parkinson's patients, with syntactically more complex sentences yielding

more errors  (Lieberman et al., 1990; Lieberman et al.; 1992, Grossman et al., 1991; Grossman et

al., 1992; Natsopoulos et al., 1991). However, it is unclear whether impairments of working

memory  or other non-linguistic functions could account for these results. Illes et al. (1988) and

Illes (1989) reported that the spontaneous speech of moderate PDs had lower syntactic complexity
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than the speech of mild PDs, as measured by a syntactic complexity metric developed by the

authors and based on lexical functional grammar. They also reported a significantly higher ratio of

open class words (e.g., nouns and verbs) to function words (e.g., determiners and prepositions) for

PD patients than controls.

 In contrast, learning words, facts, events, and visual information is relatively spared, particularly

in non-demented PDs, and  especially when the information must be recognized rather than recalled

(Lees and Smith, 1983; Flowers, Pearce & Taylor et al., 1986; St. Cyr et al., 1988;  see Dubois et

al., 1991 for a review). Similarly, in non-demented PDs,  words, facts, events, and visual information

learned before onset of the disease (remote memory) are  relatively spared for recognition, and to a

lesser extent for recall (Warburton, 1967; Matison et al., 1982; Freedman et al., 1984; Globus et al.,

1985; Huber et al., 1986; Sagar et al., 1988; Levin et al., 1989;  Bayles 1990).

If the basal ganglia underlie grammatical rule processing as well as motor programming, the

suppression of movement  (hypokinesia) in PD should be associated with the suppression of rule

use.  If the basal ganglia are less important  in word-finding, such patients may be  relatively spared

at the production of irregulars. Thus if the left basal ganglia project not only to left  cortical motor

areas, which subserve right-side movement, but also to left frontal areas subserving grammatical

processing (see above), right-side hypokinesia should be associated with the suppression of rule

use, and therefore with difficulty producing past tense rule-products (looked, plagged, crived,

digged), but perhaps not with difficulty producing irregular pasts (dug, crove).

Subjects

The tasks were given to 38 subjects who were diagnosed by their primary neurologist as having

idiopathic Parkinson's disease; each diagnosis was confirmed by neurologists from the Movement

Disorders Unit at Massachusetts General Hospital. Analyses were carried out only on the 28

patients who learned standard American English as a primary language before the age of 5 (i.e., first

language or bilingual), who were not severely demented (IMC score <= 5), and who had no other

medical complications. One additional patient was excluded from analyses because  he was severely

hyperkinetic, presumably from levodopa medication. Of the 28 patients, 25 were first language

speakers, and 3 bilingual; 6 were female, 22 male; 26 were right-handed, 2 ambidextrous. The mean

age of the 28 patients was 69, with a mean of 15 years of education.   23 of the patients were

receiving levodopa with a peripheral decarboxylase inhibitor (Sinemet).

In addition to the past tense production, object naming, and IMC dementia tasks, all PD patients

were given  a test measuring the severity of their hypokinesia (akinesia and bradykinesia).   This
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consisted of four hand and foot movement tests taken  from the Unified Parkinson's Disease Rating

Scale (UPDRS) (Fahn et al. 1987). Left and right limb movements were scored separately.  The

four tests were conducted while the patient was sitting down and facing the experimenter: (1) In

Finger Taps, the patient taps the thumb with the index finger in rapid succession, with the widest

amplitude possible. (2) In Hand Movements, the patient opens and closes the hand in rapid

succession with the widest amplitude possible. (3) In Rapid Alternating Movements of Hands (also

called  Pronation-Supination Movements of Hands),  the patient turns both hands palms-up and

then palms-down,  as quickly and with as large an amplitude as possible. (4) In Leg Agility, the

patient bends the knee and taps the heel on the ground in rapid succession, picking up the entire leg

about three inches off the ground with each tap.   In evaluating a patient's performance on these

tasks, several factors are taken into consideration: the number of repetitions performed, their

amplitude, hesitations in movement, and fatigue.

Results and Discussion

Across the 28 PD patients, right-side hypokinesia  correlated with difficulties producing the

three types of  regularized pasts (looked, plagged, crived),  but not with difficulties producing  the

two types of irregular pasts (dug, crove) (Table 3, a).  This pattern held  even with IMC dementia

scores partialed out  (Table 3, b).  Although a similar pattern was observed for the analogous

correlations with left-side motor impairmment  (Table 3, c and d), the correlation coefficients for the

three regular past types  were each smaller (less negative) for these left-side correlations than for the

analogous right-side correlations, both in the surface correlations,  and with IMC scores were

partialed out. Paired t-tests suggested these differences were not due to chance alone (t(2)=3.46

p=.074, t(2)=3.93 p=.059). In contrast, this difference did not hold with the two irregular past types

(p > .4 in both cases, with left-side hypokinesia actually a slightly better predictor).

More importantly, the superiority of right-side hypokinesia  in predicting difficulties  with

regularized pasts was confirmed in partial correlations: With left-side hypokinesia partialed out,

right-side hypokinesia  correlated with difficulties  producing existing regulars (statistically

significant)  and novel regulars (borderline statistically significant),  but not with difficulties

producing existing or novel irregular pasts (Table 3, e). In contrast, left-side hypokinesia was not

predicitive of the  difficulty producing any of the past tense types, once right-side hypokinesia was

partialed out  (Table 3, f).

If the left basal ganglia play a role in rule programming as well as motor programming, but are

less important in the  production of irregular past tense forms,  then right-side hypokinesia should
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correlate with difficulties  producing regularized forms, but not irregular forms,  even when object

naming scores are partialed out. Indeed, this is what we found (Table 3, g). In contrast, if irregular

forms are  retrieved from (dug) or computed in (crove)  lexical memory, while regularized forms are

not, object naming should correlate with difficulties producing irregular but not regularized forms,

when right-side hypokinesia is held partialed out.   Indeed, object naming was weakly predictive of

irregularized pasts, but not at all of regular pasts  (Table 3, h).

The memory/rule theory  is further supported by the finding  (see upper section in Table 3) that

difficulties producing the three types of  regular pasts (looked, plagged, crived) were strongly inter-

correlated (p < .01 for all three correlations), while the correlations between difficulties producing

these regular pasts  and the pasts of existing or novel irregulars were not significant (p > .3 in four

cases, and borderline significant for the correlation between existing regulars and irregulars, which

may  indicate that existing regulars are sometimes memorized).

If the left basal ganglia underlie the processing of both right-side motor skills and grammatical

rules, but are less important in the retrieval and storage of words, then PD patients with severe right-

side hypokinesia should  be worse at producing rule-generated than stored past tense forms.

PD symptoms are variable.   The 5 PDs with the worst right-side  hypokinesia were therefore

selected for comparison with age- and education-matched controls. These 5 hypokinetic PDs  were

all right-handed native speakers of American English;  1 was female, 4 male. Their mean age was

72, with a mean of 16 years of education. The performance of the 5 PDs was compared with that of

the same 14 controls with which the ADs were also compared.  There was no statistically significant

difference between the PDs' and controls'  age (independent measures t(17)=1.10 p=.286) or years

of education (t(17)=.38 p=.706).

To determine whether the 5 PDs with the most severe right-side hypokinesia  were more

impaired at the production of regulars (looked)  than irregulars (dug), compared to controls,  we

carried out a mixed  between-subject (the 5 PDs and their control subjects) and within-subject

(existing regular and irregular verb classes) ANOVA. This revealed a statistically significant

interaction between group and verb class (F(1,17)=7.65 p=.013),  as did analogous mixed

ANCOVAs  holding constant age (F(1,16)=6.09 p=.025), education (F(1,16)=7.72 p=.013),  or

IMC dementia scores (F(1,16)=5.82 p=.028). The PDs were marginally better at producing past

tense forms for irregular than regular verbs (paired t(4)=1.98 p=.118 over subjects,  indep.

measures t(34)=1.34 p=.190 over items), while the controls showed the opposite pattern  (paired

t(13)=1.29 p=.221 over subjects, indep. measures t(34)=1.22 p=.229 over items). Four of the five

PDs had higher scores on regular than  irregular verbs (mean advantage of 11 percentage points),

while the remaining subject was 6 percentage points better at irregulars (Table 4).
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The 5 PDs produced no overregularizations, despite their opportunity to do so, with  a mean of

12% of their irregular items yielding errors.In contrast, the control subjects overregularized 14% of

their irregular errors, even though they made were fewer irregular errors than the PDs (t(17)=2.03

p=.059),  and thus had less opportunity to overregularize.

Novel regular pasts (plagged) have not been heard before,  and therefore could not have been

memorized, but must rather be  created anew. The memory/rule theory predicts such forms are rule-

products, and therefore the hypokinetic PDs should be impaired at producing them. A mixed

between-subject (PD and control groups) and  within-subject (novel regulars and existing irregular

verb classes)  ANOVA revealed a statistically significant interaction  between subject group and

verb class (F(1,17)=21.03 p<.001), as did analogous ANCOVAs holding constant  age

(F(1,16)=21.73 p<.001), education (F(1,16)=20.28 p<.001) or IMC dementia scores

(F(1,16)=20.10 p<.001). Follow up t-tests showed that the PDs were less successful at novel

regulars than existing irregulars (paired t(4)=10.47 p<.001 over subjects, indep. measures

t(34)=3.49 p=.001 over items),  while this difference was not significant for the controls,  despite

their larger subject sample size  (paired t(13)=1.57 p=.140 over subjects, indep. measures

t(34)=1.19 p=.243 over items). All 5 PDs showed this superiority at irregulars, thereby precluding

an averaging artifact (Table 4).

Interestingly, the 5 PDs were also more successful at producing  existing regulars (looked) than

novel regulars (plagged). There was a significant interaction between group and verb class

(F(1,17)=6.05 p=.025), and   the difference between the existing and novel regular success rates

was significantly greater for the PDs (mean difference=1 t(17)=2.46 p=.025). This is not

surprising, given that existing regular past tense forms  have been heard before, and therefore have a

non-zero probability of  having been memorized, while novel regular past tense forms could not

have been memorized, and therefore their production  should be more susceptible to suppression of

the rule.

If regularizations (crive-crived) of novel irregulars are also  rule-generated, while their

irregularizations (crive-crove) are associatively computed alonside existing irregulars (Bybee and

Slobin, 1982; Bybee and Moder, 1983; Prasada and Pinker, 1993; Ullman, 1993), the hypokinetic

PDs should have more difficulty than their controls  at producing regularizations, but perhaps not

irregularizations. A mixed between-subject (PDs and controls) and within-subject (irregularizations

and regularizations of novel irregulars) ANOVA revealed the suggestion of an interaction between

group and past type (F(1,17)=2.77 p=.114), as did ANCOVAs holding age  (F(1,16)=2.77 p=.115)

or IMC dementia scores constant, (F(1,16)=3.29 p=.089),  while the interaction from the ANCOVA

holding  education constant was statistically significant (F(1,16)=5.47 p=.033). Follow-up

independent measures t-tests revealed that the PDs were indeed less successful than the controls at
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producing regularizations (crived), (t(17)=2.67 p=.016), while there was a non-significant trend in

the opposite direction  for irregularizations (t(17)=.66 p=.516). This contrast shows that the PDs'

difficulty with regularizations of novel verbs cannot be fully explained by a general impairment  at

processing novel verbs.

