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- tored in a modified version of the stepping test,
' as described prevmusly for rats (Schallert etal,,

1992; Kirik et al, 1998). The test was per-
formed three times daily over 3 consecutive
days. In this test, the mouse was held firmly by
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" Figure 1. THIs progressively lost in both the ventral m|dbram and striatum of Nurr 147" mice, A-T, Confocal microscopy
showing TH immunohistochemistry in control (ctrl) and Nurr 1740 miceasindicated. 4-J, Sections were analyzed at the levels of
‘. ventral midbrain (as indicated in A and F) andinthe striatum (as indicated in Kand P). TH immunofluorescence was analyzed at .
both émbryonal and postnatal stages as indicated, Results demonstrite a progressive loss of TH jmmunoreactivity in the ventral
- midbrain, Néte that TH immunoreactivity was more drastically downregulated at more lateral regions compared with the pro-
. spective medial VTA. &~T, TH |mmunoreactmty inthé stnatum In cNurrl"”f” mlce, THwas losti m the (Puand dlmlmshed Inthe

NAc. Scale bars, 250 pm,

' modlﬁcatxons Brxeﬂy, 25 pl of each sample were injected by a cooled

autosampler (Midas) into an ESA Coulochem 111 coupled with an elec-

 trochemical detector. The mobile phase (5 g/L sodium acetate, 30 mg/L -

.Na2 EDTA, 100 mg/L octane-sulfonic acid, and 10% methanol, pH 4.2)
" was delivered at a flow rate of 500 1,Lllmm to a reverse-phasé C18 column
" (4.6 mm diaméter, 150 mm). -

Fluorogold retrograde tracing, Animals received one umlateral stereo-
faxic injection in the right striatum using a 5 pl Hamilton microsyringe
(22 gauge steel cannula) filled with the retrograde tracer Eluorogold (hy-
droxystilbamidine;, 4%, Biotium). ;I‘he animals were anesthetized w1th
isoflurane, 0.5 1l was m]ected during 1 min, and the cannula was left in
place for an ddditional 2 min before slowly being retracted, The antero-

- posterior and mediolateral coordinates from bregma were 0.27 and

—2.10 mm, respectively, and the dorsoventral éoordinates from the dura

were —2,60 mm. Animals were killed 4 d after m)ectlon, and the brains
were isolated. Fresh-frozen sections (14 pm)-were cut with a cryostat and
. examined undera epifluorescence microscope (Eclipse ElOOOK Nikon)
coupled to an RTke spot cainera.

Open-field test, This test was used to monitor overall activity andrear-
*ing behavior. The open field consisted of a white plastlc box (55 X 35 X -

30 cm) with lines (squares of 7 X 35 cm) painted on ts floor, The animals
_were put in the center of the box, habituated for 10 min, and filmed 15
. min thereafter while rearing was scored. The video recordings were used

to measure the number of hnes crossed during the monitoring period. A

the experimenter - with both hindlimbs and one
forelimb immobsilized, and the mouse was pas-
sively moved with the fre¢ imb contacting a |
- table surface. The number of adjusting steps,
performed by the free forelimb when moved -
in the forehand and backhand directions,
over a distance of 30 cm, was recorded. Re-.
sults are presented as data collected on the
third testing day. ‘

Results
Selective Nurrl ablation in late
developing mDA neurons -
A mouse strain containing a.Nurrl allele
- for conditional gene ablation was genefated -
by insertion of two loxP sequenices in the
second and third introns so that the coding
sequence, including the first coding exon
3, is excised by Cre-mediated recomnbiria-
© tion (supplemental Fig, 1, available at www..
jneurosci.org as supplemental material), To
analyze the consequences of Nurr1 ablation
at late stages of mDA neuron develop-
ment, we crossed floxed Nurrl mice with
mice carrying Cre inserted in the locus of
the DAT gene (Ekstrand et al., 2007).
Crosse$ generated Nurrl mice that were
homozygous for the conditional targeted
Nurrl allele and heterozygous for the
DAT-Cré allelée (Nurrl*A4DATCe/™-
hereafter referred to as cNurr1PAT¢r
mice), Littermates of genotype Nurr1 "%
DAT*** or Nurr*;DAT** were
-~ used as controls. Although we cannot ex--
_clude thata small number of cells escape Nurr1 gene deletion,
immunohistochemistry using an antibody against Nurrl
showed that DAT—Cre-mediated Nurrl ablation resulted in the
expected delayed loss of Nurrl expression in mDA neurons begin-
ning from approximately E13.5 and becomes essen’aa.lly complete at
E15.5 (supplemental Fig, 2, available at www.jneurosci.org as’
supplémeéntal material). At this stage of normal development,
- “cells express pan—neuronal properties as well as many mDA neu-

ron markers, and axons are growing toward the developmg stri- - ¢

atum (Smidt and Burbach, 2007).

