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Saccular Projections in the Human
Cerebral Cortex

TAMAKI MIYAMOTO,® KIKURO FUKUSHIMA, ® TOSHIHISA TAKADA.?
CATHERINE DE WAELE,“ AND PIERRE-PAUL VIDAL®

“Department af Physiology, Hokkaido University Graduate School of Medicine,
Sapporo, Hokkaide, Japan

bDepartment of Oral Functional Science, Hokkaido University Graduate School of Dental
Medicine, Sapporo, Hokkaido, Japan

tLaboratoire de Neurobiologie des Réseaux Sensorimoteurs, UMR 7060,
CNRS-Paris 5-Paris 7, Paris, France Prefrontal cortex (Ba 8)

SMA (Ba g)

A B

D

Postcentral sulcus (Ba 1,3) Intraparietal sulcus (Ba 19)

v A

FEF (Ba 6)

FIGURE 2. Cortical areas activated by 102-dB clicks revealed by fMRL (A) Activation
in prefrontal cortex (Brodmann’s area, BA 8); anterior part of the superior frontal gyrus and
FEF (BA 6} in the middle frontal gyrus (right) and the precentral gurus (lefi). (B) Activation
in SMA (BA &) in the medial part of superior frontal gyrus. (C) Activation in postcentral
sulcus (BA 1, 3). (D) Activation in posterior part of intraparietal sulcus (BA 19). R and L
indicate right and left, respectively.

FICURE 1. Cortical areas activated by electrical stimulation of the vestibular nerve in
volunteer patients under anesthesia. (A) Latencies of the SLVEPs for the ipsilateral frontal
activation (FP1, FC1, FPZ, F3, and FC5). Note that the mean 6- to 7-ms latency to the onset
of the response (arrow at 2 5D above noise level). (B) SLVEPs following stimulation of the
left vestibular nerve. The averaged voltages are issued from the pooled data of five curarized
Ménigre's disease patients (ordinates, amplitude in microvolts). (C) Electrical source dipole
analysis on the grand average. Dipoles are localized at the limit of the ipsilateral frontal and
prefrontal cortex (1); on the transverse frontopolar andfor frontomarginal gyrus of the pre-
frontal cortex, close to the midline (2):; on the contralateral anterior portion of the SMA (3):
on the contralateral superior occipital gyrus (4); and on the ipsilateral temporoparietal area
{5). (Reproduced with permission and modified from de Waele et al.13)
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’ ) Structures involved in both
Structures involved in - motor sequence learning
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Reorganization and plasticity in
the adult brain during learning of

Motor skills

Julien Doyon and Habib Benali

Current opinion in Neurobiology 2005,
15;161-167

Revised model of Doyon and Ungerleider
(2002)

1: fast (early) learning stage( single session)

2: slow (later) stage (several sessions)

3: consolidation stage (6> hrs)

4: automatic stage (less skill, resistent ,time
delay)

5: retention stage
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Brain activation during execution and motor imagery of novel and
skilled sequential hand movements

Michael G. Lacourse,™* Elizabeth L.R. Orr,*® Steven C. Cramer,® and Michael J. Cohen™

*Neurmotor Rehabilitation Research Laboratory, Long Beach Veteran s Affiirs Healtheane System, CA 90822, US4
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Thiss experiment wsed fun ctional magmetic resonnee i maging (MELD w0
compare Tunclonal neurmanmatomy ssocated with executed amd
imagined hand movements in novel amd skilled learning phases. We
hypothesized that 1 week of intensive physical practice would
srengthen the motor representation of a hand molor sequence amd
increase the similarity of functional neurcanalomy sssociabed with
execuied aml imagined hand movements. During MME]D scanning, a
right-hand sel-paced button press sequence was executed amd
imagined before (NOVEL) and after (SKILLED) | week of intensive
physeal practice (m = 54; right-hand dominant), The mean execution
rate was significantly faster in the SKILLED (38 Hz) than the NOVEL
ool ition (2.5 Hz) (P < 0440 ), bt there was no differe nee in exe cution
errors, Activation foci asociated with execution amd imagery was
cogroent in both the NOVEL and SKILLED conditions, though
sefivation features were more dmilar inthe S KILLED versus NOVEL
phase, In the NOVEL phase, activations were more exlensive d uring
execulion than imagery in primary aml secondary cortical molor
volumes and the cerebellum, while during imapery activation were
greater in the srintum In the SKILLED phase, activation fealures
within these @me volume became incremingly similar for execution
aml imagery, tough imagery more heavily activated premolor ares,
inferior parietal lobve, and medial temporal obe, while execu ton more
heavily activated the precentralfpistoentral gyri, striatum, and cere-
bellum. This experiment demonstrated congruent activation of the
cortical amd subscortical motor system during both movel and skilled
lenrning phases, supporting the eMectivensss of motor imagerydoased
menlal pracice techniques for both the aequisition of new skills and the
rehesrsal of skilled movements.

NS Ekevier Inc. Al rights reserved.

Keywords Bram sctivaiion, Hand movement; Modor imagery

PUSH; 4Hz

4—2—3—1—3—4—2, button press
NOVEL vs SKILLED

Fig. 1. Neuroscsn button box weed for hand modor saquence,
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Skilled ;
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Skilled \ [

Image

Fig. 4. Statistically significant activation maps using cne-sample ¢ test (r = 54), shown by condition and incremental = levels. The cluster threshold was set at
P <= 0.001, whole brain comected with an extent threshold of 5 voxels and a threshold ¢ statistic of 6.5. Crosshairs are centered at (0.0). Image shown per
neurological convention: L, left hemisphere; R, right hemisphere.




Fective size: Effect size of the local maxima within volumes of interest
Effective size: during NOVICE and SKILLED execution and motor imagery.
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G. Fritsch und J. E. Hitzig, Uber die elektrische
Erregbarheit des Grosshirns. (Arch.f. Anat. Physiol. u
wiss. Med., 1870, 330-332)
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Fritsch und Hitzi
& Gustav Theodor Fritsch
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sual tracking and neuron activity in the post-arcuate
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F1G6. 10. — Dot displays and averaged histograms during pre-
paratory periods from an extension type FB neuron.

A : extension task (22 trials). B : flexion task (28 trials).

In dot displays spike activity was sampled every 5 ms and

in histograms each bar represented spike numbers every

25 ms. Vertical lines indicate go signal onset. There were 2 s

preparatory periods. ;
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Fis. 2. — The cortical area where FB newrons were sampled.



Differential Fronto-Parietal Activation Depending on Force Used n a
Precision Grip Task: An fMRI Study
H. HEMRIK EHRSS0M,' ANDERS FAGERGREN,! AND HANS FORSSRBERG!

! M , Department af Woman and Child Health and *Diviston of Humar Bratn Besearch, Dep
af Newrascience, Karalinska Institutet, 171 77 Stockholm, Sweden

Receverd 13 October 2000 nccepled in final form 9 Febomry 30601
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H via. L. The precision grip sk, The same posiure of the land wos adopied
E. _ - in all conditions (A} a smll haodle was pmsped between the pulps of the
7 I AT index finger and the thumh with the anm being supporied up o the mdial side
" of the lnnd so that foroe could be penembed proctically withoul movernent of
= the digiis. wnis, or ann (8. O and £ o represenbiive fores recording from 1

atvject whils he perfonmed the precisian grip iosk in the small fores condiion
() and in the lirpe foree condition {8). Mole that the same lime coursz: of grip
forces was pencrobal in both conditions, onby the force was differeot In the
| task {for both force levels), a weak briel vibmtion was delivered though the

Galp Fuwrce, N

N banlle bo signal that the forez of 2 M Cin amally or 16 X {in lege) had been
e reachal (T3, The subjecis then applied o selfselected gatic grip foroe slighily
R —— ahirve this foree threshald. The mee of the fores oveles fllowsd metraname

benis (). For detmls, see vemons

e 5. Pemin regions bl were sipnificaniy setivaled during the srall
Towce condition (A5% 4, © and &) and the lorge fooce condition (7 B and
Fiin camperizon with the baseline condition (7 < 008 affer correction for
muliiple comparizons). Both farce vonditions wens associaled with very similar
actividion pallens in the frontal and paristal lobes (e smime aress o were
detected in the main effed amlyss, soe Fig 2 and Toble 1) A ond 8 fthe 1ed
bemigphers| and Cand S the Aght bemispherei: the hilateral activations of the
dorsal and ventral premotor cores (PRI and PAY), parieial operaalom (PO
peederion parictal regions (intrmparietsl cotex oo supramarginal cortex ), md
the ventml prefronial cotex for both force conditions. The clusters of adive
vomels overlappal with area 44 and 45 on both banispheres. £ and F {he
medial walli: the activation of supplementary mobor area (SAA), rosiml
cingulate moter arza (CAArL and the thalamus (represenied on the medial
wall an this 3dimensional reconstiruction during both condifions. & stronger
activation in canchl CMA CRMAC was seen when the hrger foroes were
geneniel. The cerdrellum wie cuisde the fickd of view. See Table | Tor details
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Contribution of the Monkey Corticomotoneuronal Syste
to the Control of Force in Precision Grip

Y o2 WLAIEP K M E BENNETT. M . HEPP-REYMOND. AND R _.‘\-'_ I_.E_\-!O_\'
Departrient of Ararorry, Cambridze Lnversicy. Cambridze CBZ FDY. Urnited Kinzaowr,
and Brain Research Institute, CH-8069 Ziirich, Switzerland