Arguments against Alternative Explanations

Although the findings suggest that neural damage in PD results in greater difficulties with rule-

generation than  with the production of irregularized forms, at least four alternative explanations

might account for the results.

First, could frequency effects explain the findings?  The 5 hypokinetic PDs' relative impairment

at producing pasts for the  existing regulars could be explained by the fact that the  past tense

frequencies of those items were on average lower  than those of the irregular items.  Thus if both

verb types  were stored in memory, regulars would be retrieved less successfully. However, such

frequency effects could not account for the PDs' lack of overregularizations (digged) or  relative

difficulty with novel regulars (plagged, crived), It is also not clear how frequency effects could

account for the correlation patterns: the inter-correlations among regularized past tense types,  but

not between regularized and irregularized types,  as well as the contrasting correlations between

production of  regular and irregular forms with hypokinesia and object naming. In addition, as we

will see below, the most hypokinetic PDs were also given a new  past tense production task in

which the regular and irregular items were closely matched on past tense frequency as well as

articulatory difficulty; again, the subjects were  worse at producing regular than irregular past tense

forms. Finally, ``attracted regular'' pasts (glided), which independent  evidence suggests can be

stored alongside irregulars (Ullman, 1993),  and which had lower frequencies than the  irregular or

existing regular pasts in our task, yielded analyses unlike the non-attracted existing regulars

(looked):  The attracted regular pasts correlated with object naming, but not with hypokinesia, and

were not produced  less successfully than the irregular pasts (dug).

Second, although PDs have visual difficulties (Dubois et al., 1991), such impairments cannot

explain the results. Given the nature of the task, in which all verbs are presented in their stem forms,

the stems of existing  or novel regulars should not be harder to read or process  than the stems of

existing or novel irregulars.  Moreover, the novel irregular verbs (crive) yielded a relative deficit in

the production of regularized pasts (crived),  compared to irregularized pasts (crove),  even though

they shared the same stems.  In any case, subjects were asked to read the stem  sentence again if

any error was made in reading the verb stem.
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Third, PDs might make more errors on the production of -ed-suffixed past tense forms if they

produce only as much phonological material as is necessary to form a real word. Such a tendency

might arise, for example, from articulatory difficulties (see immediately below), which might

encourage the patient to attempt to produce a form that was easier to pronounce than the past tense

form, but was still a real word. Because regular pasts are phonologically composed of their stems

plus the suffix (look + -ed),  while few irregular pasts contain initial phonological material  that

sounds like a real English word (e.g., dug), such a  tendency should yield more errors for regular

than irregular verbs. However, past tense forms for attracted (glided) and  doublet (dived) verbs,

which also contain their stems, yet which previous evidence  suggests can be stored alongside

irregulars (Ullman, 1993),   were not produced significantly less successfully than irregulars . The

contrast between these results and the impaired production of non-attracted existing regulars

(looked) can be better explained by a rule impairment than by the production of embedded words.

A fourth alternative explanation is a motor or articulatory deficit. The impairments of mouth

movements or of articulation found in PD (Ramig and Gould, 1986) might result in greater

difficulty pronouncing the final  consonant clusters of regular than irregular pasts. All regular

forms have a minimum of one final consonant (the alveolar stop in the /ed/ suffix), which is

appended to any stem-final consonants (e.g., looked, chopped).  In contrast, irregular pasts often

have no more final consonants  than their stems (e.g., dig-dug).   Indeed, the past tense forms of all

the existing regular items in  the past tense production task,  and all but two of the novel regulars,

had a two-consonant final cluster; the remaining two novel regulars were even more complex

vasked, tunched).  In contrast, 13 of the 16 existing irregular past tense forms had 1 final

consonant, and the remaining 3 verbs had two (bent, sent, kept).

Four arguments against an articulatory deficit account are presented:

Pattern of Errors

Articulatory difficulties might yield unmarked forms as errors (look-look, plag-plag) because

omitting the final  alveolar stop (the -ed) should simplify articulation.   Indeed, for the 5 hypokinetic

PDs, unmarked forms  consisted of more than half (53%) of the errors for existing regulars.  %) of

the errors for existing regulars.  If articulatory problems result in such final-consonant omissions,

we might expect analogous errors for similar-sounding irregulars (keep-kep). However, this did not

occur.   All 28 PDs produced kept, without a single  utterance of kep, even though the experimenters

paid special attention to the production of forms with weak or absent final alveolar stops. Similarly,

among the novel irregulars, there were no instances of cleep-clep, shreep-shrep, or sheel-shel, even

though 14 of the 28 PDs produced clept, 9 uttered shrept, and 3 said shelt.
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Regulars and Irregulars Matched on Past Tense Pronounceability

Although the lack of forms like kep is suggests that the PDs' difficulties with regulars cannot be

explained by articulatory difficulties, there were  far fewer irregular than regular double-consonant-

final pasts,  and thus the lack of forms like kep might result from the scarcity of such verbs.  To test

the  articulation deficit hypothesis directly,  a new verb list was created: 21 pairs of regular and

irregular verbs,  with the regulars and irregulars matched  one-to-one on the word-final

pronounceability of their past tense forms (passed-los).  These verbs were presented  to 4 of the 5

most hypokinetic PDs from the first testing session (the fifth was in a nursing home and was

unavailable for testing) in a new past tense production task like the orignal one (Every day I lose a

quarter. Just like every day, yesterday I _______ a quarter.)

The 21 irregular-regular past tense pairs were sent-gained, spent-planned, lent-dined, lost-

passed, dealt-sailed, felt-failed, meant-joined, kept-stopped, slept-slipped, sold-rolled, told-called,

bound-frowned, found-owned, held-pulled, heard-stirred, made-played, rode-showed, wrote-tried,

ate-stayed, built-ruled, left-lived. New sentences were written for each verb,  with the same criteria

as in the original task. The irregulars were statistically significantly more frequent  (mean ln-

transformed frequency of 4.05) than the regulars (3.51)  (paired t(20)=2.20 p=.040) (Francis &

Kucera, 1982).

For each existing regular verb in the original past tense production task (20 verbs) and in the

new past tense production task (21 verbs), an uninflected word was selected, closely matched one-

to-one on word-final  pronounceability and frequency (e.g., scowled-scald). These 41 uninflected

words were presented one-to-a-page to the same  4 hypokinetic PDs. The forms were read out loud

by the experimenter, and the subjects were asked to repeat the form out loud.  Thus the subjects

were able to both hear and read the forms, minimizing  potential aural comprehension or reading

problems.

The uninflected words were monomorphemic where possible; in no case was the final alveolar

stop a separate morpheme.   There was also an attempt to avoid words which contained a

phonological equivalent of a high-frequency word  (e.g., duct, c.f. duck; pact, c.f. pack). The 20

uninflected words matched to the 20 regular verbs in the original production task are listed here

together with their matched regular past tense forms: scowled-scald, tugged-sect, flushed-crust,

crammed-tempt, marred-shard, chopped-opt, flapped crypt, stalked-react, cooked-eject, scoured-

curd, slammed-prompt, crossed-frost, rushed-trust, shrugged-strict, robbed-erupt, dropped-

adopt, looked-fact, walked-act, stirred-lard, soared-sword. The uninflected words (mean ln-

transformed frequency = 1.9)  were not statistically significantly lower in frequency  than their

matched regular past tense forms  (2.0) (paired t(19)=.782 p=.444).  The 21 uninflected words

matched to the 21 regulars  in the new production task were gained-saint, planned-brand, dined-
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grind, passed-fast, sailed-shield, failed-yield, joined-faint, stopped-apt, slipped-script, rolled-mold,

called-cold, frowned-mound, owned-fond, pulled-build, stirred-bird, played-aid, showed-code,

tried-pride, stayed-shade, ruled-fold, lived-gift. The uninflected words (ln-transformed frequency =

3.3) were not statistically significantly lower in frequency than their matched past tense forms  (3.6)

(paired t(20)=1.41 p=.174).

The 4 hypokinetic PDs were more successful at  producing past tense forms for the irregular

verbs (mean of 8 (paired t(3)=1.85 p=.161, over subjects; paired t(20)=3.01 p=.007, over items).

All four subjects produced more irregular than regular pasts, although,  not surprisingly, in the 2

patients with less severe hypokinesia,  the difference was small (see Table 5). These results indicate

that articulatory difficulties do not  fully explain the PDs' relative deficit at producing regular past

tense forms, and suggest a rule impairment.

The 4 PDs were also better at uttering the 41 uninflected words (9 past tense forms from the

two production tasks  (paired t(3)=1.8 p=.168, over subjects; paired t(40)=7.0 p<.001), over items).

As shown in Table 5, all four subjects showed this pattern; only for the 2 patients with more severe

hypokinesia was the difference statistically significant. Similar results were obtained with analogous

individual and group paired t-tests comparing each of the 4 subjects' performance at producing the

20 regular pasts in the first production task with  their success at repeating their 20 matched

uninflected forms, and analogously for the 21 regulars in the second task with their repetition of the

21 matched uninflected forms. These results again argue against a solely articulatory deficit

account.

To further test the hypothesis that the PDs were better at producing irregular than regular past

tense forms because the former had higher frequencies, we analysed the 4 retested hypokinetic PDs'

past tense production  performance at a subset of verb pairs in which the regular verbs  had a higher

ln-transformed past tense  frequency (1.54) than the irregular verbs (1.38) (Francis & Kucera,

1982).  These six irregular-regular verb pairs were thus simultaneously equated on

pronounceability and past tense frequency: lost-passed, slept-slipped, sold-rolled, bound-frowned,

rode-showed, ate-stayed. The PDs produced past tense forms more successfully for the irregular

verbs (9 (paired t(3)=2.83 p=.066, over subjects; paired t(5)=3.2 p=.025, over items), with all 4

subjects showing this pattern (Table 5). These results indicate that the PDs' superior performance at

producing irregulars was not explainable by frequency factors alone, and provide further support

against the articulatory deficit account.

Stored Regular Past Tense Forms are Like Irregular Past Tense Forms

Unlike the existing and novel regular forms examined thus far, certain regular past tense forms,

with specific characteristics, are likely to be learned in and retrieved from lexical memory (Ullman,
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1993).   If a rule impairment explains the results discussed thus far, past tense forms of irregulars

and of these memorized regulars should yield similar patterns in analyses, in contrast to the

differing patterns we have observed between irregulars and the rule produced regulars such as

looked and plagged. However, if the PDs' observed problems can be explained by articulatory

difficulties, the irregulars and memorized regulars should yield the same differences as those

between irregulars and rule produced regulars.