" cNurr1PAT6" mice were born at the expected Mendelian fre-
quency of ~25% (of a total n = 159); however, cNurrIPATCr
mice were less active than controls and did not survive beyond 3
weeks after birth, If litters were allowed to remain with their
mothers after wéaning, permatal death was avoided in ~50% of
cNurr1PATC pups, These surviving mice were, however, ~40%
smaller than controls at the age of 2 months (supplemental Fig, 3,
available at www.jneurosci.org as supplemental material). Al-
though no significant’ change in spontaneous light-phase loco-
motor activity could be observed in adult cNurrIPAT% mice,

rearmg was dramatically decreased (supplemental Fig. 3, avail-

N



" able at www.jneurosci.org as supplemen-

. mutant mice did not improve viability
“and did not induce any weight gain. In-

 selective Nurrl ablation is associated with | &
,decreased weight, réaring, and viability, §

- lyze the possible cellular basis for the phe-
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tal material). 1-DOPA treatment .of

E155 P

cNurr1DATCre Ctrl

stead, cNurr1PATC" mice' display a pro- .
nounced and severe hypersensitivity to
1-DOPA treatment characterized by an
acute phase of hyperactivity and repetmve
behaviors (mcludmg repetitive gnawing,
excessive.grooming, and self- m}ury) inall =g
tested mutant (n = 9) but not in any wild- -
type controls (n = 7) (see Maferials and 8 }
Meéthods). These behaviors resemble g i
those that have been obseived in neonatal :
6-hydoxydopadmine lesioned rats treated
with‘I;—DQPA (Breese etal., 2005). I con-
clusion, late embryonic mDA neuron-

|

and mice show an altered response to
L-DOPA

Reduced levels of TH and DA in brains
of eNurr1”AT¢ mice

The observed abnormialities are consistent
with a dopaminergic deficiency. To ana-

notype, brain sections from controls and
cNurr1P4T¢ mice were analyzed by im-* | 4
munchistochemistry using an antibody. | 3
against TH (Fig: 1). A progressive loss of g
TH immunostaining in SNc was observed
in the cNurr1?ATC™ mice (Pig. 14-J). TH
levels were significantly decreasedalready

at B15.5, soon after Nurrl is lost, and de- Figuyé 2, All analyzed mDA neuron markers are lost or dimiinished in cNurr1°4™ mice, A-T, Confocal microscopy showihg :
creased fur rther until adulthood when immunohistochémistry of several different mDA neuron markers in control (ctrl) and in cNurr1°470¢ mice at E15.5 or at P1, as

‘only scattered TH-positive neurons could
be detected. TH was diminished also
within the VTA at later stages, but a 51g-
nificant numbér of cells remained even in

adult animals (Fig. 1A-J). These cells were counted in four non--

consécutive sections for each analyzed brain. In adult control
VTA, a mean of 74.5 & 7.1 cells per section were counted in

- eNurrIPATC mice (n = 4) and 499.3 * 5.2 cells in controls (n =
3) (Student’s t test, 4.4 X 10 77). TH immunostaining within the
caudatus putamen (CPu) was completely lost (Fig. 1 K~T). How- -

ever, wealc meunoreactmty remained in nucleus accumbens

_ (NAc) innervated preferentially by VTA neurons (Fig. 1K-T).
" We also noted the appearance of ectoplc TH- posxtlve cell bodies

within the striatal parenchyma in- cNurr1®AT% mice (supple-
mental Fig, 4, available at www.jneurosci.org as supplemental
material). These cells were more frequent in regions in which
striatal TH had been most severely depleted as a. consequence of
Nurr1 ablation and resemble TH-positive neurons appearing in
rodent and. primate DA-depletion models (Huot and Parent,
2007). Decreased levels of TH immunostaining were paralleled
by decreased DA levels, as measured by HPLC (supplemental