Recorded Data /"g'“%—ﬁ

Finger J1N

Thumb =

Precision
Grip Task

CM Cell

Strain

Gauges

Pot.
i —_— EMG
Spring
Trial complete A o e
RG. 1. Left: schematic diagram of the manipulandum used for the precision grip task. Actual dimensions of the digit

vers are given in the text. For the isometric task, both thumb and index levers were clamped, and the forces exerted
rgistered by the strain gauges shown, For the auxotonic task, the levers moved freely on the shaft of a potentiometer and
were spring loaded as shown. Right: records of raw data from 1 trial of isometric precision grip. From fop, records show
firees registered by strain gauges in the finger and thumb levers, spike activity of a single identified corticomotoneuronal
ICM) cell, and multiunit electromyograms ( EMG ) recorded from a thumb muscle (abductor pollicis brevis, AbPB ) and an
ndex finger muscle ( Ist dorsal interosseous, 1D1). The selection of typical force segments is indicated (a and b). For
vgment b the corresponding segment of CM cell and EMG activity is shown by the dotted lines.
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FIG. 3. Data for a corticomotoncuronal cell ( P2) that increased its fir-
ing rate with isometric finger force. Left, top 1o bottom: raster of cell dis-
charge with corresponding force traces (index finger) for 20 out of 57 trials,
periresponse time histogram (PETH), and scatter diagram of the mean
firing rate as a function of mean force from 49 chosen foree scgments (see
Fig. 1). Right, top to bottom: rectified and smoothed EMG activily of a
target muscle ( 2nd dorsal interosseous, 2DI) for the same 20 trials, perire-
Sponsc average and scatter diagram of mean EMG activily asa function of
the mean force of the same segments shown on lefi. Arrow (FO) indicates
the onset of force production, Display time, 4s. r, regression coefficient: i,
number of data segments: slope, rate-force slope in Hz/N. In the PETH,
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FIG. 4. Data for a corticomotoneuronal cell (N3} that decreased i
firing rate with isometric finger force. Results are presenied in the sam
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Primate Motor Cortex and Free Arm Movements to Visual Targets in
Three-Dimensional Space. |. Relations Between Single Cell
Discharge and Direction of Movement

Andrew B. Schwartz,” Ronald E. Ketiner,” and Apostolos P, Georgopoulos

Thi Prilg Bard Labaratories of Newoprysiology, Department of Neuroscience, The Johing Hopking Unsvarsity, School of
Medicine, Ballimore, Mandand 21205
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Transition of Brain Activation from Frontal to Parietal Areas in
Visuomotor Sequence Learning HEER—S O RADEE DO . 5t
Katsuyuki Sakai,'= Okihide Hikosaka,' Satoru Miyauchi; Ryousuke Takino,* Yuka Sasaki,” and Benno Piitz> EE@]E‘T’h§$f1§h < ( Sakai E) . 1998 )

1Department of Physology Juntendo University Schoo! of Medicine, Tokyo 113, Japan, *Deparfrmant of Neurokgy
Dia=ion of Neuroscience, Gradualte School of Medicine, Uniaraity of Tokyo, Tokyo 113, Jdapan, 3Human Mewrosysiam
Soience Sectlion, Infeligent Communications Division, Communications Reseanch Laboratory, Tokyo 184, Japarn,
AShiraume Gakwen College, Tokyo 187, dapan, and “Exploratory Research for Advanced Technology, Japan Sciance and
Technology Corporation, Kyoto §15-02, Japan
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Long-Term Potentiation in the Motor Cortex

AtsusHI Ir1KI, CONSTANTINE PAVLIDES, ASAF KELLER,

HIROSHI ASANUMA Long-term potentiation in the motor cortex
A lriki, et al.

Long-term potentiation (LTP) is a model for learning and memory processes. Tetanic Scien E}E 245 1385 {1 ggg}-

stimulation of the sensory cortex produces in motor cortical neurons, whereas i 2 . 1

m@ﬁn cfﬂlt;e wnnghum nucleus aﬁfmam&?wm also projects l:u the DOI: 10.1126/science.2551038

motor cortex, does not. However, after simultaneous high-frequency stimulation of
both the sensory cortex and the ventrolateral nucleus of the thalamus, LTP of thalamic
input to motor cortical neurons is induced. This associative LTP occurs only in
neurons in the superficial layers of the motor cortex that receive monosynaptic input
from both the sensory cortex and the ventrolateral nucleus of the thalamus. Associative
LTP in the motor cortex may constitute a basis for the retention of motor skills.
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Fic. 132. Munk (1881, p. 29, fig. 1).
Areas: A, visual, B, auditory, C, D, E,
touch. Bilateral removal of A: pro-
duces psychic blindness; of B, psychic
deafness,

Munkld, O/ XTHAIRREEFZIZELI-5. Y%
B TELLY

MRZALSEEZ. ADECALILI=6KEER.
Restitution&PF A 12(1881),

"ig. 5.36. The austere Hermann Munk’s role in providing
he correct evidence for the localization of the great sensory
nodalities 1s often overlooked (see Schiller, 1970a, p. 247).
le established “the facts of cortical blindness and mind
lindness™ and uncovered hemiopia.
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Reorganization of Remote Cortical Regions After Ischemic Brain Injury:

INTRODUCTION

A Potential Substrate for Stroke Recovery

Cortical injury, as might occur in stroke, 1s frequently found
to affect the initiation and execution of muscular contraction in
the extremities opposite the side of the injury. In particular, fine
manipulative abilities and skilled use of the upper extremity are
often degraded (Bucy 1944; Hoffman and Strick 1995). In the
weeks and months after injury, a gradual return of some motor
abilittes occurs (Lashley 1924; Travis and Woolsey 1956),
although complete recovery of function is rare in humans
(Gowland 1987).

§. B. Frost, S. Barbay, K. M. Friel, E. J. Plautz, and R. J. Nudo
Center On Aging, Department of Molecular and Infeprative Physiology; and Mental Retardation Research Center,
University of Kansas Medical Center, Kansas City, Kansas 66160

Submitted 18 December 2002; accepted i fimal form 19 February 2003

Frost, 5. B., 5. Barbary, K. M. Friel, E. I1. Plautz, and R. J. Nuado.
Reorganization of remote cortical regions after ischemic brain injury:
a potential substrate for stroke recovery. J Newropfiysiol B9:
3205-3214, 2003; 10.1152/jn.01143.2002. Although recent neurolog-
ical research has shed light on the brain’s mechanisms of self-repair
after stroke, the role that intact tissue plays in recovery is still obscure.
To explore these mechanisms further, we used microelectrode stim-
ulation techniques to examine functional remodeling in cerebral cor-
tex after an ischemic infarct in the hand representation of primary
motor cortex in five adult squirrel monkeys. Hand preference and the
motor skill of both hands were assessed periodically on a pellet
refrieval task for 3 mo postinfarct. Initial postinfarct motor impair-
ment of the contralateral hand was evident in each amimal, followed
by a gradual improvement in performance over 1-3 mo. Intracortical
microstimulation mapping at 12 wk after infarct revealed substantial
enlargements of the hand representation in a remote cortical area, the
ventral premotor cortex. Increases ranged from 7.2 to 53.8% relative
to the preinfarct ventral premotor hand area, with a mean increase of
36.0 = 20.8%. This enlargement was proportional to the amount of
hand representation destroyed in primary motor cortex. That is,
greater sparing of the M1 hand area resulted in less expansion of the
veniral premotor cortex hand area. These results suggest that neuro-
physiologic reorganization of remote cortical areas occurs in response
to cortical injury and that the greater the damage to reciprocal infra-
cortical pathways, the greater the plasticity in intact areas. Reorgani-
zation in intact tissue may provide a neural substrate for adaptive
motor behavior and play a critical role in postinjury recovery of
function.

The theory that structures either adjacent or remote from
the injured area can assume the function of the damaged
cortex, often referred to as vicariation of function or
substitution (Munk 1881), has gained additional support
due to recent examples of functional plasticity after injury.
One study using microelectrode stimulation techniques
showed that areas adjacent to damaged portions of motor
cortex reorganize after behaviorally contingent electrical
stimulation of the ventral tegmentum in rats (Castro-
Alamancos et al. 1992). Another study using
microelectrode-recording techniques showed that changes
in functional representations in somatosensory cortex
parallel sensorimotor skill recovery from stroke in adult
monkeys, although it is unclear whether improvements
reflecta recovery to normal preoperative strategies or the
development of new compensatory behavioral strategies
(Xerri et al. 1998).
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Vicarious function within the human primary

motor cortex?
A longitudinal fMRI stroke study

Assia Jaillard,"* Chantal Delon Martin,* Katia Garambois,' Jean Francois Lebas™
and Marc Hommel'~+*
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Hospital and 4!:1.?3”?1, US594-University Joseph Fourier, Universitaire de Grenoble, BP 217-38(043 Grenoble