As described above, regulars whose stems are phonologically identical or similar to  the stems

of irregulars, such as doublet regulars (dive-dived/dove) or ``attracted regulars'' (glide-glided, c.f.

hide, ride), appear to be attracted into associative memory,  and memorized alongside those

irregulars (Ullman, 1993).  All 28 PDs and control subjects were tested on the past tense

production  of doublet and attracted regular verbs.

If the PD impairment is rule based,  then the production of stored forms like glided or dived

should be like the production of irregulars (dug) in correlating with object naming difficulties, but

not with hypokinesia. In contrast, if the PD impairment is primarily articulatory in nature, the

correlation pattern of these stored regular pasts should be similar to that of existing  non-attracted

regulars (looked) and novel regulars (plagged), correlating with hypokinesia, but not with object

naming difficulties. The 28 PDs' difficulties producing attracted regulars (glided) correlated with

object naming difficulties, partialing out right-side hypokinesia (r(25)=.61 p<.001),  but not with

right-side hypokinesia, partialing out object naming difficulties (r(25)=-.06 p=.774). Similarly, the

28 PD patients' difficulties producing doublet regulars  (dived) correlated with object naming

difficulties, with right-side hypokinesia and difficulties producing doublet  irregulars (dove)

partialed out (F(1,24)=.52 p=.007), while they did not correlate with hypokinesia, with the other two

variables partialed out (F(1,24)=-.18 p=.374). As expected, difficulties producing doublet irregulars

(dive-dove)  also correlated with object naming difficulties,  partialing out right-side hypokinesia

(r(25)=.51 p=.007),  but not with right-side hypokinesia, partialing out object naming difficulties

(r(25)=.26 p=.184).

To test the hypothesis that the PDs were not more impaired at irregular than attracted regular

pasts,  a mixed between-subject  (the 5 most hypokinetic PDs and their control subjects) and

within-subject  (attracted regular and existing irregular verb classes) ANOVA was carried out.

There was no statistically significant interaction between group and verb class (F(1,17)=.15

p=.707), and similarly for analogous ANCOVAs holding constant age (F(1,16)=.78 p=.391),

education (F(1,16)=.11 p=.750) or IMC dementia scores (F(1,16)=.96 p=.341). Follow-up paired

t-tests showed that the 5 PDs  were not statistically significantly worse at producing  past tense

forms for attracted regulars (glided) (8 (dug) (8 while this difference was borderline significant for

the  control subjects (9 In contrast, as we have seen above, a different pattern held for non-attracted
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existing regulars such as looked:  The PDs were worse at producing past tense forms for these

regular verbs than for irregulars, while their controls showed the opposite pattern. Interestingly, the

mean ln-transformed past tense frequency of the 16 attracted regulars' past tense forms (glided)

(mean of 1.0)  was lower (indep. measures t(34)=2.36 p=.024) than that of the non-attracted

regulars (looked) (mean of 2.0),  let alone of the irregulars (dug) (mean of 3.7). This further

supports the claim that the PDs' problems with  non-attracted regulars (looked) is not explained by

their  having lower past tense frequencies than the irregular items.

Similarly, in a mixed between-subject (5 PDs and 14 controls)  and within-subject (production

of doublet regular pasts (dived)  and doublet irregular pasts (dove))  ANOVA, there was no

statistically significant interaction between group and verb class (F(1,17)=.03 p=.859), and similarly

for analogous ANCOVAs holding constant age (F(1,16)=.07 p=.789), education (F(1,16)=.03

p=.864)  or IMC dementia scores (F(1,16)=.50 p=.489). The PDs were not significantly worse

than their controls at producing either doublet regulars (dived)  (2 or doublet irregulars (dove)  (5 In

contrast, we have seen borderline or statistically significant interactions from analogous ANOVAs,

ANCOVAs, and t-tests   comparing the 5 PDs' and controls' regularization (crived) and

irregularization (crove) rates for novel irregulars. These results are problematic for an articulatory

deficit account, which predicts similar past tense production patterns for  dived and crived, while

they support a rule impairment.

Thus attracted and doublet regular pasts (glided, dived), which previous evidence had suggested

are likely to be retrieved from memory rather than being rule-created (Ullman, 1993), had past tense

production patterns similar to irregulars (dug), and different from existing non-attracted regulars

(looked)  and novel regularized forms (plagged, crived). This suggests a PD rule impairment, but is

inconsistent with an articulatory deficit account.  The low mean past tense frequency of attracted

regulars also suggests that frequency differences cannot explain the PDs' impairments with  non-

attracted regulars (looked). Finally, the results bolster the claim that  doublet and attracted regulars

are stored in and retrieved from lexical memory (Ullman, 1993).

Summary and Conclusion

Across the 28 PDs, right-side hypokinesia correlated with difficulties producing different types

of rule-generated (looked, plagged, crived), but not irregular (dug, crove) past tense forms, even

when IMC dementia scores were partialed out. This pattern of correlations with right-side

hypokinesia remained when left-side hypokinesia was partialed out, but none of the correlations of

past-tense performance with left-side hypokinesia were significant with right-side hypokinesia

partialed out. Right-side hypokinesia correlated with difficulties producing rule-generated pasts but
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not irregular pasts with object naming scores partialed out, while object naming difficulties

correlated, albeit weakly, with difficulties producing irregular,  but not rule-generated, pasts, with

right-side hypokinesia partialed out. Production rates of the different types of  rule-generated pasts

were highly inter-correlated,  but did not correlate with production rates of existing or novel

irregulars.  The 5 most hypokinetic PDs had greater difficulty producing  rule-generated pasts

(looked, plagged, crived) than irregularized pasts (dug, crove),  and did not overregularize (digged).

The 5 anomic ADs and the posterior aphasic showed the opposite pattern.

Evidence was presented against four alternative accounts for these findings: frequency effects,

visual difficulties, a tendency to produce embedded words, and an articulatory deficit. Three lines of

evidence were presented against the possibility  that an articulatory deficit could fully explain the

data. First, the 5 hypokinetic PD subjects did not produce the same types of phonological errors

with irregulars (kept-kep) as they did with regulars (look-look). Second, in a new set of regular and

irregular verbs, matched one-to-one on pronouneability and frequency (passed-lost), the  retested

hypokinetic PD subjects were worse at producing the  regular than irregular past tense forms;

moreover, these PDs were also worse at producing regular pasts than at repeating pronounceability-

and frequency-matched uninflected words (passed vs fast). Third, two types of regular past tense

forms that are retrieved from memory (attracted and doublet regulars like glided and dived) were not

produced less successfully than irregulars, and showed a correlation  pattern similar to that of the

irregulars (dug, crove), not  the non-attracted or novel regulars (looked, plagged, crived).

 These results suggest that in PD, degeneration of the  nigro-striatal dopaminergic neurons in

the left basal ganglia  leads not only to the suppression of motor programming, but also the

suppression of grammatical rule programming.  However, our results are also consistent with rule

programming being subserved by left frontal areas, without involvement of the basal ganglia: If

basal-ganglia-thalamo-cortical circuits do indeed  project to frontal cortex, the nigro-striatal

degeneration may  lead to cortical dysfunction, causing the observed rule deficits. Degeneration of

the dopaminergic neurons  projecting from the ventral tegmental area to frontal cortex seems to be a

less likely explanation: The apparent selective influence of the left, but not right,  basal ganglia, and

the lack of correlations between difficulties with object naming and rule-generation suggest that it is

the  specific neural structures whose degeneration leads to right-side hypokinesia (the nigro-striatal

neurons in the left basal ganglia) which also lead to rule impairments. This also argues against

implication of brain areas other than the frontal lobes or the basal ganglia, particularly of temporal

and parietal areas, which moreover are relatively spared of pathology in non-demented PD patients

(Dubois et al., 1991), such as those that we tested.
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 While the findings do not support a role of for the basal ganglia in lexical retrieval or storage,

they do not preclude such a role either.   Rule programming, with its requirement for coordination

in real time,  may be more susceptible than lexical operations to disruption caused by the PD

degeneration. This possibility is not precluded by the double dissociations  between PD and

AD/posterior aphasia:  While the temporal lobe system might subserve the lexicon, but not

grammar, the frontal/basal-ganglia system might subserve both,  perhaps with a different role than

the temporal lobe system (e.g., retrieval vs storage).

EXPERIMENT 3: PATIENTS WITH HUNTINGTON'S DISEASE

In PD patients, we found that the suppression of motor programming, caused by basal ganglia

degeneration leading to the inhibition of frontal motor regions, was associated with suppression of

rule programming. A complementary demonstration of a role for the basal ganglia in rule

programming comes from Huntington's disease (HD). Like PD, HD is associated with the loss of

neurons in the basal ganglia, although in the neostriatum (caudate nucleus and putamen) rather than

in the nigro-striatal projections as in PD.  This HD degeneration is often in  projections to the

inhibitory ``indirect'' pathway, resulting in excess excitation in motor and other frontal cortical

areas receiving basal ganglia-thalamic projections (Reiner et al., 1988). This is thought to explain

why HD patients have unsuppressible movements (chorea, a type of hyperkinesia) (Young and

Penney, 1993). Interestingly and suprisingly,  the neostriatal cell loss is not restricted to projections

to the inhibitory indirect pathway.  It also occurs in projections to the excitatory ``direct'' pathway,

resulting in excess inhibition in motor and other frontal cortical  areas receiving basal ganglia

projections.  This may explain why HD patients can also have hypokinesia  (bradykinesia) co-

existing  with their chorea (Young and Penney, 1993). The neostriatal degeneration also may

account for findings suggesting that HD patients have difficulty learning new motor, perceptual and

cognitive skills   (Harrington et al., 1990;  Heindel, Butters, & Salmon, 1988;  Heindel, et. al, 1989;

Knopman and Nissen, 1991;  Martone et al., 1984; Butters et al., 1985; St. Cyr et al., 1988),  while

the learning of new words, facts and arbitrary visual information remains relatively intact   (Heindel,

Butters, & Salmon, 1988; Martone et al., 1984; Butters et al., 1985; St. Cyr et al., 1988).

If basal-ganglia-thalamo-cortical circuitry  does indeed subserve grammatical rule programming,

and if the neural operations underlying rule programming are indeed similar to those underlying

motor programming, as might be expected if they have similar synaptic organizations  (Alexander,

DeLong and Strick, 1986; Alexander, Crutcher, DeLong, 1990), then in HD, excess movement
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(chorea) should be associated with  excess rule use, while the suppression of movement

(hypokinesia)  should be associated with the suppression of rule use.

Method

Subjects

The tasks were given to 18 subjects with Huntington's disease. Their  diagnosis criteria were

positive family history and clinical symptoms.  One of the 18 was excluded from analyses because

his severe dysarthria prevented understanding of his responses, in particular of his word endings.