Tables 1-3, available at www.jneurosci.org as supplemental ma-

terial). Striatal DA was dramatically reduced to 14% of controlsat
P1in cNurr1®AT% mice and was almost completely lost by P60.
An increased ratio of HVA to DA at P14 indicated increased

turnover of DA in rernamlng cells at this stage (supplemental -
Table 2, available at Www.jneurosci.org as supplemental mate- -

indicated, The following markers were analyzed: DAT, AADC, VMAT, Pit3, and Lmx1h. Results show a progressive loss of markers
thatis more substantial in the lateral SN¢, whereas more medial VTA cells are lost more slowly. DAT is completely absent already at
E1550n cNurr1PA7 mice, whereas all other markers are decreqsed more slowly in this area (compare 4, B). Scale hars, 200 pm,

rial). DA was more severely decreased in CPu compared with
NAc (supplemental Table 3, available'at www.jneurdsci.org as
supplemental material). In contrast, 5-HT was significantly in-
creased in both CPu and NAg, consistent with previous findings
showing increased serotoniergic innervation after striatal DA de-
pletion (Snyder et al., 1986). Thus, a severe neurotransmitter

-deficiency of the mesostriatal DA system is apparent in

cNurr1PAT¢" mice, Together, measurements of TH immunore-

activity and DA levels demonstrate that Nurrl is critically re-
quired for maintaining TH expression and DA synthesis from late
stages of mDA neuron dlfferentlauon.

Cellular deﬁc1ency w1thm the ventral mldbram of
cNurr1PATC mice :

To investigate wheéther the phenotype isa consequence ofamore
limited chsrupuon of DA synthesis or a more severe cellular de-
ficiency, a number of additional mDA neuron markers were an-
alyzed. All analyzed mDA neuron markers were diminished or
absent within SNc in cNurr1°47 mice already at E15.5 (Fig. 2).
DAT was completely lost at E15.5 and therefore, consistent with
prekus data (Sacclietti et al.; 1999), stands out as being a hkely
direct target of Nurrl (Fig. 2A-D). Additional control experi-
ments showed that DAT and other markers, mcludmg TH and
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Figure3. Cell bodies and striatal innervation are lost in chlurr1*™ mice as determined by Fluorogold (F6) retrograde tracing
of fibers extending from cell bodies in SNc to the striatum. A~C, After Fluorogold injection; injectedinto the left striatum in either
- adult (1.5 months old) control {Ctrl) or Nurr1°47% mice as indicated in €, mice were killed after 4d and analyzed for TH immu-

noﬂuorescence in the'striatum (4) orventral midbrain (B). D~J, Analysis for Fluoragold (FG) or by Nissl staining, Strong Fluorogold

staining in both striatum (D) and in the ventral midbrain (E) was consistently seen inall control {Ctel) animals {n = 7). In contrast,
- Fluorogold fluorescence was only detected in the striatum (G) in cNurr 147 mice (n = 5), indicating that fibers from the SNc ()
had been lost in these animals. Moreover, large, densely packed cell hodies are only visualized by Niss! staining in the ventral
“midbrain of control animals (F) but are completely absent from Nurr1PAT9¢ mice (), Stnatal snte of Huorogold injection ismarked
byastensklnA D, andG Scale bars: 4, 8,D, E, G, H,1 p,m,FI 1200 pm.

WtAAVCre CN u n-1AAVCre cNurf]AAVCre -

| [1.5mo || 0.5mo |

4 mo’

Flgure4. THexpressuonm boththeventral midbrainand striatum s progressivelylostintheinjected, butnotnon-mjected side

of churr1*4YC¢ mice, A-H, Sections from 0.5, 1.5, and 4 month (mo; as indicated) old AAV—Cre-injected controls (wt*4¥“) or-

cNurr 14 mice were used for analyses by nonfluorescent DAB TH immunostaining in the venitral midbraln; The analyzed région
within theventral midbrain is schematically illustrated in 4 and E. The site of injection, marked by anasteriskin B-Dand F-H, was
verified in all animals by high- power magnification microscopy and was identified as a small area of injection-induced necrosis.