Grenoble, France Cedex 9, France
E-mail: AJaillard @chu-grenoble.fr

Summary

While experimental studies in the monkey have shown
that motor recovery after partial destruction of the hand
motor cortex was based on adjacent motor reorganization,
functional MRI (fMRI) studies with isolated primary
motor cortical stroke have not yet been reported in
humans. Based on experimental data, we designed a study
to test if recovery after stroke within primary motor
cortex (M1) was associated with reorganization within
the surrounding motor cortex, i.e. the motor cortex was
able to vicariate. Since motor recovery is time-dependent
and might be inflected according to the tested task, the
delay after stroke and two motor tasks were included in
our design. We examined four patients with one ischaemic
stroke limited to M1, and four sex- and age-matched
healthy controls in a temporally balanced prospective
longitudinal fMRI study over three sessions: <20 days,
4 months and 2 years after stroke. The paradigm included
two motor tasks, finger tapping (FT) and finger extension
(FE). Distinct patterns of motor activation were observed
with time for FT and FE. At the first session, FT-related
activation was lateralized in the ipsilateral hemisphere
while FE-related activation was contralateral, involving
bilateral cerebellar regions for both tasks. From 4 months,

skilled motor recovery was associated with contralateral
dorsal premotor and sensorimotor cortex and ipsilateral
cerebellum motor-related activations, leading to lateral-
ized motor patterns for both tasks. For the left recovered
hand, FT and FE-related activations within M1 were more
dorsal in patients than in controls. This dorsal shift
progressively increased over 2 years, reflecting functional
reorganization in the motor cortex adjacent to the lesion.
In addition, patients showed a reverse representation of
FT and FE within M1, corresponding to a greater dorsal
shift for FT than for FE. This functional dissociation might
reflect the structural subdivision of M1 with two distinct
finger motor representations within M1. Recovery of FT,
located within the lesioned depth of the rolandic sulcus in
controls, might be related to the re-emergence of a new
representation in the intact dorsal M1, while FE, located
more dorsally, underwent minor reorganization. This
is the first fMRI study of humans presenting with iso-
lated M1 stroke comparable with experimental lesions
in animals. Despite the small number of patients, our
findings showing the re-emergence of a fingers motor
task in the intact dorsal M1 instead of in ventral MI1
are consistent with ‘vicariation®’ models of stroke recovery.
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Fig. 2 Representative coronal sections from patient and control maps showing FT and FE-related activations for the left hand over time.
(A) First session at 10 days after stroke. (B) Second session at 4 months after stroke. (C) Third session at 2 vears afler stroke.

12 controls = patients” third session and single session for 12 normal controls). MNI coordinates (mm) v = — 16 in the lower row and
y= =20 in the upper row for FT and FE. Red areas represent FT-related activation in patients; blue areas represent FT-related activation in
controls; vellow areas represent FE-related activation in patients; green areas represent FE-related activation in controls. All voxels are
significant at P < 0,05 corrected for multiple comparisons. Sections are arranged in neurological orientation (i.e. right side of brain to
viewer's right). See Tables 2 and 3 for exact coordinates of voxels.
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Figure 6. Representation of the distal forelimb in cortical area 4 derived from pre- and post-traininig mapping procedures in three training animals. [

this illustration, distal forelimb movements have been broadly categorized as digit (red), wrist/forearm (green), digit + wristforearm (yellow), or proxioi
(blur) movements. Nonresponsive arcas are shown in black. Abbreviations as in Figure 5.
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Treatment-Induced Cortical Reorganization After
Stroke in Humans

COnStraI nt' Joachim Liepert, MD; Heike Bauder, PhD; Wolfgang H.R. Miltner, PhD;

I d d Edward Taub, PhD; Comelius Weiller, MD
Background amd Purpose—Injury-induced corlical revrganizalion is a widely recognized phenomenon. In conlrast, there
m Ovem e nt is almost no information on reatment-induced plastic changes in (he luman brain, The aim ol the present sludy was to
cvaluale reorganization in the molor corlex of slroke patients thal was induced with an elficacious

the rapy rehabilitation trealment. .| ) .

Metheds—We uged [vcal transcranial magnelic stimulation o map the cortical molor oulput area ol a hand muscle on bolh
sides in 13 stroke patients in the chronic stage ol their illness belore and afler o 12-day-period of constrainl-induced
muovement therapy.

Results—DBelore trestmenl, the cortical representation aren of the allTected hand musele was significantly smaller than the
contralateral side. Afler treatment, the musele vulput area size in the aflected hemisphere was significantly enlarged,
corresponding o a greally improved molor performance of the paretic limb. Shills of the center of the oulput map

. the allected hemisphere suggested the recruitment of adjacent brain arcas, In follow-up examinalions up lo 6 months
gﬁﬂ;-“ ﬁﬁ ;f aller treatment, molor performance remained al a high level, whereas the cortical area sizes in lhe 2 hemispheres became
almost identical, representing a retwrn of the balonee of excilability between the 2 hemispheres loward a normal

ﬂ%l] BE;EEH&;% condition. )

Conclusions—This is the [irst demonstration in humans of a long-tenm alteralion i brain lunetion associaled wilh a
therapy-induced improvement in the rehabilitation of movement afler neurological injury. (Siroke. 2000;31:1210-1216.)

Key Words: plasticily, neuronal m transcranial magoelic stimulation m reorganization m physical therapy m slroke

Figure 2. Mumber of octivea TMS posi-
tizns in the infarcted (black bars) and
g neninfarcted (gray bars) hemisphere 2
weeks and 1 doy pretreatment and 1
3 day, 4 weeka, and 6 montha after treat-
ment. B, Corresponding MAL data for
the paretic limb. "*P<0,05
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Cortical Mapping of Gait in Humans: A Near-Infrared
Spectroscopic Topography Study

Ichiro Miyai,* Hiroki C. Tanabe,T Ichiro Sase,T Hideo Eda,T Ichiro Oda,} Tkuo Konishi, Yoshio Tsunazawa,
Tsunehiko Suzuki,* Toshio Yanagida,i'§ and Kisou Kubota™{
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Premotor Cortex Is Involved in Restoration of Gait in Stroke

Ichiro Miyai, M.D., Ph.D. 1, Hajime Yagura, M.D. 1, Ichiro Oda, Ph.D. 2, Ikuo Konishi, Ph.D. 2,
Hideo Eda, Ph.D. 3, Tsunehiko Suzuki, M.D., Ph.D. 1, and Kisou Kubota, M.D., Ph.D. 1.
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Stroke.34:2866(2003)
Longitudinal Optical Imaging Study for Locomotor
Recovery After Stroke

Ichiro Miyai, MD, PhD); Hajime Yagura, MD: Megumi Hatakenaka, MD: Ichiro Oda, PhD;
Ichiro Konishi, PhD; Kisou Kubota, MD, PhD
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Figure 2. Cortical mapping of heniparstic gait In patients with stroke. Cortical acivation maps are based on changes In aeyHD levals
aunng gatt befare jore) and after poat) Inpatient mhablitaton. mages i bottom row show’ site of leskng on T2-4eelghtad MR L Indl-
catas kit A, Coflcal mapping of gatin case 2, with infarction in the left corona radiata (armowd On day 52 aftar stroke, the patient
nesded moderate asalstance 10 taks a stap, SMC activation was much less In affected hamisphars than in unaflected hemisphers., Atbar
npatient mhatiitation (112 days after stroke), the patient nesced minimal assktancs to parom he task, SMC activation was sy et-
fical, and nes activation was sean In SMA and PMC, espaclaly in aflected hemisphers, B, Corical mapping of galtin case 2, with
nfarcton In et corona radiata (amoed. On day 107 after stroks, the patient esded mild asskstance with gait. Thare was less SMC actl-
vation In affected hamisphare than n unaffected hemisphers, ot PMC and Sk ware Dllateraly activatad. COn the sacond maging (176
aays aftar stroksl, the patient nesded [Ma assitance with gatt, SMC were symonatrically activatsd, and there was persdstant activation
N PMC anid SMAL C, Cortlcal mappdng of galt In cses 6, with diffuss Indarctian inright rontopatstal obe, On day 102 after stroks, ths
patient resded maxknal azslstancs with galt; this was the patlant's first cppotunity to walk aftar the lctuz. M activation was
chserved In PMC and prafrontal regions In afectad hemsphes, parkstal raglons In unafiected hamizphans, and bilateral pre-Ska,
Trers was e activation in the meadial SMC. Onthe second evaluation (173 days after sirokel, the patient needed mid assistance,
HIRE Fnaging revealed enhanced activation In Hiateral PMC, pre-SMA and prefrontal areas and mikd SMC activation In unafectad
hemmisphere. D, Cortical mapping of galt In cass & with a large hemarhagc lkskon centersd In foht parkstal lobe (amow). On day 32
aftar stroks, the patient nesced moderate assistance with gatt. MIRS imaging showsd prominent activation In unafacted hamisphars,
Aftar Inpatient rehaliitation (98 days after stroks), he patlent nesded mininal assistance with galt, and enhanced activation was
obgerved I the bilataral SMC, PMC, 8MA&, and prafromtal coricss.
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Reorganization of Remote Cortical Regions After Ischemic Brain Injury:

INTRODUCTION

A Potential Substrate for Stroke Recovery

Cortical injury, as might occur in stroke, 1s frequently found
to affect the initiation and execution of muscular contraction in
the extremities opposite the side of the injury. In particular, fine
manipulative abilities and skilled use of the upper extremity are
often degraded (Bucy 1944; Hoffman and Strick 1995). In the
weeks and months after injury, a gradual return of some motor
abilittes occurs (Lashley 1924; Travis and Woolsey 1956),
although complete recovery of function is rare in humans
(Gowland 1987).
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University of Kansas Medical Center, Kansas City, Kansas 66160
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Frost, 5. B., 5. Barbary, K. M. Friel, E. I1. Plautz, and R. J. Nuado.
Reorganization of remote cortical regions after ischemic brain injury:
a potential substrate for stroke recovery. J Newropfiysiol B9:
3205-3214, 2003; 10.1152/jn.01143.2002. Although recent neurolog-
ical research has shed light on the brain’s mechanisms of self-repair
after stroke, the role that intact tissue plays in recovery is still obscure.
To explore these mechanisms further, we used microelectrode stim-
ulation techniques to examine functional remodeling in cerebral cor-
tex after an ischemic infarct in the hand representation of primary
motor cortex in five adult squirrel monkeys. Hand preference and the
motor skill of both hands were assessed periodically on a pellet
refrieval task for 3 mo postinfarct. Initial postinfarct motor impair-
ment of the contralateral hand was evident in each amimal, followed
by a gradual improvement in performance over 1-3 mo. Intracortical
microstimulation mapping at 12 wk after infarct revealed substantial
enlargements of the hand representation in a remote cortical area, the
ventral premotor cortex. Increases ranged from 7.2 to 53.8% relative
to the preinfarct ventral premotor hand area, with a mean increase of
36.0 = 20.8%. This enlargement was proportional to the amount of
hand representation destroyed in primary motor cortex. That is,
greater sparing of the M1 hand area resulted in less expansion of the
veniral premotor cortex hand area. These results suggest that neuro-
physiologic reorganization of remote cortical areas occurs in response
to cortical injury and that the greater the damage to reciprocal infra-
cortical pathways, the greater the plasticity in intact areas. Reorgani-
zation in intact tissue may provide a neural substrate for adaptive
motor behavior and play a critical role in postinjury recovery of
function.

The theory that structures either adjacent or remote from
the injured area can assume the function of the damaged
cortex, often referred to as vicariation of function or
substitution (Munk 1881), has gained additional support
due to recent examples of functional plasticity after injury.
One study using microelectrode stimulation techniques
showed that areas adjacent to damaged portions of motor
cortex reorganize after behaviorally contingent electrical
stimulation of the ventral tegmentum in rats (Castro-
Alamancos et al. 1992). Another study using
microelectrode-recording techniques showed that changes
in functional representations in somatosensory cortex
parallel sensorimotor skill recovery from stroke in adult
monkeys, although it is unclear whether improvements
reflecta recovery to normal preoperative strategies or the
development of new compensatory behavioral strategies
(Xerri et al. 1998).
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Vicarious Function of Remote Cortex
following Stroke: Recent Evidence from
Human and Animal Studies

NUMA DANCAUSE
Department of Neurology
University of Rochester

Following a lesion, the adult central nervous system undergoes dramatic structural and physiological reorgan-
ization in diverse subcortical and cortical areas. Our knowledge of the events that parallel recovery within the
tissue surrounding the lesion and other distant cortical areas has evolved greatly in the past few years.
Particularly, recent efforts have increased our understanding of the potential implication of premotor areas in
recovery from lesions disturbing the primary motor cortex (M1) and its corticospinal outputs. Because these
areas share extensive connections with M1 and have direct access to the spinal cord through corticospinal pro-
jections, they are particularly well positioned to take over the role of M1 in a vicarious manner and thus com-
pensate for the neuronal loss resulting from M1 lesions. The impressive postlesional reorganization known to
occur in many areas of the CNS including the premotor cortex traditionally has been assumed to play a bene-
ficial role in recovery. However, recent experiments suggest that in some cases, reorganization of distant corti-
cal areas correlates with poor recovery, raising the concept of maladaptive vicarious process. This concept
might be particulary critical in the development of new treatment approaches favoring postlesion plasticity and
even more so for interventions targeting specific area(s). Here, the author reviews human and animal studies that
show the plastic potential of the adult CNS after stroke, highlighting the vicarious role of the premotor cortex
in the recovery of motor control. NEUROSCIENTIST 12(6):489-499, 2006. DOI: 10.1177/1073858406292782

KEY WORDS Motor control, Plasticity, Premotor corfex, Recovery, Stroke



Fig. 1. Cortical reorganization following lesion in M1.

A, Cartoon showing a simplified hypothetical network including the M1 digit
representation (red), the M1 wrist/forearm representation (green), and other cortical
areas of the ipsilateral and contralateral hemispheres. Within M1, at the border of
the digit representation, a neuron (in reality a population of neurons) receives inputs
from both the digit representation and the wrist/forearm representation. Prior to the
lesion, this neuron is included within the digit representation. Facilitatory
projections from the M1 digit representation to the premotor cortex (PM) in the
same hemisphere also contribute to the definition of PM digit representation borders.
Finally, callosal projections from M1 also contribute to the definition of M1 and PM
digit representation borders through facilitation of inhibitory interneurons.
Rectangles are M1 representations; circles are premotor representations.

B, Immediate effect of an M1 digit representation lesion resulting from the
unmasking of latent connections or recruitment of preexisting alternate parallel
pathways. Within M1, there is a further loss of digit representation at the border due
to the preexisting overlap of digit and wrist/forearm networks. A comparable
reduction of digit representation can be observed in the distant ipsilateral PM area.
However, the loss of the callosal projections results in a decrease of inhibition by
the interneurons and thus an increase of the digit representation in both M1 and PM.

C, Potential mechanisms underlying the slower reorganization that occurs in
association with recovery, learning, and practice. Similar phenomena could occur in
both hemispheres, but they are depicted only in the ipsilesional hemisphere here.
First (no. 1 in the figure), the later increase of digit representation in M1 and PMv
B Elbow/shoulder coyld be due to the increase of facilijtation of prelesional netwo.rk or of inhibitio_n on
B Wristforearm adjacent networks. For example, this could be due to changes in receptor density or

SN synaptogenesis. Second (no. 2 in the figure), reorganization of the network through
M Digits formation of novel connections and axonal sprouting could play a role.

Fig. 1. Cortical reorganization following lesion in M1. A, Cartoon showing a simplified hypothetical network including the
— I h'bit' M1 digit representation (red), the M1 wrist/forearm representation (green), and other cortical areas of the ipsilateral and
n l I'Dn contralateral hemispheres. Within M1, at the border of the digit representation, a neuron (in reality a population of neu-
rons) receives inputs from both the digit representation and the wrist/forearm representation. Prior to the lesion, this neu-
ron is included within the digit representation. Facilitatory projections from the M1 digit representation to the premotor
. In “tlva cortex (PM) in the same hemisphere also contribuie to the definition of PM digit representation borders. Finally, callosal
projections from M1 also contribute to the definition of M1 and PM digit representation borders through facilitation of
inhibitory Re are M1 repr circles are premotor representations. B, Immediate effect of
an M1 digit representation lesion resulting from the unmasking of latent connections or recruitment of preexisting alter-
nate parallel pathways. Within M1, there is a further loss of digit representation at the border due to the preexisting over-
lap of digit and wrist/forearm networks. A comparable reduction of digit representation can be observed in the distant
ipsilateral PM area. However, the loss of the callosal projections results in a decrease of inhibition by the interneurons
and thus an increase of the digit representation in both M1 and PM. C, Potential mechanisms underlying the slower reor-
ganization that occurs in association with recovery, learning, and practice. Similar phenomena could occur in both hemi-
spheres, but they are depicted only in the ipsilesional hemisphere here. First (no. 1 in the figure), the later increase of digit
representation in M1 and PMv could be due to the increase of facilitation of prelesional network or of inhibition on adja-
cent networks. For example, this could be due to changes in receptor density or synaptogenesis. Second (no. 2 in the
figure), reorganization of the network through ion of novel and axonal ing could play a role.
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Plasticity of Primary Somatosensory Cortex Paralleling Sensorimotor

Skill Recovery From Stroke in Adult Monkeys

CHONE HA142-0433
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A

PRELESION

B

ACUTE LESION

(2 hours post-lesion)

C

i CHRONIC LESION
. (98 days post-lesion)

FIG. 2. Postlesion deficits and recovery of mean
retrieval performance on a Kliver board. Average
number of finger flexions/extensions ( grasps per pel-
let retrieval ) as a function of postoperative time, for
5 different-sized food wells for a typical ow]l monkey
{4} and squirrel monkey (F). Control data recorded
in the final testing sessions preceding the cortical
lesion are plotted. Discontinuities in the owl mon-
key's curves (wells 4 and 5) correspond to testing
sessions in which the monkey failed to retrieve food
pellets in most trials. Note the difference in scale on
the ordinate axis for the 2 monkeys cases.