The 17 remaining subjects were all  first language speakers of English; 13 were right handed, 2 left-

handed, 2 ambidextrous; 5 were female, 12 male. The 17 subjects had a mean age of 45 and a mean

of 14 years of education   (Table 6). One subject was taking a dopamine agonist --- levodopa with a

peripheral decarboxylase  inhibitor (Sinemet); four were taking dopamine blockers --- two

Haloperidol (Haldol),  and two Perphenazine (Trilafon); two were taking a GABA-minergic agonist

--- Clonazepam (Klonapin); no subjects were taking dopamine depleters (e.g., Reserpine) or

cholinergic agonists (e.g., Physostigmine or Deanol). The HDs' performance was compared with

that of 8 age- and  education-similar normal control subjects (Table 6); these were the same control

subjects compared with  the posterior aphasic JLU.

Materials and Procedure

HD and control subjects were given the past tense production,  object naming, and IMC

dementia tests. In addition, each HD subject was given a number of subtests from the Unified

Huntington's Disease Rating Scale  (UHDRS) (The Huntington Study Group, in press).  The

UHDRS includes a number of assessments of specific motor impairments,  including numerical

measures of chorea (hyperkinesia) and bradykinesia (hypokinesia). For the assessment of chorea,

each of 7 body areas (e.g., face, trunk, right upper extremities,  left upper extremities, etc.)  is

subjectively assigned a numerical measure of ``maximal chorea'', which ranges from 0 (no chorea)

through 4 (``marked/prolonged''); all 17 HDs had chorea scores for different body areas between 0

and 3. For a given patient, these chorea values for each of the seven body parts are summed, for a

maximum total  chorea score of 28 (4*7); among the 17 HDs,  total chorea scores ranged from 2 to

21. The numerical measure for bradykinesia  is also subjectively assigned, and ranges from a

description of an  absence of bradykinesia (score of 0) to one involving movements that are

``markedly slow, [with] long delays in initiation'' (score of 4). The scores for the 17 patients ranged

from 0 to 3  (``moderately slow, some hesitation''). The 17 HDs were also assessed on three other

subtests of the UHDRS: the Independence Scale and the Shoulson Total Functional Capacity
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(TFC), both subjective measures of the subject's ability to live independently,  and the Physical

Disability, a subjective measure of general motor dysability.

Results and Discussion

The HD patients inflected irregular, regular and novel verbs at similar success rates (see Table

6).  There were no significant differences between the production of past tense forms for existing

regular and irregular verbs (looked vs dug; paired t(16)=.67 p=.513), existing regular and novel

regular verbs (looked vs plagged; t(30)=.89 p=.378; independent measures t-test comparing

performance between existing regulars for all 17 HD patients and  novel regulars for the 15 HDs

able to carry out the task for novel verbs), or existing irregular and novel regular verbs  (dug vs

plagged; t(30)=.51 p=.611). However, the types of errors made by the HD patients revealed their

underlying deficits.

Excess Movement (Hyperkinesia) Associated with Excess Rule Use

The HD patients made two unusual errors, producing forms with multiple (plaggeded) or

syllabic (plagg-id) suffixes, particularly for the regular and novel verbs (Table 6). Many forms were

produced that were both multiply- and  syllabically-suffixed  (e.g., look-ided, prapp-ided, shrug-

ided, plagged-id); these were counted as multiply-suffixed in the percentages. Multiply-suffixed

forms with more than two suffixes were also  occasionally encountered (e.g., droppededed,

choppeded).  The 17 HD patients produced multiply- and syllabically-suffixed  forms for regular

and novel verbs at a rate of 6 6% includes cutter and leotta, at 0 each - thus over all 17 HDs (errors

made by 9 patients; one outlier at 7 in contrast to 0.2 (Mann-Whitney Uc(1) = 3.64, p = .056;

nonparametric test used because of the outlier), 1 Across the HD patients, the chorea measure

(hyperkinesia)  correlated significantly with the rate of  producing multiply- or syllabically-suffixed

forms (rr(15) = .57, p =.018; Spearman rank correlation used because of the outlier), even when

IMC dementia scores were partialed out (rr(14) = .54, p = .032).

Irregular past forms ending with t or d (e.g., kept, bent) elicited no perseverations of the final

consonant (e.g., keptet, bentet, bitit, 0 out of 170 opportunities), and only one syllabic pronunciation

(kep-it, 1 out of 51 opportunities), suggesting that the errors with regular and novel verbs could  not

be explained by motor perseverations of -t or -d  or other motor problems. Moreover, if motor

perseverations explained the production of multiply- or syllabically-suffixed forms, the HD patients

should  also have produced forms like look-it or lookedet,  with the syllabic suffix or one of the

multiple suffixes containing a t rather than a d. However, no such forms were produced; rather all

syllabic suffixes, and all secondary or tertiary suffixes in multiplly-suffixed forms, were -d-final. In

contrast, as described above, the one apparently syllabically-suffixed  irregular form (kep-it) was

produced with a t,  not a d  as in kep-id or look-id.  Finally, multiply- and syllabically-suffixed
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forms were  produced for verbs whose phonology required each  of the three allomorphs ([t], [d],

[ed]) (e.g., tuncheded, sheeleded, prendeded, and  grush-id, plag-id, preed-id), suggesting  the

commonality of an underlying rule.

The 17 HDs also produced many overregularizations (digged) (mean 8 while their control

subjects produced none (t(23) = 2.73, p = .012). Moreover, the chorea measure correlated,

approaching significance, with the HD rate of producing overregularizations (r(15) = .42, p = .094),

even when IMC dementia scores were partialed out (r(14) = .48, p = .062).

Although both the AD and HD patients overregularized, they are predicted to do so for different

reasons: deficient word-finding for AD, but overactive rules for HD.  Unlike the AD patients, the

HD patients' object naming scores were close to those of their control subjects  (compare Tables 9

and 2). Indeed, the 17 HDs overregularized at the same rate as the full group of 24 ADs (8 but were

significantly better at object naming  (74 More importantly, across all 17 HD patients, naming did

not  correlate with the overregularization rate (r(15) =  -.24, p = .356), unlike the  24 AD patients

(see above). In contrast, the overregularization rate correlated with chorea,  partialing out object

naming (approaching significance)  (r(14)=.46 p=.072), but not with object naming, partialing out

chorea (r(14)= -.32 p=.229). Because the -ed in overregularization errors (digged) is not present in

correct irregular forms (dug), such errors cannot be attributed to motor perseverations of the -t or -

d, further underscoring a role for the basal ganglia in rule programming.

The HD patients also occasionally produced suffixed irregular pasts (dugged):  1 and all

control subjects (t(55)=2.88 p=.006).  With the two types of overregularizations combined (digged

and dugged),  the following statistically significant analyses were obtained:  9 versus 0% for their

control subjects  (t(23)=2.65  p=.014); the production of these forms correlated with the chorea

measure (r(15)=.47 p=.055; with IMC scores partialed out, (r(14) = .52, p = .040), but not with

object naming (r(15)= -.20 p=.447). The production rate of such forms correlated with chorea,

partialing out object naming  (r(14)=.51 p=.044), but not with object naming, partialing out chorea

(r(14)= -.29 p=.283).

The HD patients also occasionally produced multiply- and  syllabically-suffixed forms for

irregular verbs (see Table 6), while their control subjects produced none. 10 yielded either

overregularizations (digged), suffixed irregular pasts (dugged),  multiply-suffixed forms

(diggeded), or  syllabically-suffixed forms (digg-id).  Across the 17 HD patients, the production of

all suffixed irregulars (digged/dugged/diggeded/digg-id) correlated with chorea (r(15)=.46 p=.065;

with IMC scores partialed out (r(14) = .50, p = .047),  but not with object naming (r(15) =  -.09, p

= .736). Likewise, the irregular suffixation measure correlated with chorea,  partialing out object

naming (r(14)=.47 p=.065),  but not with object naming, partialing out chorea  (r(14)= -.16

p=.560).
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A number of other measures of disease progression or of behavioral or motor impairments,

including hypokinesia,  correlate neither with chorea, nor with the rate of producing multiply- and

syllabically-suffixed  forms for regular and novel verbs, nor with the overregularization rate, nor

with rate of suffixing irregulars  (Table 7).  This suggests that it is the specific kind of lesion

leading  to chorea that also leads to overactive rule use.

Suppressed Movement (Hypokinesia) Associated with Suppressed Rule Use

If in HD the suppression of movement is associated with the  suppression of rule use, we might

expect hypokinesia to be  associated with omission of the -ed suffix, resulting in the production of

unmarked forms like look and plag. Indeed, the 17 HDs produced more unmarked forms than

controls  for existing regulars (look) (t(23)=2.39 p=.026) (mean 9 errors made by 11 of the 17

patients, range 5-30 for novel regulars (plag-plag) (t(21)=2.41 p=.025) (mean 9 errors made by 11

of the 15 patients able to perform the task for novel verbs; one outlier at 4 although this difference

was not statistically significant for  existing irregulars (dig-dig) (t(23)=1.63 p=.118) (mean  errors

made by 8 of the 17 patients; range 6-3

Moreover, hypokinesia, as measured by the bradykinesia UHDRS subtest,  correlated with the

production of unmarked forms for novel regulars  and for existing regulars both in a simple

correlation  and when partialing out chorea (Table 8, rows a and b, columns 1 and 2). Analogous

correlations with the production of unmarked  forms for irregular verbs (dig-dig) appoached

significance, (Table 8, a and b, column 3), though this is attributable to the strong association

between  object naming and hypokinesia (r(15)= -.51 p=.036): When object naming was also

partialed out, hypokinesia did not correlate at all with the production rate of  unmarked irregulars,

but did correlate with the production rate of unmared novel regulars (significantly) and existing

regulars (borderline significant) (Table 8, c). A similar pattern was obtained with IMC dementia

scores  partialed out (Table 8, d). 7   

These findings are unlikely to be fully explained by an  articulatory deficit.  Like irregular verbs

(dig), but  unlike novel verbs (plag) or non-attracted regulars (look), the production of unmarked

forms for attracted regulars (glide)  was not greater than that of the control subjects  (t(23)=1.67

p=.108) and did not correlate with hypokinesia in any of the correlations (Table 8, rows a-d, column

4). Because attracted regular past tense forms (glided) are likely to be stored in memory (Ullman,

1993), a rule  deficit account predicts that the production of their  unmarked forms should have a

similar pattern  to that of irregular verbs (dig), while an articulatory deficit account predicts that it

should be similar to that of novel regulars (plag) and  non-attracted existing regulars (look).  Note

that these results also argue against a substring explanation . Interestingly, object naming correlated
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with the production of unmarked forms for attracted regulars (glide) (r(13)= -.59 p=.021),  as well

as for irregulars  (dug) (r(13)= -.75 p<.001),  but not for non-attracted existing regulars (look)

(r(13)= -.36 p=.16), further supporting the lexicalization  of past tense forms for irregulars and

attracted regulars, but not for non-attracted regulars.