 Results show that TH immuriostaining is not drastically altered at 0.5 months butis progressively decreased at 1.5.and 4 monthsin
the injected SNc and VTA. /~£, DAB TH staining at the Jevel of strfatum, Analyzed reglons are indicated in /, ™ stalning Is
progressively decreasedat 1.5 and4monthsintheside thatis ipsilateral tothe side of AAV— Cremjectionchurrl”"V"‘mlce (/-L).
0T, Olfactory tubercle. Scale bays: A=A, 600 em; I-L, 1 mm.
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Nurrl, were not visibly decreased in mice
heterozygous for the DAT-Creallele (sup-

plemental Fig. 5, available at www.
jneurosci.org as supplemental material)
(data not shown). In contrast to DAT,
AADC, VMAT2, Pitx3, or Lmx1b were not
reduced within the most medial ventral
midbrain at this early stage and, with the

- exception of DAT, markers were not com- -

pletely downregulated at P1 (Fig. 2E-T).
The progressive loss of markers indicates a
severe loss of phenotype within the SNc,
whereas cells within the VTA appear more
resilient,” Importantly, most TH-positive
cells within the VTA have lost any detectable
expression of DAT, indicating that these
cells have not escaped Nurrl gene targeting

: (supplemental Fig. 6, available at www.

jneurosci.org as supplemental material).

To further assess the extent of a cellular,”
deficiency, striatal target innervation was
analyzed by Fluorogold retrograde tracing
after injection into the striatum of live 8-
to 9-week-old controls and cNurr1PATCre
mice, Fluorogold was transported into SNc .
cell bodies of control mice; However, fluo-
rescence was entirely undetected within the
SNc of Fluorogold-injected cNurr1PATCr
mice (Fig. 3, compare D, Ewith G, H). In
addition, characteristic large and densely

_packed TH-immunoreactive mDA neu-

rons withiri the SNc were virtually absent
in cNurr1PATC™ mice (Fig, 31). In conclu-
sion, Nurr1 ablation in cNurr1PAT*mice
results in rapid loss of SNc cell bodies;
however; . scattered VTA neurons re-
mained even in adult cNurr1”47" mice.
Adeno-associated virus—Cre-médiated
Nurrl ablation in adult mice

In cNurrlPA76 mice, Nurrl is ablated

“well before full mDA neuron matutity

and before targets in the striatum have
become innervated; thus, it remained
possible that the phenotype is a conse- -
quence of a developmental dysfunction.
Therefore, we proceeded to inactivate Nurrl
spec1ﬁca]ly in ventral midbrain of adult
mice, using an adeno-associated virus
(AAV)-Cre vector driven by the neuron-
specificsynapsin promoter. AAV—Cre was

. administered by unilateral stereotaxic mi-

croinjection above the right SN¢. Cre im-
munohistochemistry and B-galactosidase
expression was analyzed aftér intranigral
AAV—Cre injection into reporter mice in
which the ROSA26 locus is targeted with a
LacZ réporter gene (Soriano,.1999). Results
showwidespread Cre expression around the,
site of injection, spreading into both SNc
and VTA, and robust recombination of the -
LacZ reporter construct (supplemental Fig,
7, available at www, )neurosa org as supple-
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"Figure 5.  Cre-expredsing cells are lost at 4 months within the SNc after Nurr1 ablation,
A, Higher magnification showing TH by DAB staining (brown) at the level of the injected SNcin

wt*Y4e and cNurr 144V mice, The region that has been magnified is boxed in 4, B—G, Adjacent

sections were immuinostained for Cre (black) and are superimposed on the DAB-stained TH

sections in all micrographs. Cre staining s widespread in the area in which mDA neurons are
normally localized at 0.5 and 1.5 months (£, F) butalmost completely absent in this area at 4
months (G). Scale bar, 500’ p,m

- mental matetial). Moreover, except for a small necrotic area around

the site of injection, virus administration did notaffect tissue mor-
phology, expressmn of mDA neuron markers, or mlcrogha activa-
tion (data not shown).

AAV-Cre was umlaterally mjected above the SNc of adult
mice homozygous for the floxed Nurrl allele to generate adult

. conditionial gene-targeted mice (cNurrI1*4V) or into wild-type

control mice (w*4Y"), In addition, a vector encodmg the green
fluorescent. protein (GEP) driven by the synapsin promoter
(AAV-GFP) ‘was injected in mice homozygous for the floxed

+ Nurrl allele (cNur rIAAVCFP mice) to ensure that the floxed ani:

mals are not more sensitive to nonspec1ﬁc toxicity induced by

AAV transduction. Histological analyses were performed from -
-animals killed at0.5, 1.5, and 4 months after 1n)ect1on

Reduction of TH and DA in adult NurrI-ablated mice

“TH mlmunohlstochemlstry at the level of the ventral midbrain

was analyzed to assess the consequences of adult Neirr1 ablation,
Within SN¢, TH 1mmunoreact1v1ty was unaffected at 0.5 months