FiG. 1. Typical samples of cortical sites recorded before and after a
cortical infarct. ®, microelectrode penetration sites shown over enlarged
video images of the right-hemisphere parietal cortex surfaces. These images
were captured before (4}, immediately after ( B, acute lesion), and 98 days
after the cortical lesion induction (C). Hand zone maps of the primary
somatosensory cortex derived from multiunit recordings were reconstructed
on the basis of receptive field location ( see METHODS ). Maps corresponding
to the samples shown here are illustrated in Fig. 7. Acute and chronic lesion
areas determined electrophysiologically during the 1st 2 h and on the 98th
day postlesion are outlined. Note that the area of the cortical zone of injury
became smaller after 98 days, as was demonstrated by directly by mapping
the **dead’” cortical zone, and as indicated by a decrease in the distances
between cortical surface vascular landmarks, e.g., the large vessels flanking
the lesion zone rostrally and caudally. Chronic lesion extent was estimated
by determining this reduction in cortical surface area added to the area of
the chronically remaining profoundly inactive tissue.
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FIG. 6. Postlesion reorganization of the
hand representation in owl monkey OM
2149 Topographic maps of representation
of different skin surfaces on the hand before
{in the nght hermsphere ) and 63 days after
mduction of a cortical lesion i the dignt
representation of area 3b. A contralateral-
hemisphere control map for this case 15 11lus-
trated i Fag. 9. Infarcted zone determmed
on the basis of clectrophvsiological re-
cordings during the 1st 2 h after the lesion
mduction 15 outhned on the prelesion map.
Cortical zones of representation of hand sur-
faces that were emploved most heavily in
the final phases of recovered behavior (the
tips of digits 3 and 4) arc highlighted in
these map reconstructions: blue for area 3b
representations; green for area |; red for arca
3a. Cther glabrous { volar ) finger representa-
tional zones are ndicated i hght gray. Note
that the lesion extended into area 3a. Larpe
numbers | -3 denote the digits (eg, 1 =
thumb); [y, M, and P, distal, middle, and
proximal phalanges, respectively; multiple
digit representations are shown (e.g., 34D
mdicates cortical #zones in which neurons
displayed receptive fields located on the tips
of digits 3 and 4); P1-P4, palmar pads at
the bases of the digits; H, hypothenar emi-
nence; [, msular zone 1n the center of the
palm; T, thenar eminence; W, wnst; F, face;
LD, large dorsum surfaces; * rones over
which no cutaneous responses could be
evoked. Dorsal skin representational zones
are indicated in dark gray. — — —, approxi-
mate hne of reversal in receptive ficld se-
quences that functionally defines the area
Jb/area 1| border (Memenich et al
1978}. , estimated area 3a-area 3b bor-
der. Black infarct area delimits the zone over
which nerther cortical spontanzous or driven
neuronal discharges could be recorded in the
postlesion mapping experiment. Constant
vascular landmarks are shown in cach map
mn the expenimental hemisphere, to facilitate
comparisons. Note the emergence of cuta-
neous representational zones in both area 3a
and arca 1.
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Area 3b| . - OM 2258
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Ly I, FIG. 7. Postlesion reorganization of the hand
’ \ representation i owl monkey OM 2258 Topo-
Limits of graphic representations of the hand skin surfaces

before and 98 days after induction of a cortical
lesion in the digit representation of area 3b. Same

Madj -
i o . e conventions as for Fig. 6. Representations of most
heavily behaviorally engaged digit tips under the
Caudal 0 maost difficult task conditions in the recovered be-
=] havior are again highlighted in color. Contralat-
"' eral “‘control”™ map from this case 15 1llustrated

m Fig. 9.
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FiG. 8. Postlesion reorganization of the hand
representation in squirrel monkey SM 559, Topo-
graphic representations of the hand before and 109
days after induction of a cortical lesion damaging
the entire digit representation in area 3b and a sub-
stantial part of area 3a. Same conventions as for
Fig. 6. Representations of most heavily behaviorally
engaged digit tips in the recovered behavior are
again highlighted in color.



OM 2149
+63 days _

Area % b - N Map Limit

. Map Limit
+98 Days -~ —

& 50 '. H

OM 2258 - _{krea 3b

~

mG. 9. Contralateral hemisphere “‘control™ maps for OM 2149 and OM 2258, Somatosensory cortex (S1) maps from
the lesioned hemispheres in the representative cases illustrated in Figs. 6 and 7. Cross-hatched and dotted cortical zones
highlight the termtories of representation of digit tips in cortical areas 3b and 1, respectively, that correspond to hand surfaces
that were emploved most predominantly in pellet retnieval in behaviorally recovered monkeys (see Figs. 6 and 7). Lightly
shaded zones mark the termtories of representation of the rest of the glabrous { volar) finger surfaces. Dorsal (hairy} skin
representational zones are darkly shaded. * Zones in which no cutaneows responses were recorded.



Repetitive Bilateral Arm Training and Motor

Cortex Activation in Chronic Stroke
A Randomized Controlled Trial

mToA R

Aredrass B Lufi, MD

Smndy MeComba-Wallar, FT, FhD

Sl WhiislL FaD

Larry ®. Forrastar, FhD

Richisrd Macka MD

Jobin . Sarkin, ML PLL:

Jarg EB. Exhinla, MD

Ardraw P, albarg. MD

Cesnial F. Hardary, ML

Tralning and Fhydcal Thempy

BATRALC irmining cenmmed of hour-
leng therapy sessions (four S-minwms
mavameni penad inicnpened with
10-minuie rest periock] 3 umes per
weck lor & wods, Upon audiary cucs
stirehvdually deennned raes of CLE
o 097 He, parigipanis pushed and
pulled Blsiersly, in sprchreny or sl
iemaiien, 2 T-karhandlen shding in the
irmreeres plane.™ TITE wan lased an
rewreckve ke prmial prica e’ and
icluded tharsac spine medalesien,
scapular meblizaion, waighi bearing
with the pareiic anm, and epaung a
cloaed i DM TEs werc adminniaer ed

insiared ardized fermaioqul 1o ithenme

wizd For BATRALC,

R inkle LA, Dmazar 30, J00%—Nel IR Bz 17 1863

Fgurs . A F lrogpex Beicen ord Alker inkervanlica GAl Falend Curing 564 obion o He
Faretic dma

(o

rdjw

-

m
1
E
]
1
x
]
|
]

POSTEROR -]

of pdiior am vhesrn Armn o wellow'-
i ik sl oy N IER
1 bk g sers detedsd sy B ol

Tes o echorn o dilem ot = oecriirad e = praend
i el ol vals o Ber bl Iarm
ol pmen woa H iredicel s irersred oed adica in coa irel

s mh:ll-:l'r;}:-h I meiffer ap s 0rW B ol de e sk ion el e ol
ol b b inleresa bow shiirach coardimsle @ 7 = Peciies snlsdor ko pelers (0 coa inledoral
'l ] O el s o K] 0, =TT R - o] BT ipaeicalnl 1308 B, 12

A% Bk b mk 3-TT/-29 pankericy b be ol Covsbelian. CAATE irchcales cevs-
LA ket e e

JAMA, October 20, 2004—vol. 292, 1853-1861



Pigpurs 3. Functiora | Signstic RasoUnones inages Feprasnting tha D fkrescs i1 adiabioa in kxch Pationt LUndergming RATRAC

DOcarirnjusi nnl Ha milspsd o
DOcarirn el nnl Ha milspd o

Coainlsmicm|Henaphe s
Coainlmicm|Henaphe s

H
E-.
=
g
5
=
-]
a |

L= e right iile ol L ke ah iy Fmaold Pz 00 et o imciicat ) de mmed sd oo pellow sl &Flns
] “-I'I:r:uﬂl-:;.lm“ |:|.!.I;F-|-Hlﬁ ﬂpﬂh‘l:‘iﬂlbl‘.#:::ﬂ" h-.n-':'-«'l:mn:u-mu-ﬂﬁu':& In ?ﬁ-ll-:
P ")

i o g in i valie n of pae icEninl of prEreir e rabesten bie el mrm iy with ris i mdiony < g

Sy Ao Molol Assasien A nghis ros e, Rl W, Cmezor B, J004—Nel 182, =2 03 1000




The treatment of chronic behavioural loss following stroke 1s a major
problem 1n clinical neuroscience. One way to develop new treatments
15 to use amimal models, which have been developed principally m

European Journal of Neuroscience, Vol. I8, pp. 1950-1962, 2003 L Federation of European Newroscience Socielies

A comparison of different models of stroke on behaviour and
brain morphology

C.L.R. Gonzalez and B. Kolb
Department of Psychology and Neuroscience, Canadian Centre for Behavioural Neuroscience, University of Lethbridge, 4401
University Drive, Lethbridge, Alberta T1K 3M4, Canada

Keywords: brain plasticity, Golgi—Cox, ischemia, Long-Evans rat, sensorimotor cortex

Abstract

We compared the effects of three models of permanent ischemia, as well as cortical aspiration, on behaviour and brain morphology.
Rats received a stroke either by devascularization or by two different procedures of medial cerebral artery occlusion (MCAQ; small vs.
large). Animals were trained in a reaching task, forepaw asymmetry, forepaw inhibition, sunflower seed task and tongue extension.
Behaviour was assessed 1 week after the lesion and at 2-week intervals for a total of 9 weeks. One week after the surgery all animals
were severely impaired on all tasks and although they improved over time they only reached preoperative base lines on tongue
extension. Animals with small MCAOs performed better in reaching and sunflower tasks; no other behavioural differences were
detected among the groups. Pyramidal cells in forelimb and cingulate areas as well as spiny neurons of the striatum were examined for
dendritic branching and spine density using a Golgi—Cox procedure. Each lesion type had a different impact on cell morphology. Overall,
different changes (atrophy or hypertrophy) were observed with each kind of lesion and these changes were specific for the region
(forelimb, cingulate, striatum) and the condition (intact vs. damaged hemisphere). These results suggest that: (i) different lesions to the
motor cortex produce subtle differences in behaviour, and (ji) the method used to induce the lesion produces striking differences in
cortical and subcortical plasticity.