Given that in both HD and PD the suppression of movement  (hypokinesia) appears to be

caused by high levels of inhibition of cortical areas to which the damaged basal ganglia circuits

project, we might expect similar correlation patterns in the two diseases for the the production of

unmarked forms. Indeed, PDs showed a correlation pattern highly similar to that which we have just

described for the HDs.  Across the 28 PDs, right-side hypokinesia correlated with the production

rate of unmarked forms  for novel regulars (plag-plag) (r(26)=.52 p=.005) and for existing

regulars (look-look) (r(26)=.64 p<.001),  but only borderline significantly for existing  irregulars

(dig-dig) (r(26)=.34 p=.074) and attracted regulars (glide-glided) (r(26)=.34 p=.062). With object

naming held partialed out, right-side hypokinesia still correlated with the production of unmarked

forms for novel regulars (r(25)=.39 p=.043)  and existing regulars (r(25)=.58 p=.002),  but not for

existing irregulars (r(25)=.16 p=.428) or attracted regulars (r(25)=.14 p=.498). In contrast,

partialing out right-side hypokinesia, object naming correlated with the production of unmarked

forms for existing irregulars (r(25)= -.50 p=.008), and attracted regulars (r(25)= -.62 p<.001), but

not for non-attracted existing regulars (r(25)= -.15 p<.460). The similarity of this correlation

pattern to that of the HDs supports the hypothesis that in both HD and PD,  basal ganglia

degeneration leading to movement suppresion  also leads to rule suppression.

Chorea correlated neither with hypokinesia  (Table 7, g), nor with the production of unmarked

forms for any of the four verb classes, even when partialing out hypokinesia  (Table 8, f and g).

Similarly, we saw above that hypokinesia (as well as a variety of other measures of disease

progression and of behavioral and motor impairments) correlated neither with the  rate of producing

multiply- and syllabically-suffixed forms for regular and novel verbs, nor with the

overregularization rate nor with rate of suffixing irregulars. Thus one type of basal ganglia lesion in

HD, which leads to the excitation of frontal cortical areas and excess movement, is also associated

with excess rule use,  but not with suppressed movement or rule use. In contrast, another type of

basal ganglia lesion in HD, which leads to the inhibition of frontal cortical areas and suppressed

movement, is also associated with suppressed rule use,  but not with excess movement or rule use.

Moreover, in HD there is inconsistent cell loss in brain structures outside the basal ganglia, yet

consistently high levels of cell loss within the basal ganglia (Vonsattel et al. 1985; see also Roos

1986) Finally, a third type of basal ganglia lesion, in PD,  which also leads to the inhibition of

frontal  cortical areas and suppressed movement, is also associated with suppressed rule use. This

combination of findings strongly indicates that it is the specific kind of lesion leading to chorea in
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HD that also leads to  overactive rule use, and the specific kind of lesion  leading to hypokinesia in

HD, and probably in PD as well,  that also leads to suppressed rule use.

Summary and Conclusion

The 17 HDs inflected irregular (dug), regular (looked)  and novel (plagged) verbs at similar

rates of success. However, they produced more multiply- and syllabically- suffixed forms  for

regular and novel verbs (lookeded, look-id, plaggeded, plag-id)  than their control subjects. The

HDs' rate of producing such errors correlated with chorea, even with IMC dementia scores partialed

out. These errors are unlikely to be explained by articulatory perseverations of the -t or -d, or by

other motor  problems because there was a lack of forms like keptit, lookedet, kep-it, look-it or kep-

id.  The HDs also produce more overregularizations (digged)  and suffixed irregular pasts (dugged)

than their control subjects.  The HDs' rate of producing such errors correlated with chorea, even

with object naming or IMC dementia scores partialed out. These errors cannot be attributed to

motor perseverations of the -t or -d because such phonemes are not always present in the stem form

(dig-digged). Unlike in AD, overregularizations were unlikely to be explained by  word-finding

deficits, because their overregularization rate did not correlate with object naming difficulties.

The HDs produced significantly more unmarked forms than their  control subjects for regular

and novel verbs (look, plag),  but not for irregular verbs (dig). Hypokinesia correlated with the

production rate of unmarked for regular and novel verbs, but not for irregular verbs,  once object

naming or IMC dementia scores were partialed out. The production of unmarked fors for existing

and novel regulars  is unlikely to be expalined by articulatory problems, because the  production

rate of unmarked forms (glide) for the stored  attracted regulars was like that of irregulars in not

being  significantly greater than that of the control subjects,  and in not correlating with

hypokinesia. PD patients showed a pattern of correlation  between hypokinesia and the production

of unmarked forms that was highly similar to that of the HD patients.

Seven measures of disease progression or of behavioral and motor impairments, including

hypokinesia,  correlated neither with chorea, nor with the production rate of  multiply- or

syllabically-suffixed forms, nor with overregularization rates.   In contrast, chorea did not correlate

with the production of unmarked forms. This contrast, in combination with the correlations between

chorea and excess rule use in HD, and between hypokinesia and suppressed rule use in HD and

PD,   indicates that it is the specific kind of lesion leading to excess movement that also lead to

excess rule use in HD, and that  it is the specific kindd of lesion leading to suppressed movement

that also lead to suppressed rule use in HD and PD.

 GENERAL DISCUSSION
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Summary

Impairments of Declarative and Lexical Memory

Previous evidence has associated Alzheimer's disease (AD)  with deficits in learning new facts,

events, images, and words,  as well as recalling and recognizing old ones. This suggests a general

impairment of declarative memory,  as well as impairments of lexical memory. In contrast, previous

evidence has suggested that in AD, the learning and processing of new motor, perceptual, and

cognitive skills remains relatively unimpaired, as does the processing of previously learned motor

and cognitive skills. This suggests a relative sparing of the procedural system. AD patients also

appear to be relatively unimpaired at  processing syntax, morphology and phonology, suggesting

that grammar may be relatively spared. These dissociations may be explained by findings indicating

that in AD there is greater damage to  medial temporal, lateral temporal, and temporo-parietal areas

than to frontal cortex and the basal ganglia, as measured by  density of neurofibrillary tangles, level

of cell loss,  and degree of hypometabolism.

 For the AD patients in this study, difficulties remembering facts  correlated with difficulties

remembering words; each of these correlated with difficulties  producing existing irregular past

tense forms (dug),  and, negatively, with overregularization errors (digged), and to a lesser extent

with difficulties producing novel irregular pasts (crove),  but not with difficulties producing existing

or novel regular pasts (looked, plagged, crived). This pattern held even when partialing out

dementia or when  partialing out performance at 5-minute recall, which is thought  to depend on the

integrity of medial temporal lobe structures. Production rates of the different -ed-suffixed forms

were inter-correlated, but not were not correlated with production rates of existing or novel irregular

pasts.

The 5 most anomic AD patients, as measured by an object naming task, were worse at

producing past tense forms of irregular verbs than regular verbs (dug vs looked),  despite the

irregular items' higher past tense frequencies, and overregularized often (digged). They were also

worse at producing pasts of irregular verbs than  novel regular verbs (dug vs plagged), and had

more trouble with novel irregular pasts (crove)  than their regularized alternatives (crived),

compared to controls. Several other studies have revealed a a similar irregular-regular  dissociation

for ADs in a non-grammatical domain:  They have greater difficulty reading irregularly than

regularly spelled words (e.g., yacht vs rint, mint).

Impairments of Procedures and Rules
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Parkinson's disease (PD) is associated with degeneration of the nigro-striatal dopaminergic

cells in the basal ganglia, resulting in inhibition of motor and other frontal cortical areas to which

the basal-ganglia-thalamic circuits project. This is thought to explain the suppression of movement

in PD (hypokinesia), and may account for findings suggesting impairments learning or processing

new motor, perceptual and cognitive skills. PD patients also have trouble understanding sentences,

and their speech can be syntactically simple, suggesting they may have difficulties with grammar. In

contrast, the learning of new words, facts, events, and images, and the remembering of old ones, is

relatively spared,  especially for the recognition of this information.

For the PD patients in this study, right-side hypokinesia, which is  caused by degeneration in

the left basal ganglia, was correlated with  difficulties producing existing and novel regular past

tense forms (looked, plagged, crived), but not  with difficulties producing existing or novel irregular

pasts (dug, crove). This pattern held even when partialing out dementia or left-side hypokinesia.  In

contrast, left-side hypokinesia correlated with none of the measures of past-tense performance once

right-side hypokinesia was partialed out. Production rates of the different -ed-suffixed forms were

inter-correlated, but not were not correlated with production rates of existing or novel irregular

pasts.

The 5 PD patients with the most severe right-side hypokinesia were worse at producing past

tense forms of regular than  irregular verbs (looked vs dug), and never overregularized (digged).

They were also worse at producing pasts for novel regulars  than existing irregulars (plagged vs

dug), and had more trouble producing regularized pasts for novel irregulars  (crived) than their

irregular alternatives (crove), compared to controls.

The PD findings are unlikely to be explained by frequency differences, visual deficits, a

tendency to produce embedded words, or articulatory difficulties. In particular, three lines of

evidence argue against an articulatory deficit account. First, the 5 hypokinetic PD subjects did not

make phonological errors on irregulars (keep-kep) analogous to those made on regulars (look-look).

Second, in a new set of regular and irregular verbs, matched one-to-one on pronouneability and

frequency (passed-lost), the retested hypokinetic PD subjects were worse at producing regular than

irregular past tense forms. In this retest the PDs were also worse at producing regular pasts than at

repeating pronounceability- and frequency-matched uninflected words (passed vs fast). Third, two

types of regular past tense forms that are retrieved from memory (``attracted regulars'' like glided

and ``doublet regulars'' like dived) were not produced less successfully than irregulars, and showed

a correlation pattern similar to that of of irregular  pasts (dug), not regular or novel pasts (looked,

plagged).
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A Role for The Basal Ganglia in Grammatical Rule Processing

In Huntington's patients, excess movement (chorea,  a type of hyperkinesia), caused by a

specific kind of basal ganglia  lesion which leads to excess excitation of frontal cortical areas, was

associated with excess use of the -ed-suffixation rule: the production of multiply- and syllabically-

suffixed regular and novel verbs (lookeded, look-id, plaggeded, plagg-id), and overregularizations

(digged, dugged). These forms were unlikely to be explained by motor perseverations  of -t or -d

because forms like  keptit, lookedet, kep-it, look-it or kep-id were lacking, and overregularization

errors were produced from stems  lacking a final -t or -d (e.g., digged). Unlike in AD,

overregularizations were not associated with difficulties remembering words, underscoring a role

for  the basal ganglia in grammatical rule processing.

Suppressed movement (hypokinesia), caused in Huntington's and  Parkinson's patients by basal

ganglia lesions leading to the inhibition of frontal cortical areas, was associated with suppressed use

of the -ed-suffixation rule. In HD and HD,  hypokinesia correlated with the production of

unmarked forms for novel and existing regular verbs (plag, look), but not with the production of

unmarked forms for irregular verbs (dig),  partialing out object naming. This contrast was unlikely

to be caused by articulatory difficulties, because hypokinesia was not associated with  the

production of unmarked forms for attracted regulars (glide),  whose past tense forms (glided) can

be stored in memory.