- ‘butwas progresswely reduced at 1.5 and 4 months in the m)ected
" SNcin cNur r144VC mice (Flg 4E~H). In contrast, TH immu-
. noreactivity was unaffected in SNc of control w#*4Y¢™ and
- cNurrl*4V-CP mjice (Fig. 4A-D) (data not shown). TH. was

also reduced i in the VTA at 1.5 and 4 months; howevet, at 4
months, the reduction in- VTA was less dramauc compared
with SNc (Fig. 4E~H). . : .
Decreased stnatal TH immunoreactivity paralleled the reduc-
tion in the ventral mldbram Thus, although no signs of degen-

oNUrrANGE |
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erating striatal TH-stained fibers (swollen axons or dystrophic
neurites) were detected, striatal sections ipsilateral to the side of
AAV-Cre injection showed clearly reduced TH in cNurr144V<r
mice but not in controls (w4 VC" or cNurr144Y-GFF) (Fig, 4 I-L)
(supplemental Fig. 8, available at www.jneurosci.org as supple-
mental material), Diminished TH immunoreactivity was ob-
served in regions innervated by both SNc and VTA (CPu and
NAc, respectively), consistent with the reduced TH immunore-
activity in both SNc and VTA mDA neuron cell bodies. Measure-
ment of DA and metabolites by HPLC from dissected tissue at 4
months confirmed this picture as a significant reduction in DA
and DA metabolites noted both within the dorsolateral striatum
and in areas mostly innervated by the VTA (cortex and ventro-
medial striatum) (supplemental Table 4, available at www.

jneurosci.org as supplemeéntal material). Thus, TH, DA, and DA
metabolites are clearly reduced as a result of adult Nurr1 ablation.

Loss of mDA neuron charactenstlcs in adult

Nurrl- ablated mice

To further analyze the fate of Nurrl-ablated neurons, cells were
counted within the SNc and VTA in cNurrI44VCre and ytaVere

. mice. Within SNc, the number of TH-positive cells was signifi-
_cantly decreased at 4 months (58.1 = 8.3 and 95.4 = 6.3% in the

injected vs non-injected sides of cNur. rIAAYCreand wiAAVere mice,
respectively; p = 0.0053). In contrast, the numbers of TH-
positive cells was not significantly reduced within the VTA

.(104.1 £ 47 and 101.6 % 10.5% in the injected versus non-

injected sides of cNurr1*4V¢™ and w*4VC"™ mice, respectively).
Also, the numbers of TH—posmve cells were not significantly
changed in cNurrI*4Ve™ mice at 1.5 months (data not shown).
To assess the integrity of neurons, cellular analysis was ex-
tended by analyzing Cre-immunolabeled sections that were su-
perimposed on ad}acent TH-labeled sections (Fig. 5). Notably,in
cNurr[44VCr mice, Cre expression was clearly detected within
the area of SNc at both 0.5 and 1.5 months. but was lost at 4
monthsi in the region in which mDA neurons should normallybe
localized (Fig. 5, compare E~G with B-D). Cre expression is
driven by a general neuronal promoter (synapsin), suggesting

. that loss of Nurrl may eventually affect some pan-neuronal

properties at'4 months after ablation,

Confocal microscopy confirmed the loss'of TH at 1.5 and 4
months after Nurr1 ablation and the loss of Cré at 4 months (Fig,
6A-D). At 1.5 months, DAT expression was weak but cell bodies

“were readily identified (Fig. 6E, F and inset in F), DAT staining

remained also at 4 months, but, at this stage, high-power magni-

fication indicated that some of the staining appeared confined to

fibers and/or dystrophic cells (Fig, 6 G,H and inset in H). None-

* theless, at 4 months, most cells with decreased TH stained posi-

tive for AADC, showing that not all iDA neuron characteristics
were affected: (Fig. 7A—F). Moreover; VMAT? is yet another
marker-that was. severely decreased in cNurrI*4Y" mice, but

‘remaining weakly stained cells were positive for the general neu-
_ ronal marker Hu (Fig, 7G-L). The observed changes were not

correlated to increased number of apoptotic cells because in-
creased activated Caspase 3 could not be detected (dafa not
shown). Also, we found no evidence for nigral inflammation or
a-synucleinopathy because activated microglia and a-synuclein-
tich inclusions were not detected at any stage after Nuir1 ablation
in eNurr1P4T¢" mice (data not shown). Finally, TH and DAT