Introduction

The treatment of chronic behavioural loss following stroke is a major
problem in clinical neuroscience. One way to develop new treatments
is to use animal models, which have been developed principally in
rodents, to mimic the pathology of stroke and to try to understand the
basic mechanisms which might underlie functional improvement.

There a wide wvariety of models of stroke (for a review see
@@ 1998), however, including models of global and focal
schemia {e.g. transient vessel occlusion) and focal infarction (e.g.
permanent vessel occlusion). Behavioural studies of transient ischemia
have tended to focus on hippocampal-dependent behaviour (and
hippocampal cell loss) whereas studies of focal infarction have

neuronal plasticity such as growth-associated protein-43 (GAP-43)
and basic fibroblast growth factor (bFGF; Szele er al., 1995; Uryu er al., .
2001). In another experiment, Voorhies & Jones (2002) compared the
effects of electrolytic vs, aspiration lesions of the motor cortex and
found hypertrophy in layer V pyramidal cells of the forelimb area
opposite to the lesion after electrolytic but not aspiration lesions.
Furthermore, interventions after swroke can have different effects
depending on the method used to induce the lesion. Zeng er al.
(2000), for example, have suggested that the host-to-graft connections
are better when fetal neocortical tissue is transplanted into an infarct
cavily than into an aspiration cavity.
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Evidence for bilateral control of skilled mowvements:
ipsilateral skilled forelimb reaching deficits and functional
recovery in rats follow motor cortex and lateral frontal
cortex lesions

Clauwdia L. R. Gonzalbez, Ommar A Gihar i [ 1 T Williams, Jefirey AL Kieim. Bryan Kolb and lam O Whishaw
Canadian Cenire for Behawioural Mewoscienoes, University of Lethbridges,. 4401 Universaty D, Lethbrnidge, A8 T1K Shd, Canada

HKeywords. fpsilateral motor impainments, ipsifaterad motor recoverny. Long-Evans rat. michdie cercbral aneny sbroke, motor cosftex
stroke, skited forslimio use. Siroke and recowveny of function
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FiG. 8. Representative maps of (A) control, (B) motor corfex lesion, and
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(C) latero-frontal cortex lesion showing distal (digit and wrist) and proximal
(elbow and shoulder) areas. (D) Mean area (mm”) of movement representa-

tions.
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" Neural mechanisms of imitative leaming and soctal minoeing. |n this modal, imitative leaming = impiementad by ineractions among e cone
Marco lacoboni imitation circuit, the dorsolteml prefontal corex (BA4S) and a set of areas relevant to motor preparation [Phd, pre-SMA, SPL), whereas
social mimoring i implamented by the interactons among the core imilation cirouit, the nsula and the mbic systam. Abbreviations BA4G,

Brodmann asa 48 MNS, miror newon systerm; PMd, dorsal premotor cors; pre-SMA, pe-supplementary motor asa; SPL, superion
parietal lobule STS, superior temporal suboes,
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Figure 38-22 An individual cell in the ventral premotor area
is active whether the monkey performs a task or observes
someone else perform the task. The fact that the same call is
active during action or observation suggests that it is involved
in the abstract representation of the motor task.

A, Activity in the neuron as the monkey observes another mon-

05 10

key make a precision group.
B. Activity in the same neuron as the monkey observes the hu-
man experimenter make the precision grip.

C. Activity in the same neuron as the monkey itself performs a
precision arip. (From Rizzolotti et al 1996}



SHORT COMMUNICATION
Action observation activates premotor and parietal areas

in a somatotopic manner: an fMRI study FvF—/bIT&%(2001),
EiEx RAHLEENATEF L ER
G. Buccino, F. Binkofski, G. R. Fink," L. Faciga, L. Fogassi, V. Gallese, R. J. Seitz," K. Ziles,? G. Rizzolatt and TEESEHEN. ALk BERN
. *
Istitu!oF;?gir;?ologia Umana, Universita di Parma, Via Volturno 39, 1-43100 Parma, ltaly ': . @]( o

'Department of Neurology, Heinrich Heine University of Duesseldorf, 5 Moorenstrasse, D-40225, Duesseldorf, Germany
%Institute of Medicine, Research Center Juelich GmbH, Germany

Keywords: action observation, humans, mirror system, parietal lobe, premotor cortex
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Motor Facilitation During Action Observation:
A Magnetic Stimulation Study
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L. FADRIGA, L. FOGASSI, G. PAVESI, AND G. RIZZOLATTI -l 1P Jm 2

Istituto i Fisiologia Umana and Clinica Newrologica, Universita di Parma, 142100 Parma, Taly H u ]7 m I ) t . %
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SUMMARY AND CONCLUSIONS h\ﬁ(

1. We stimulated the motor cortex of normal subjects (fransera-
nial magnetic stimulation) while they 7) observed an experimenter
grasping 3D-vbjects, 2) looked at the same 3D-objects, .7) observed
an experimenter tracing geometrical figures in the air with his arm,
and 4) detected the dimming of a light, Motor evoked potentia
(MEPs) were recorded from hand muscles.

2. We found that MEPs significantly increased during the condi-
tions in which subjects observed movements. The MEDP pattern
reflected the pattern of muscle activity recorded when the subjects
executed the observed actions.

2. We conclude that in humans there is o system matching action
observation and exccution. This system resembles the one recently
deseribed in the monkey.
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Fig. 2. Effects of observation of hand and arm n i
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Neural Circuits Underlying Imitation Learning
of Hand Actions: An Event-Related fMRI Study

"just waich®

IMI: *observe the model, then perform a hond action”

Figure 2. Cortical Areas Activated during the Eventin Which Partici-
pants Observed the Guitanist Executing the Guitar Chords
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Figure 3. Direct Companson between ldentical Events in Different
Conditions

Figura 4. Cortical Areas Activated dunng the Pause Event in the
Different Experimental Conditions
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SHORT COMMUNICATION
The essential role of Broca’s area in imitation

Marc Heiser,"” Marco lacoboni,"*¢ Fumiko Maeda,'® Jake Marcus' and John C. Mazziotta'=4#

Fia.1. Left{imitation task): subjects werne shown a saquence of finger movemenis presing keys on a keypad and were instrcted to imitate the finger movements with
theds right hand. Fight (conirol task): subjects wene shown a moving dot and were instrocted i nse the i ght finger comesponding to the starting posidon of e dot o
press the keys on the keypad coed by the moving dot In the caxte depieted here, subject would be ming the litle finger.
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Grasping the Intentions of Others with One’s
Own Mirror Neuron System

Marco lacoboni 22", Istvan Molnar-Szakacs'*?, Vittorio Gallese®, Giovanni Buccino®, John C. Mazziotta

1.3.67.8

Giacomo Rizzolatti®

1 Ahmanson-Lovelace Brain Mapping Center, Meuropsychiatric Institute, David Geffen School of Medicine, University of Califomia, Los Angeles, California, United States of
America, 2 Department of Psychiatry and Biobeh avioral Sciences, David Geffen School of Medidine, University of California, Los Angeles, California, United States. of America,
3 Brain Research Institute, David Gefflen School of Medicine, University of California, Los Angeles, California, United States of America, & Center for Culture, Brain, and
Development, University of California, Los Angeles, California, United States of America, 5 Department of Neuraschences, University of Parma, taly, 6 Department of
Meu rology, David Geflen School of Madicine, University of Califomia, Los Angeles, California, United States of Amenica, 7 Department of Pharmacology, David Geflen School
of Medicine, University of California, Los Angeles, California, United States of America, 8 Department of Radiological Sciences, David Geffen School of Medicine, University of
Califernia, Los Angales, California, United States of America

Understanding the intentions of others while watching their actions is a fundamental building block of sodal behavior.
The neural and functional mechanisms underlying this ability are still poory understood. To investigate these
mechanisms we used functional magnetic resonance imaging. Twenty-three subjects watched three kinds of stimuli:
grasping hand actions without a context. context only (scenes containing objects), and grasping hand actions
performed in two different contexts. In the latter condition the context suggested the intention assocdated with the
grasping action (either drinking or cleaning). Actions embedded in contexts, compared with the other two conditions,
yielded a significant signal increase in the posterior part of the inferior frontal gyrus and the adjacent sector of the
wventral premotor cortex where hand actions are represented. Thus, premotor mirror neuron areas—areas active during
the execution and the observation of an action—previously thought to be involved only in action recognition are
actually also involved in understanding the intentions of others. To ascribe an intention is to infer a forthcoming new
aocal. and this is an operation that the motor svstem does automaticallv.

Context Actinn Intention

Intention
ImMinus

Action

Mminus

Afrer Tea (:Il‘ili!lﬁﬂ Lp

Figure 1. 5ix Images Taken from the Context, Action, and Intention Clips
The images are organized in three columns and two rows. Each

column corresponds to one of the experimental conditions. From left Figure 3. Signal Increases for Intention minus Action and Intention
o right: Context, Action, and Intention. In the Context condition minus Context
there were two types of clips, a "hefore a” context (apper row) and Threshold of £ = 2.5 at voxel level and a cluster level comrected for

an “after tea” conext (lower row). In the Action condition two types
of grips were displayed an equal mumber of times, a whole-hand
prehension (upper row) and a precision grip (lower row). In the
Intention condition there were two types of contexts surrounding a

the whole brain at p << 0.05. The bladk arrow indicates the only area
showing signal increase in both comparisons. The arca is located in
the dorsal sector of pars opercularis, where mirmor activity has been
grasping action. The “before tea” context suggested the intention of repeatedly observed [10,11,12,15,1415,1617,1819,20,27]. See Tables
drinking upper row), and the “after tea”™ context suggested the 51 and 52 for coorndinates of local maxima.

intention of cleaning (lower row). Whole-hand prehension (displayed DO 10,137 Vjoumal phic 00500 79.g005

in the upper row of the Intention column) and precision grip

(displayed in the lower row of the Intention column) were presented

an equal nmumber of times in the “drinking” Intention clip and the

“cleaning” Intention clip.