A number of measures of disease progression and of behavioral and  motor impairments,

including suppressed movement (hypokinesia),  were not correlated with either excess movement

(chorea)  or excess rule use.  Conversely, chorea  did not correlate with the production of unmarked

forms. This contrast, in combination with the correlations between chorea and excess rule use in

HD, and between hypokinesia and suppressed rule use in HD and PD,   as well as the lack of

consistent cell loss outside the  basal ganglia in HD, indicates that it is the specific kind of lesion

leading to excess movement in HD that also lead to excess rule use, and that  it is the specific kinds

of lesion leading to suppressed movement in HD and PD that also lead to suppressed rule use.

Thus the basal ganglia appear to play a similar role in motor and rule programming.

Conclusion

Previous evidence has suggested that irregularly inflected forms are stored in and retrieved from

associative memory, while  regularly inflected forms are generally produced in a distinct system by

a grammatical symbol-processing-like rule.

In this paper, the demonstration of double dissociations over irregularized and regularized

inflected forms between the ADs and the posterior aphasic on the one hand, and the PDs and
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anterior aphasics on the other, suggests that one neural system subserves the computation of

irregulars, while another subserves the computation of regulars.

Previous studies have suggested that arbitrary information such as facts and events are

consolidated in medial temporal structures, and eventually stored in neocortex. In this paper and in

other studies it has been shown that  for ADs, posterior aphasics, PDs, and anterior aphasics, there

are correlations or co-occurences of the degree of damage to temporal or temporo-parietal regions,

and the degree of impairment at  remembering images, facts, events, and words, at the production of

irregular pasts, and at the reading of irregular pasts and plurals, and the reading of irregularly

spelled forms. This suggests that these functions are subserved by a temporal lobe system

subserving  the memory of arbitrary information: that is, declarative memory.

Previous studies have suggested that the basal ganglia, which project to frontal cortex, are

necessary for learning and processing skills, and that grammatical processing may depend on

frontal cortex and/or the basal ganglia. In this paper and in other studies it has been shown that for

ADs, posterior aphasics, PDs, and anterior aphasics, there are correlations or co-occurences of the

degree of damage to frontal cortex or the basal ganglia, and the degree of impairment at learning or

processing motor, perceptual and  cognitive skills, at processing of grammar, and at the production

of existing and novel regular pasts,  the reading of regular pasts and plurals,  and the reading of

regularly spelled forms.  This suggests that these functions are subserved by a frontal/basal-ganglia

system subserving  skills and rules: that is, the procedural system.

In this paper and in other studies it has been shown that for ADs, posterior aphasics, PDs, and

anterior aphasics, there is a lack of correlations and co-occurences between the degree of damage to

temporal and temporo-parietal areas, and the degree of impairment of skill- and rule-like functions;

and between the degree of damage to frontal cortex or the basal ganglia, and the degree of

impairment of the memory of arbitrary information. This suggests that the temporal lobe declarative

memory system does not subserve the processing of skills and rules, and that the frontal/basal-

ganglia procedural system may not underlie the memory of arbitrary information.

Finally, this study has shown that the kind of basal ganglia lesions  in PD and HD which are

thought to lead to the suppression of  movement, also lead to the suppression of rule use. In

contrast, a different kind of basal ganglia lesion in HD, which is thought to lead to excess

movement, also leads to excess rule use.  This suggests that the basal ganglia may play a similar

role in motor and rule programming.

These findings and conclusions allow us to address the the three questions about the neural

basis of language  that were asked in the beginning of this paper:



    43

(1) How many brain systems underlie language,  and what class of functions does each

compute? Lexical memory appears to be part of the declarative memory  system underlying the

learning and storage of arbitrary information;  this information may be represented associatively.

Grammatical rules appear to be processed by the procedural system underlying the learning and

processing of skills and rules;  grammatical rules may be computed according  to symbol-

processing-like principles.

(2) Where in the brain are the systems underlying language? Lexical information may be

consolidated in medial temporal structures,  and eventually stored in temporal or temporo-parietal

neocortex. The frontal/basal-ganglia system appears to contribute  to the learning and processing of

grammatical rules.

(3) What neural mechansisms underlie the  systems' computations of language functions? This

paper has addressed this question only for the  procedural system; the evidence indicates that the

well-studied basal ganglia circuits underlying motor programming may play a comparable role in

rule programming.

Further Discussion

How many brain systems underlie language?

I have argued that at least  two major brain systems underlie language.   However, I have not

claimed that there are only two brain systems. First, it would not be surprising if other major brain

systems also subserved language. Second, grammatical rules might be subserved by specialized

cortical neural structures in addition to those underlying the procedural system, just as specialized

cortical  motor programs appear to complement the role of the basal ganglia in the domain of

movement (e.g., in the motor humunculus). Third, the evidence presented in this paper only

addresses grammatical rule processing.  No claims are made about the neural basis of other aspects

of grammar, such as various  principles (e.g., binding principles; Chomsky, 1981)  and filters (e.g.,

case filter; Chomsky and Lasnik, 1977).

Specialization within each brain system

This paper attempts to synthesize, by implicating two major  brain systems in a variety of

language and non-language functions. But I have not argued that there is no specialization within

each of the two brain systems.   Indeed, an enormous amount of research in the past two decades

has  suggested a many-dimensional partitioning of stored information,  such as verbs vs nouns, and

animate vs non-animate categories (e.g., Warrington and Shallice, 1984; McCarthy and Warrington,

1988; Hart and Gordon, 1992),  all of which might be learned and stored in the declarative memory
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system. Similarly, within the procedural system there are known to be not only different

functionally segregated circuits, such as the ``motor circuit,'' ``oculomotor circuit,'' or ``limbic

circuit,'' but also sub-circuits,  each subserving different functions within a given circuit, and each

apparently structurally segregated from and  parallel to the others (Alexander, Crutcher, & DeLong,

1990). Thus it would not be surprising if different grammatical and  non-grammatical rules were

subserved by different sub-circuits. Moreover, because the functional segregation is maintained at

the level of cortex, these hypothesized rule sub-circuits might also be maintained to the level of

cortex.

Pertinence of non-language research

By tying lexical memory to declarative memory, and grammatical rule procesing to the

procedural system, it follows that findings from previous and future studies  of these two systems

should also pertain to language. A large body of research may therefore be  pertinent to the study of

language. For example: (1) Advances in explaining the neural mechanisms  of the basal ganglia in

movement may also be relevant in accounting for their role in rule processing. (2) The implication

of other brain structures in the  declarative or procedural systems would suggest that such  brain

structures may also play a role in language; thus the cerebellum, which has been implicated in

procedural memory  (e.g., Sanes, Dimitrov, & Hallet, 1990; Grafman et al., 1992), may also be

involved in grammatical rules.

Pertinence of language findings to the two brain systems

Conversely, findings within the domain of language may shed light on each of the two brain

systems. Thus the multiple- and syllabic-suffixation found  among the HD patients might help

elucidate the nature of the basal ganglia impairment in HD, as well as the normal function of the

basal ganglia. In particular, the all-or-nothing and easily detectable nature  of grammatical rules

such as the -ed-suffixation rule  might proved be useful in the study of basal ganglia function.

Temporal cortex: Storage or retrieval?

Although the results from this study indicates that temporal and temporo-parietal regions

subserve lexical memory, it does not distinguish between a role in the storage or retrieval of lexical

information. However, there are at least two lines of evidence that suggest  that these regions

subserve the storage of lexical information, whether or not they are also involved in retrieval. First,

studies of declarative memory suggest that the memories are stored in lateral cortex to which they

are connected (see Introduction).  Second, AD patients, who have high levels of degeneration in

temporal and temporo-parietal cortex, compared to other cortical areas (see

page~%pagerefADNeuropathology), are impaired not only at the recall, but also at the recognition

of words as well as other arbitrary information (see page~%pagerefExperiment3:AD).
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Temporal cortex and the sparing of grammatical rule processing

 Findings from this study suggest that temporal and  temporo-parietal regions may not subserve

grammatical rule processing.  Moreover, they suggest  that rule processing for the  ADs and

posterior aphasic may be facilitated:  First, multiply- or syllabically-suffixed forms for regular and

novel  verbs were produced by the 24 ADs ( posterior aphasic (2 multiply-suffixed regulars,  or

Second, both the posterior aphasic and the ADs produced significantly more overregularizations

(digged) as a percentage of irregular errors than their control subjects. Third, the 5 anomic AD

subjects' dementia-adjusted means  for regular verbs and for novel verbs were higher than those for

their controls (see page~%pagerefADRuleFacilitation).

What could account for this apparent rule facilitation? It does not appear to be explainable by

the same set of factors resulting in rule over-activation in HD:  While in AD object naming

correlated negatively with the rate of producing overregularizations (digged), indicating that such

forms were produced when the irregular could not be remembered, in HD this correlation was not

significant,  implicating non-lexical impairments. However, it may also be possible that the temporal

lobe damage in AD and posterior aphasia not only leads directly to  lexical difficulties, but also

indirectly to rule facilitation: Several studies have suggested that lesions to the hippocampus can

result in increased dopamine transmission in the portion of the striatum to which the hippocampus

projects (part of the basal ganglia ``limbic circuit'')  (Jaskiw, Karoum, & Weinberger, 1990; Lipska

et al., 1992; Brene et al., 1993; Springer and Isaacson, 1982).  Moreover, independent evidence

suggests that increasing dopamine levels in the basal ganglia can result in  excess movements of the

sort found in HD  (see Gray et al., 1991). Given that temporal and posterior parietal cortex also

project to the striatum, in the ``prefrontal'' circuits  (Alexander, DeLong and Strick, 1986;

Alexander, Crutcher, DeLong, 1990),  rule facilitation in AD and posterior aphasia might be

explained  if damage to striatal input cells in other circuits, such as the circuitry which we may

underlie grammatical  rules, also resulted in increased dopamine transmission  (see immediately

below).

  Interaction between the two brain systems and blocking

A widely observed phenomenon in language  is interaction between an exceptional form,  such

as an irregular (dug), and its corresponding general form, such as the corresponding

overregularized form (digged), which is blocked by the exceptional form; failure to compute the

exceptional form  can result in overregularization errors (digged). Thus people who have trouble

remembering  irregular past tense forms, such as children (Marcus et al., 1992), or AD patients or

posterior aphasics (shown in this paper),  tend to overregularize.
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I have argued that irregular past tense forms are stored in temporal or temporo-parietal cortex.

These cortical areas project excitatorily directly to the striatum (Alexander, DeLong and Strick,

1986;  Alexander, Crutcher, DeLong, 1990). If projections from temporal cortical representations of

irregular past tense forms impinged primarily upon  striatal projections to the basal ganglia's

``indirect pathway,''    successful computation of an irregular (dug) should  excite striatal

projections to the indirect pathway, leading to the inhibition of frontal cortical areas to which the

basal ganglia circuitry projects, and the  suppression of its programming (Young and Penney,

1993). If this cicuitry projects to frontal cortical areas subserving  the -ed-suffixation rule, the

programming of this rule would be suppressed; thus the computation  of digged would be

suppressed.   However, when an irregular (dug) was not successfully  computed because its

memory representation was weak (in children) or degraded (in Alzheimer's disease and posterior

aphasia), rule programming would not be suppressed,  and an overregularization (digged) might be

computed. Similarly, if no irregular exists (look, plag),  rule programming should also proceed

unsuppressed.

Basal ganglia circuits also receive excitatory striatal inputs  from their own frontal cortical

output regions,  forming a closed loop (Alexander, DeLong and Strick, 1986; Alexander, Crutcher,

DeLong, 1990). Thus frontal cortical areas subserving rule programming should project excitatorily

back to the striatum. If these frontal inputs to the striatum were similar to the posterior inputs in that

they also impinged upon  portions of the striatum projecting to the ``indirect pathway,'' successful

rule programming would lead to the  suppression of further rule programming. This could explain

why people without brain damage tend not to utter multiply-suffixed forms (lookeded, diggeded):

Computation of the rule suppresses additional rule computation, in a negative feedback loop. In

contrast, this closed loop suppression would tend to be ineffective in patients with Huntington's

disease, whose indirect pathway is lesioned, and therefore dysfunctional.   The indirect pathway

dysfuntionality in HD could also explain HD overregularizations: Although the irregular past (dug)

might be successfully computed in posterior cortex,  their excitatory outputs to the striatum would

not successfully  activate the dysfunctional indirect pathway, resulting  in a lack of suppression of

rule programming in frontal cortex, and overregularizations like digged.  Moreover,  the rule might

also be applied to the successfully computed irregular past (dug), resulting in forms such as

dugged. Indeed,  for the 17 HDs, while the ADs, PDs and controls did not produce a single such

form among them (the difference was significant in all three cases:  17 HDs vs 24 ADs, t(39)=2.21

p=.033; 17 HDs vs 28 PDs, t(43)=2.39   p=.021; 17 HDs vs all 40 controls subjects, t(55)=2.88

p=.006. In contrast, in PD, degeneration of the nigro-striatal dopaminergic projections leading to

the inhibition of cortical areas should cause suppression of rule programming even when  the

irregular is not successfully computed, thus explaining  the lack of overregularizations among the

hypokinetic PDs, and the production of unmarked forms for regular and novel verbs.
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Language in AD, PD, HD

 The findings in this study also shed light  on language impairments in AD, PD and HD.

AD:  The study provides further support for the view  that that in AD grammatical processing is

spared, while lexical memory is not. Moreover, the results also elucidate the nature of the naming

deficit in AD, for which three accounts have been proposed: lexical, semantic, and visual (for

discussions, see Huff, 1990; also Nebes, 1989). The relative deficit in the production of irregular

past tense forms  suggests that the AD naming deficit is not solely visual or semantic, because

irregulars and regulars do not differ any  principled manner either visually or semantically.

 PD: The findings suggest that PD is associated with impairments of grammatical rule

processing, as a result of the nigro-striatal degeneration in the basal ganglia. Our results are also

consistent with previous findings suggesting a relative sparing of lexical memory in PD, even for

word recall: While the PDs' control subjects correctly  named 8 ((t(40)=.07  p=.944),  and the 5

most hypokinetic PDs named 8 ((t(17)=.79   p=.442).

HD: Our findings indicate that HD is associated with impairments of grammatical rule

processing,  caused by neostriatal degeneration in the basal ganglia.  Moreover, these impairments

are of two types, analogous to  the two major types of motor impairments found in HD:  excess rule

use and suppressed rule use.
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NOTES

1 Non-doublet irregulars were defined as those  verbs whose regularized pasts' mean acceptability
ratings  by normal young adults in past tense sentential contexts were less than 3.5, from an acceptablity
ratings scale of 1 to 7 (7 being  most acceptable), as tested in Ullman (1993).   This cutoff corresponded
well to our own judgments, distinguishing doublets ({%it dive-dove/dived}) from non-doublet irregulars
({%it dig-dug/*digged}) .
2 No instances of {%it wrang} were produced by the Broca's or anomic aphasics. {%it Wrang} was
counted as incorrect for the remaining subject groups; however, only 4 of the 24 probable Alzheimer's
disease patients, and 1 of the 17 Huntington's disease patients,  produced this form, making it unlikely
that its inclusion as correct would have yielded different results. Interestingly, 9 of the 28 Parkinson's
patients produced {%it wrang};  thus if the form had been included as correct, it would have
strengthened our claim that Parkinson's disease impairs the  production of rule-constructed regulars
more than irregulars.
3 In this paper all frequencies are natural logarithm transformed,  with 1 added to the raw frequency
count before the transformation to avoid logarithms of zero.
4 AD cannot be diagnosed with certainty before autopsy,  and can be difficult to differentiate from other
degenerative dementias.    The patients reported by Schwartz, Marin and Saffran (1979), Whitaker
(1976), and Irigaray (1973; see Obler, 1981)  involved unspecified degenerative dementias.
5 Categorization as standard American English was made by the experimenter. In this paper, bilinguals
are defined as having had important exposure  (input from at least one primary caretaker and/or older
siblings) to English and one or more other languages before the age of five.
6 This unexpectedly large difference for subject EF may have been explained by a negative association
between dementia and the processing of novel regulars.  There was an interaction  between group, verb
class, and IMC scores (F(1,14)=8.83 {%it p}=.010), with follow-up tests suggesting that it could be
explained by a negative correlation between IMC scores and performance at producing novel regulars for
the ADs,  but not for the controls.  That is, as their dementia (which ranged from 12 to 21) increased,
the 5 ADs' performance on novel regulars diminished,  while this did not hold for the controls  (whose
IMC scores ranged from 0 to 4). This relationship is not too surprising, given that dementia might be
associated with conceptual difficulty understanding the task for novel verbs. Because subject EF had
the highest IMC score of all 24 ADs, she may have had the most trouble with novel forms. In support of
this view, she also produced fewer  regular and irregular pasts for novel irregulars  ({%it crive-
crove/crived}) than the other 4 anomic ADs; that is, her performance at all novel verbs, regular and
irregulars alike, as worse than the other ADs.
7 When the patient who was an outlier in the production of  unmarked forms for novel regulars ({%it
plag-plag}) (4 and Pearson's parametric correlations were carried out,  the same pattern of results was
obtained as was found with this  patient included in Spearman rank-order correlations: The production
of unmarked novel regulars correlated with bradykinesia ({%it r}(12)=.76 {%it p}=.002), even
partialing out chorea ({%it r}(11)=.75 {%it p}=.003), partialing out chorea and object naming ({%it
r}(10)=.69 {%it p}=.012). and partialing out chorea and IMC dementia scores ({%it r}(10)=.70 {%it
p}=.011). The production of unmarked novel regulars did not correlate with chorea  ({%it r}(12)= -.27
{%it p}=.353), or with chorea partialing out bradykinesia ({%it r}(11)= -.22 {%it p}=.480).
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Correlations for the 24 AD patients

Existing
Regular
(looked)

Novel
Regular
(plagged)

Regularization of
Novel Irregular
(crived)

Irregularization of
Novel Irregular
(crove)

Existing
Irregular
(dig)

looked r(19)=.78 p<.001 r(18)=.68 p=.001 r(19)=.16 p=.482 r(22)=.24 p=.265
plagged r(18)=.86 p<.001 r(19)=.39 p=.077 r(19)=.07 p=.773
crived NA r(18)=-.03 p=.921
crove r(19)=.35 p=.115
(a) Object naming

r(22)=.25 p=.235 r(19)=.24 p=.303 r(18)=.24 p=.303 r(19)=.41 p=.062 r(22)=.60 p=.002
(b) Object naming, with IMC dementia scores partialed out

r(21)=.11 p=.607 r(18)=.08 p=.725 r(17)=.02 p=.940 r(18)=.47 p=.036 r(21)=.53 p=.010
(c) Object naming vs rank ordered past tense production, with IMC dementia scores partialed out

r(21)=.24 p=.261 r(18)=.26 p=.267 r(17)=.12 p=.616 r(18)=.42 p=.063 r(21)=.51 p=.013
(d) Fact retrieval

r(22)=-.31 p=.145 r(19)=-.28 p=.214 r(18)=-.25 p=.298 r(19)=-.17 p=.471 r(22)=-.57 p=.003
(e) Fact retrieval, with IMC dementia scores (excluding fact retrieval component) partialed out

r(21)=-.17 p=.429 r(18)=-.10 p=.687 r(17)=.08 p=.734 r(18)=-.26 p=.264 r(21)=-.56 p=.005
(f) Fact retrieval vs rank ordered past tense production, with IMC dementia scores partialed out

r(21)=-.23 p=.299 r(18)=-.11 p=.645 r(17)=.21 p=.396 r(18)=-.39 p=.088 r(21)=-.47 p=.022
(g) Recall of information 5 minutes after presentation (IMC subsection)

r(22)=-.01 p=.968 r(19)=0 p=.991 r(18)=-.20 p=.405 r(19)=.10 p=.657 r(22)=-.34 p=.107

Table1: Correlation matrix for the 24 ADs among production rates of past tense types in the past tense production
task, and between production rates of past tense types and object naming or fact retrieval.  For regularizations of
novel irregulars (crived), partial correlations are reported with irregularizations (crove) held constant.  In this paper all
p’s for r’s, t’s, and nonparametric difference tests, are reparted as two-tailed.
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The 5 most anomic AD patients

Subject JB JE EF PJ EP AD m NC m
n 1 1 1 1 1 5 14

Age 75 73 80 73 68 74 74
Education (yrs) 18 12 12 14 13 14 16
Language Eng Eng Eng Bil Eng
Sex F M F F F
Handedness R R R R R

Past Tense Production
IMC dementia 18 11 21 20 12 16 1
Existing Regular (look)
Correct (looked) 95% 100% 75% 75% 100% 89% 98%
Novel Regular (plag)

Correct (plagged) 90% 85% 60% NA 100% 84% 93%
Novel Irregular (crive)

Regularized (crived) 89% 67% 39% NA 94% 72% 67%
Irregularized (crove) 11% 0% 17% NA 0% 7% 27%

Existing Irregular (dig)
Correct (dug) 69% 56% 81% 38% 56% 60% 96%
Overregular (digged) 19% 13% 13% 38% 38% 24% 1%
(as % of

errors)
(digged) 60% 29% 67% 60% 86% 60% 7%

Exsiting Regular vs t (34) 2.18 3.83 -.44 2.38 3.83 4.86 1.22
Existing Irregular p .036 .001 .665 .023 .001 <.001 .229

Novel Regular vs t (34) 1.61 1.96 -1.37 NA 3.83 2.80 -1.19
Existing Irregular p .116 .058 .179 NA .001 .008 .243