DOT: 10,137 Vjournal pbio 00300 79001



The mirror neuron system and the
consequences of its dysfunction

Marco docobon and Mirelia Doprelio

- Abstract | The discovary of pramotor and pariatal calls know n as mirror neunons in th
macaqua brain that fira not ondywhan tha animal s In action, but alsowhen it i
m m m m m reroppslog o o vy of ot s
naurophy siological mechanism for a warlaty of important social behasiours, from
Imitation to empatiy. Recent data also show that dysfunction of the mirmor — 5
nauron sy stam In humans might ba a cora deficit In autism, a soctally isolatin P s
tnndltln’:. Hiana, wa nevies ﬂ?n nsauro physiology of the mirmor nnl.lr:n !,.-stn-mgand r‘%\m%' 3
Its roda insoclal cognition and discuss the clinical implications of mirmor neuron 'i__-i___ 7 =
dysfunction. E
y/
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Figure 3 | The human mirror neuron system and imitation. Functional MRI (FMEI)
study of imitation of finger movements showing two human cortical areas with the
predicted pattern of activity for mirror neuron areas®. a | Participants observed or
imitated the lifting of the index or the middle finger (top). In visual control conditions
they observed a cross appearing on the index or middle finger of a static hand (middle),
or appearing on the left or right side of a grey rectangle (bottom). In motor control
conditions, partipants lifted the index or middle finger in response to the appearance
of the cross. b| The two areas showing the predicted pattemn of higher activity for the
control motor task compared with action observation, and highest activity during
imitation, were located in the inferior frontal cortex (Brodmann's area 44; BA44) and
in the rostral part of the posterior parietal cortex ([PPC)Y. ¢ | Blood-oxygen-level -
dependent (BOLD) fMRI activity in signal intensity rescaled by smoothing measured in
BA44 shows the predicted pattern of activity for mirror neurcn areas. Panels a and b
reproduced, with permissicn, from REE. 33 @ (1999} American Association for the
Advancement of Science.

Figure 4 | Grasping intentions with mirror neurons. The observation of a grasping
action embedded in two different contexts {a) that suggest two different intentions—
drinking on the left and cleaning up on the right — elicits differential activity [greater
for drinking) in the mirror neuron area located in the right posterior inferior frontal
gyrus™ [b). This shows that the mimror neuron system does not simply code the observed
action (‘that’s a grasp’) but rather the intenticn associated with the action (that's a grasp
to drink’). Panel a modified from REE. 55,

S4Z | DECEMEBET zo0s [VOLUME 7 Www.nature com/reviews/neuro
® 20068 Mature Publishing Group
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Observing complex action sequences: The role of the fronte —-=iné-?

mirror neuron system

Istvan Molnar-Szakacs,*™*%* Jonas Kaplan,™®*
Patricia M. Greenfield,”® and Marco lacoboni®?-®%f

A fronte-parietal mirror neuron network in the human brain supports
the ability to represent and understand observed actions allowing us to
suceess fully interact with others and our enviromment. Using functional
magnetic resonance imaging (MMRI), we wanted to investigate the
response of this network in adults during observation of hierarchically
organized action sequences of varying complexity that emerge at
different developmental stages. We hypothesized that fronto-parietal
systems may play a role in coding the hierarchical structure of object=
directed actions. The observation of all action sequences recruited a
common bilateral network including the fronto-parietal mirror neuron
system and occipito-temporal visual motion areas. Activity in mirror
neuron areas varied according to the motoric complexity of the
observed actions, but not according to the developmental sequence of
action structures, possibly due to the fact that our subjects were all
adulis. These results suggest that the mirror neuron system provides a
Fairly accurate simulation process of observed actions, mimicking
internally the level of motoric complexity. We also discuss the results in
terms of the links between mirror neurons, language development and
evolution,

© 2006 Published by Elsevier Inc.
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Lateralization of the Human Mirror Neuron System

Lisa drir-Tadeh,* Lisa Kosil, " Eran Takdel, fahe Mamiofiy, - and Marco laoobant
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Observation Execution

Static
hand
Moving
hand

Fgure 1.  Stimuli usad in MBI study of action absanation, execution, and imitation. Stimuli
consisted of two frames of ight or left hands, consequtively flashed for a total of 150 ms to the
right ar left viswal fiedd. Panticipants participated in four task conditions: obsenvation of a static
hand, obsenvation of a moving hand, exacwtion to a static hand, or imitation. The rigit-hand
stimuli shown here all appeared to the right of 2 fixation oross. Left-hand stimuli appeared to
the left of a fixation cross. Both left- and righrt-hand stimiuli wers prasemted in cobor.

Flgure3,  Viewsof the activation for areas that are activated in 2 mirror-fike pattam (imitationexecution >obsarvation =
observation of static hands) for LVF-RVF trials {top) and RYF-LVF trials (bottom). The pars opercularis of the inferior frontal gynis
(IFG)is activated ipsilaterally. Furthermaore, we show activation in areas associated with the human mirror system: the right ST
{t=—5&y= —58; 2= 6) and bilaterally the posterior pariatal (PP) areas (x = —5;y = — 267 =60 =53,y = 10}
=1
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Motor imagery of walking following training in locomotor attention
The effect of ‘the tango lesson’

The hypothesis “ focusing attention on

walking motor
schemes could modify sensorimotor
activation of the brain.*

In locomotor imagery tasks before and after
one week of training consisting of physical
and mental practice the functional changes in
the activity of the cerebral areas involved.
Subjects were asked to perform basic tango
steps, which require specific ways of walking;
each tango lesson ended with motor imagery
training of the performed steps.

Training determines an expansion of active
bilateral motor areas during locomotor
imagery, with a reduction of visuospatial
activation in the posterior right brain,
suggesting a decreased role of visual imagery
processes in the post-training period.

K. Sacco,®™ F. Cauda® L. Cerliani,® D. Mate.® S. Duca.” and G.C. Geminiani®

Fig. 1. Resalie for the poi-test condition minos pretest condition dorng bcomolor imagery. The tehle indicates the Taldrsch coordinates of local maxima of
cortical and cerehellar stmetures showing dgnificant (P < 005, corecied for muliple comparions) setivity. Incrested setivations (+) and decrested
activations {—) are apecified in the fimt column Note that in this comparison poaitive ¢ values indicste an incrested activation in the posttest condition
compared i the pretest condition, and negstive tvalues indicste & decressed activation in the post-ieat condition compared to the preest eondition.
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Anatomical Differences in the Mirror
Neuron System and Social Cognition
Network in Autism

Autism spectrum disorder (ASD) is a neurodevelopmental disorder
associated with impaired social and emotional skills, the anatom-
ical substrate of whichis still unknown. In this study, we compared
a group of 14 high-functioning ASD adults with a group of controls
matched for sex, age, intelligence guotient, and handedness. We
used an automated technigue of analysis that accurately measures
the thickness of the cerebral cortex and generates cross-subject
statistics in @ coordinate system based on cortical anatomy. We
found local decreases of gray matter in the ASD group in areas
belonging to the mirror nenmon system (MMNS), argued to be the
basis of empathic behavior. Cortical thinning of the MNS was
correlated with ASD symptom severity. Gortical thinning was also
ohserved in areas involved in emotion recognition and social
cognition. These findings suggest that the social and emotional
deficits characteristic of autism may reflect abnormal thinning of
the MMNS and the broader network of corfical areas subserving
social cognition.

Keywords: autism, corbical thickness, empathy, mimor neuron system

Nouchine Hadjikhani'™, Robert M. Joseph®, Josh Snyder” and
Helen Tager-[-'lmhﬁg’

' Athinoula A Martinos Center for Biomedical Imaging,
Massachusetts General Hospital, Harvard Medical School,
Charlestown, MA Q2129 TISA, *Division of Health Sciences and
Technology, Harvard-Massachusetts Institute of Technology,
Cambridge, MA 02139, USA and “Boston University School of
Medicine, Boston, MA 02118, USA

thinner

g p<0,00001

p=0.05

Figure 1. Maan thickness difference significance maps. Lateral, madial, and ventral views of the bain showing areas presanting cortical thinning in the autism growp companad
with normal cantrals. No area showed cortical thickening. Signiicant thining was found in areas balonging to the MNS as wall a3 in aneas ivabved in facial exprassion production
and mcognition, imitation, and social cognition.