Table 2: Background information and test results for the 5 most anomic AD patients (those with the worst object
naming scores) and their normal control subjects (NC).  Means and analyses for novel verbs are carried out over the 4
patients able to perform the task for novel verbs.  For the control subjects, overregularizations as a percentage of
irregular errors was calculated over only those subjects who made at least one error on irregulars.
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Correlations for the 24 PD patients

Existing
Regular
(looked)

Novel
Regular
(plagged)

Regularization of
Novel Irregular
(crived)

Irregularization of
Novel Irregular
(crove)

Existing
Irregular
(dig)

looked r(26)=.85 p<.001 r(25)=.49 p=.009 r(26)=.09 p=.664 r(26)=.35 p=.067
plagged r(25)=.63 p<.001 r(26)=-.11 p=.564 r(26)=.20 p=.316
crived NA r(25)=-.05 p=.789
crove r(26)=.23 p=.236
(a) Right-side hypokinesia (RS)

r(26)=-.72 p<.001 r(26)=-.71 p<.001 r(25)=-.50 p=.008 r(26)=.04 p=.828 r(26)=-.19 p=.321
(b) RS, with IMC dementia scores partialed out

r(25)=-.64 p<.001 r(25)=-.63 p<.001 r(24)=-.39 p=.047 r(25)=-.03 p=.887 r(25)=-.16 p=.432
(c) Left-side hypokinesia (LS)

r(26)=-.66 p<.001 r(26)=-.69 p<.001 r(25)=-.46 p=.016 r(26)=-.06 p=.743 r(26)=-.20 p=.300
(d) LS, with IMC dementia scores partialed out

r(25)=-.55 p=.003 r(25)=-.59 p=.001 r(24)=-.34 p=.095 r(25)=-.15 p=.440 r(25)=-.17 p=.406
(e) RS, with LS partialed out

r(25)=-.41 p=.033 r(25)=-.34 p=.081 r(24)=-.23 p=.253 r(25)=.18 p=.370 r(25)=-.04 p=.823
(f) LS, with RS partialed out

r(25)=-.14 p=.493 r(25)=-.24 p=.229 r(24)=-.08 p=.691 r(25)=-.19 p=.353 r(25)=-.07 p=.711
(g) RS, with object naming scores partialed out

r(25)=-.67 p<.001 r(25)=-.66 p<.001 r(24)=-.40 p=.042 r(25)=.19 p=.334 r(25)=-.06 p=.750
(h) Object naming, with RS partialed out

r(25)=.17 p=.395 r(25)=.20 p=.315 r(24)=.21 p=.312 r(25)=.37 p=.061 r(25)=.31 p=.120

Table 3: Correlation matrix for the 28 PDs among production rates of past tense types in the past tense production
task, and between production rates of past tense types and right-side hypokinesia (RS), left-side hypokinesia (LS), or
object naming.  For regularizations of novel irregulars (crived), partial correlations are reported with irregularizations
(crove)  held constant.
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The 5 most hypokinetic PD patients

Subject DC RD WL PR HT PD m NC m
n 1 1 1 1 1 5 14

Age 68 65 78 65 82 72 74
Education (yrs) 14 12 16 20 16 16 16
Language Eng Eng Eng Eng Eng
Sex M M M M F
Handedness R R R R R
Medication Sinemet Sinemet Sinemet Sinemet

Artane Artane Parlodel Parlodel

Right-side hypokinesia 14 8.5 9 10 6.5 10
IMC dementia 5 1 2 4 0 2 1
Object naming 75% 94% 81% 85% 93% 86% 89%

Past Tense Production
Existing Regular (look)
Correct (looked) 65% 95% 85% 55% 100% 80% 98%
Novel Regular (plag)

Correct (plagged) 50% 80% 70% 50% 75% 65% 93%
Novel Irregular (crive)

Regularized (crived) 50% 50% 39% 28% 22% 38% 67%
Irregularized (crove) 6% 50% 6% 50% 67% 36% 27%

Existing Irregular (dig)
Correct (dug) 75% 100% 100% 69% 94% 88% 96%
Overregular (digged) 0% 0% 0% 0% 0% 0% 1%
(as % of

errors)
(digged) 0% NA NA 0% 0% 0% 14%

Exsiting Irregular vs t (34) .63 .89 1.63 .83 -1.12 1.34 -1.22
Existing Regular p .531 .379 .112 .415 .270 .190 .229

Novel Irregular vs t (34) 1.54 1.94 2.55 1.12 1.51 3.49 1.19
Existing Regular p .134 .060 .016 .270 .141 .001 .243

Table 4: Background information and test results for the five most hypokinetic PD patients and their control subjects
(NC).
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Retest of the hypokinetic PD patients

Subject DC RD PR HT PD m
n 1 1 1 1 4

IMC dementia 8 0 NA 0 NA
Right-side hypokinesia 13.5 6.5 14 7 10.3

Past Tense Production
Irregular (21 items) (lost) 81% 100% 67% 100% 87%
Regular (21 items) (passed) 67% 95% 24% 95% 70%
Irregular vs t (20) 1.0 1.0 2.9 1.0 3.01
Regular p .329 .329 .009 .329 .007

Irregular (6 items) (lost) 100% 100% 67% 100% 92%
Regular (6 items) (passed) 67% 83% 0% 83% 58%
Irregular vs t (5) 1.6 1.0 3.2 1.0 3.01
Regular p .175 .363 .025 .363 .025

Repetition of Uninflected Words vs Past Tense Production of Regular Verbs
Uninflected (41 items) (fast) 93% 100% 95% 100% 97%
Regular (41 items) (passed) 66% 95% 39% 98% 74%
Uninflected vs t (40) 2.90 1.4 6.5 1.0 7.0
Regular p .006 .160 <.001 .323 <.001

Table 5: Results from the retest of 4 hypokinetic PDs, for purposes of testing the articulatory deficit and frequency
accounts.  IMC dementia and hypokinesia scores are from this retest session.  In the new past tense production task,
the 21 regular and 21 irregular items were matched on pronounceability.  The 6 pairs of regular and irregular itemes
were drawn from the list of 21 pairs, but were selected such that the regular verbs had a slightly higher  mean past
tense frequency than their matched irregulars.  The 41 uninflected words for repetition-reading were matched one-to-
one on pronounceability to the 41 regular items in the original (20) and new (21) past tense production tasks.
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The 17 HD patients

HD m NC m
N=17 N=8

Age 45 48
Education (yrs) 14 15
Years since onset 6

Independence (100 normal, 10 min) 77
Shoulson TFC (13 normal, 0 min) 7.1
Physical Disability (100 normal, 10 min) 79
Total chorea (0 none, 28 max) 10
Hypokinesia (0 none, 4 max) 1.6
IMC dementia (0 none, 38 max) 7 .5
Object naming 74% 91%

Past Tense Production
Exsiting Regular (look)

Correct (looked) 80% 99%
Multiple Suffixed (lookeded) 5% 0%
Syllabic Suffixed (look-id) 1% 0%
Unmarked (look) 9% 0%

Novel Regular (plag)
Correct (plagged) 72% 94%
Multiple Suffixed (plaggeded) 4% 0%
Syllabic Suffixed (plag-id) 4% 0%
Unmarked (plag) 9% 0%

Novel Irregular (crive)
Regularization (crived) 57% 63%
Multiple Suffixed (criveded) 4% 1%
Syllabic Suffixed (crive-id) 3% 0%
Irregularization (crove) 20% 32%
Unmarked (crive) 11% 4%

Existing Irregular (dig)
Correct (dug) 76% 99%
Overregular (digged) 8% 0%
(as % of errors) (digged) 28% 0%
Multiple Suffixed (diggeded) 1% 0%
Syllabic Suffixed (dig-id) .4% 0%
Unmarked (dig) 6% 1%

Table 6: Background information and test results for the 17 HD patients and thier control subjects (NC).  Means for
novel verbs are calculated over the 15 patients who were able to perform the task for novel verbs.
Overregularizations as a percentage of irregular errors were calculated over only those subjects who made at least one
error on irregulars (15 of the 17 HDs, 2 of the 8 controls).
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Correlations with inappropriately suffixed forms

Chorea Inappropriately Overregular Suffixed
Suffixed Irregular
Reg, Novel
(e.g., plaggeded ) (digged ) (e.g., diggeded )

(a) Years since disease onset
r(15)=.15 p =.557 r(15)=.35 p =.167 r(15)=-.06 p =.824 r(15)=.16 p =.528

(b) Independence Scale
r(15)=-.01 p =.957 r(15)=.05 p =.842 r(15)=-.13 p =.620 r(15)=-.04 p =.872

(c) Shoulson Total Functional Capacity
r(15)=-.13 p =.629 r(15)=.09 p =.730 r(15)=-.35 p =.175 r(15)=-.22 p =.401

(d) IMC dementia
r(15)=-.25 p =.329 r(15)=0 p =.990 r(15)=-.15 p =.577 r(15)=-.11 p =.688

(e) Object naming
r(15)=.11 p =.673 r(15)=.21 p =.420 r(15)=-.24 p =.351 r(15)=-.09 p =.736

(f) Physical Disability
r(15)=-.10 p =.699 r(15)=0 p =.990 r(15)=-.20 p =.442 r(15)=-.14 p =.601

(g) Hypokinesia
r(15)=-.23 p =.368 r(15)=-.16 p =.528 r(15)=.01 p =.983 r(15)=-.14 p =.603

Table 7: Correlation matrix for the 17 HDs between, on the one hand, chorea and various measures of
inappropriately suffixed forms, and on the other hand, a variety of mearsures of disease progression and of behavioral
and motor impariments.
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Correlations with unmarked forms

Unmarked Unmarked Unmarked Unmarked
Novel Existing Existing Attracted
Regular Regular Irregular Regular
(plag) (look) (dig) (glide)

(a) Hypokinesia
r(13)=.66 p =.007 r(15)=.46 p =.064 r(15)=.42 p =.091 r(13)=.32 p =.244

(b) Hypokinesia, with chorea partialed out
r(12)=.69 p =.007 r(14)=.55 p =.028 r(1)=.49 p =.056 r(12)=.32 p =.266

(c) Hypokinesia, with chorea and object naming partialed out
r(11)=-.63 p =.021 r(13)=.44 p =.101 r(13)=.17 p =.544 r(11)=.07 p =.809

(d) Hypokinesia, with chorea and IMC dementia scores partialed out
r(11)=.58 p =.037 r(13)=.46 p =.085 r(13)=.21 p =.453 r(11)=.24 p =.425

(e) Chorea
r(13)=.03 p =.907 r(15)=.25 p =.336 r(15)=.18 p =.491 r(13)=-.04 p =.881

(f) Chorea, with hypokinesia partialed out
r(12)=.24 p =.413 r(14)=.41 p =.113 r(14)=.32 p =.234 r(12)=.03 p =.931

Table 8: Correlation matrix for the 17 HDs between the production of unmarked forms for four verb classes, and
measures of hypokinesia or chorea.  For novel regulars Spearman’s nonparametric rank order correlations are used
because of the outlier patient; similar results were obtained with this patient eliminated, using Pearson’s parametric
correlations (see text).