Decision-making and the frontal lobes
Volz KG, Schuboltz RI, von Cramon DY
Current Opinion in Neurology 2006 19:401-406

Orbital and median PFC—evaluative judgement processes
Lateral PFC—evaluative judgement processes
amalgam problems
transfer problems or
insight problems

Four levels of decisions, depending on predictability of reward probability and reward variability
1. The first level----recognized as being similar to a previous situation.
(recognition-primed decision)

2. The second level--- a decision with a reference to his or her values. (O/IVMPEC)

(stereotyped, “‘Shall | take the fruit salad or go for the créme brulee?’ holistic, intuitive)
3. The third level----to relate his or her value system to the attributes by incorporating long-term information

(anterior-medial and dorsomedial prefrontal areas)
(Reflective desion often affective or motivational)

4. The fourth level--- novel or unprecedented
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Prefrontal and premotor cortices are involved in adapting
walking and running speed on the treadmill:
an optical imaging study
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Walklng a-nd Dementla Honolulu-Asia Aging study

in Physically Capable Elderly Men

JAMA, 2004;292;1447—1453

Table 3. Estimated Relative Hazard of Dementia Comparing Ranges of Distance Walked per

Day
Estimated Relative Hazard (95% CI)
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Physical Activity, Including Walking,

and Cognitive Function in Older Women TA)HDE
Ef121,700 A

3

Jennifer Weuve, ScD Context Physical activity may help maintain cognitive function in older adults.

Jac Hee Kang, ScD Objective To examine the relation of long-term regutar physical activity, including

JoAnn E. Manson, MD walking, to cognitive function. ‘E

Monique M. B. Breteler, MD Design Women reported participation in leisure-time physical activities on biennial 2 E Fﬁﬂ l EJ]-\
- mailed questionnaires beginning in 1986. We assessed long-term activity by averag-

James H. Ware, PhD ing energy expenditures from questionnaires in 1986 through participants’ baseline

Francine Grodstein, ScD cognitive assessments (1995 to 2001). We used linear regression to estimate adjusted

mean differences in baseline cognitive performance and cognitive decline over 2 years,

T
Table 5. Mean Differences in Change in Cognitive Function Scores by Quintile of Physical Activity*

Quintile of Physical Activity

[ 1 PValue
Test 1 (Lowest) 2 3 4 5 (Highest) for Trend

TICS (n = 16 466)
Adjusted mean dfference (35% C) Referonce 017 (0.05t00.30) 0.7 (0.04100.29) 028(0.15t00.41) 0.34(021t0047)  <.001

Category fluency (n = 15 835)
Adjusted mean difference (35% Cl) Reference  0.04 (<0.16t00.25) 0.07 (-0.13t100.29) 0.18 (-0.03100.39) 0.19 (-0.02 to0 0.40) .05

Working memory and attention (n = 14 376)
Adjusted mean difference (95% Cl) Reference 0.12(0.01100.23) 0.13(0.02t00.24) 020(0.08t0031) 025(0.13t10036)  <.001

Verbal memory score (n = 14 363)t
Adjusted mean difference (95% C)) Reference 0.04 (0100.07)  0.01(-0.02100.04) 0.04(0.01t00.08) 0.07(0.04t00.11) <001

Global score (n = 14 344)t
Adiusted mean difference (95% Cl) Reference 0.03(0100.05)  0.01(-0.01t00.04) 0.04(0.01t00.07) 0.06(0.03100.08) <001

Abbreviations: Cl, confidence interval; TICS, Telephone Interview for Cognitive Status. N . o o

*Mean differences are adjusted for age, education, husband’s education, alcohal use, smoking status, aspirin use, ibuprofen use, vitamin E use, balance problems, health limita-
tions in the ability to walk a block, osteoarthritis, emphysema or chronic bronchitis, fatigue, poor mental health (see Table 1), antidepressant use, moderate to severe bodily pain,
and baseline score. . '

+Verbal memory score averages performance in immediate and delayed 10-word recalls and immediate and delayed East Boston Memory Tests, Global score averages perfor-
mance on alf cognitive tests. Composite scores were computed only for women wha completed all component tests.

©2004 American Medical Association. All rights reserved. (Reprinted) JAMA, September 22/29, 2004--Vol 292, No. 12 1459
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Table 4. Mean Differences in Baseline Cognitive Funclion Scores by Quartile of Walking"

3.1.5-2.805M 4.2 4FFfE/HE

Quartile of Walking (MET-hours/wk)

- ] P Value
Test 1(=1.9) 2(1.9-4.2) 3 (4.3-8.5) 4(>8.5) for Trend

TICS (n = 7982)

Adjusted mean difference (5% Cl) Reference 0.19 (0.02 to 0.36) 0.30 (0.13 to 0.47) 0.31 (0.13 to 0.48) 003
Category fluency (n = 7674)

Adjusted mean difference (85% Cl) Reference 0,28 (=0.01 to 0.57) 0,33 (0.03 to 0.63) 0.40 (0.10 10 0.70) .03
Waorking memary and attention (n = 6968)

Adjusted mean difference (95% CI) Reference 0.14 {(-0.02 to 0.30) 0.21 {0.04 to 0.37) 0.35 (0.18 to 0.51) <.001
Verbal memory score (n = 6969t

Adjusted mean difference (95% Cl) Reference 0.03 (-0.02 to 0.08) 0.06 (0.01 to 0.10) 0.05 (0 to 0.10) 07
Global score (n = 68957)1

Adjusted mean difference (95% Cl) Reference 0.04 (0 to 0.08) 0.06 {0.02 to 0.10) 0.07 (0,02 t0 0.11) 007

Abbreviations: Cl, confidence interval; MET, metabolic equivalent,

*Includes only the 7882 women who did not report any vigorous aclivity. Adjusted for the variabies listed in the footnote to Table 2 as well as for MET-hours expendead on Stair-
climbing and low-intensity exercise (eg, yoga, stretching, toning).

{Verbal memory score avarages performance in immediate and delayed 10-word recalls and immediate and delayed East Boston Memory Tests. Giobal score averages perfor-
mance on all cognitive tests, Composite scores were computed cnly for women who completed all componeant tests.

1458 JAMA, September 22/29, 2004—Vol 292, No. 12 (Reprinted) ©2004 American Medical Association. All rights reserved.
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Visuokinetic Activities of Primate Prefrontal Neurons

During Delayed-Response Performance
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; Increased prefrontal and parietal activity after
training of working memory

Pernille ] Olesen, Helena Westerberg & Torkel Klingberg

Working memory capacity has traditionally been thought to be constant. Recent studjgs. however.. suggest that working memory can
be improved by training. In this study, we have investigated the changes in brain achv:ty‘thal are |!|duced by working memory
training. Two experiments were carried out in which healthy, adult human subjects prachced. working mermory tasks for 5 u.e('eks.
Brain activity was measured with functional magnetic resonance imaging (fMRI) before, during af_ld aflerltralmng. Afier tram!ng,
brain activity that was related to working memory increased in the middle frontal gyrus and superior and inferior parietal cortices.
The changes in cortical activity could be evidence of training-induced plasticity in the neural systems that underlie working memory.
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Figure 1 Working memory task carried out during scanning in Experiment 2, Five or seven red circles (cues) were presented sequentially in a 4 x 4 grid.
Each cue was presented for 900 ms, with a 500-ms interstimulus interval (IS1), The cue presentation was followed by a blank grid and a text line
indicating the start of the response phase, which lasted 12,000 ms. The subject indicated the location and order of the presented cues by clicking on a
computer screen with an optic track-ball. The intertrial interval (ITI) was 5,000 ms after low-load trials and 2,200 ms after high-load and control trials. In
the control task, seven green circles were presented sequentially in the two uppermost rows, The circles stayed on the grid when the text line appeared,
and the task was to click them away in random order.
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Frontal polar region was activated by Branching Task

Agure 3 Topog raphyofDmEn regions with d istnct actiation prafiles. Yeloww, main
effects of duaktask parfiorma nca. Grean, additivity of tha dual-task and delayved-
responss paromance affects. Aad, Imeracfion of duaHask and delayved-
parformancs sffects or branching specific acivations. See Mathods or details
and Tablke 2 for coondinates of actvation fodd. Insarts, data points are e meaan
sgnal changes (verical =os, percanage) in e delay (De ) dualtask (D and
oranching (Br} conditions (maaswed in the stationany stats, that is, in hesecond
natf-olock ) ral afive 1o the adusted signal meanin the comrol condtion (1o}



Branching task
( BR; combined, main DR Test, and subroutine GNG Test)

During the delay period of the DR Test (2), the GO/No-GO Test (3) was performed.
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Correct Performance Rate in the frontal Test

BR Test
100 [
Wb T A 1{&
80 [
0 |
60 [
50 - 1 | | | ]
0 6 12 18 24
Weeks

@ Jogging trained group
@ Jogging untrained group

DR of a BR Test

- % ......... é .......... ’
I 1 L . l
0 6 12 18 24
Weeks
DR Test
100
" — Q9 —0 ‘i .......... 0
20k
80
70F
60 L
50 L1 L ' ' !
0 6 12 18 24

80

70

100

90

60

GNG Test of a BR Test

50

100]

90

80

70

60

0 6 12 18
Weeks

GNG Test

50

Weeks

24



1.
A

|.‘1’|-')

s b
| Zm
=

Al
1

n|s
LD

A\
Y
L

B
\

[T‘
I Tm
ol
N

N
{

1
vl

-y

===

ie

R\

17

|

e
7
s

——

1

\
/

VIS

7l

‘HI:J%EE{@ ISUFLY . BB #ULEE SEERLVEL
T

KRR

s \

HIEEHIEF & S Al RIS V—F T AE)—

46%7

» »

J—/—d—

RIEE R 27 & SHAIR

5 AESETE Al R R E

U R !

T AIER
L ULIE gy
6 ¥

JEJB
'?:].QJ : E@Jﬁ“ﬁﬂ@"%gﬁ (Kubota, 2004)