-expression in VTA was also affected, without any apparent loss of

the neuronal marker Hu or any sxgns of dystrophlc cells (supple-

" mental Fig. 9, available at www.jneurosci.org as supplemental

material) (data not shown). Thus, Nurrl ablation results in a
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l WtA'AVCre ” cNurr1AAVCre

Flgure 6. Decreased expression of DATands signs of dystrophic cellsin cNurr1#4“* mice. A—H, Confocal analysis of SNcin Wt“""and cNurrl“V‘" miceat1. 5and4months, asindicated, Confocal

Images show double staining of Cre (red) and TH {green; A~D) and staining for DAT (green; £-H). Mlcmgraphs show that there Is a loss of THand DAT and a progressive loss of synapsin-driven Cre
. a4 months. At4 months, DAT staining appears fragmented and stains scattered fibers, whereas very few intact celf profiles (marked with arrowheads in Fand H) canbe identified in rNurrl“V"‘
. mice (compare insets In £, H). Scale bar, 200 zem. :

: progt;essiw; dysfunction characterized by a partial loss of the

mDA neuron phenotype. Although we see few signs of neuronal
degeneratlon, we cannot exclude a limited cell loss. |

To assess whether the observed dysfunctlon was paralleled by
an altered motor behavior, cNurr144V<

stepping test at 3-and 4 months (Schallert et al., 1992; Kirik et al,,

1998). Performance of the left forelimb (i.e., the hmb contralat-

eral to the vector injection) was impaired at both time points (Fig.

8). ' Additional behavioral. testing; including amphetamine- -

induced rotations and a corridor test, indicated that individual
mirtant animals appeared affected; however, the Nurrl-ablated

group did not show alterations that were statlstlcally sighificant

(supplemental Fig. 10, available at www.jneurosci.org as supple-
mental material), Our results demonstrate progressive mDA
neuron dysfunction, leading to a more severe deﬁc1ency at 3—4
months after Nurrl ablanon :

Discussion
This study provides definitive evidence that Nurrl is not only

" . critical for early differentiation but also for the maintenance of

functional mDA neurons. Conditional géne targeting at late em-

. bryogenesxs, when characteristic features of mDA neurons are
- “already apparent, results in‘a rapid and close to complete mDA.
neuron loss. Only few TH-positive cells remain within the VTA-

also in the absenice of Nurrl. Removal of Nurr1 leads to a severe

" dysfunction also in adult mDA neurons. It should be noted that
" reduction of striatal DA and the behavioral effects after adult

ablation most likely underestimate the importance of Nurrl in the

_ adult brain because AAV injection only transduced a proportion of

all MDA neurons in the injected side of treated animals. Thus, these
data emphasize the importance of studying developmental mecha-
nisms for eluc1datmg neuron maintenance mecharusms An analo-

mice weresubjected toa -

gous example is provided by the glial cell line-derived neu;rotrophic‘
factor (GDNF), GDNF is known to promote neuronal survival un-
det development, but only recently has conditional gene targetmg
enabled studies that interrogate the fole of GDNF and other fac-
tors 31gnahng via-Ret for maintenance of midbrain dopamine

neurons in the adult braln (Oo et al,, 2003; Jain et al., 2006;-

Kramer et al., 2007; Pascual et al., 2008).

Data presented here have nnphcanons for our understanding

of how mature differentiated cell types are maintained. Previous

studies have indicated that the dlfferentlated state is not irrevers- .

ible because even mature specialized cells, including for example,
olfactory neurons and mature T- and B-cells, can be repro-
grammed into undifferentiated pluripotenit cells by either so-

. -matic cell nuclear transfer or using the recently developed

methodology for the generation of induced pluripotent stém cells
(Takahashi and Yamanaka, 2006; Gurdon and Melton, 2008).
Nevertheless, under normal nonmanfpulated conditions in vivo,
differentiated cells are remarkably stable, indicating the impor-
tance of mechanisms that maintain cells in their appropnate dif-
ferentiated state, Gene targeting in non- -neural cell types has
tevealed how transcnptmn factors functioning in development
can be important for the imaintenance of terminally differenti-
ated cell types, e.g., Pax5 in B-lymphocytes and Prox1 in lym-
phatic endothelial cells (Cobaleda et al., 2007; Johnson et al.,

2008). In CNS, transcnptlon factors identified for their key
roles in early neuron development often continue to be ex-
pressed in the adult brain and may therefore guard against loss
of phenotype or drift into alternative states (Smidt et al., 1997, 2000;
Zetterstrom et al., 1997; Hendricks et al., 1999; Vult von Steyern et

al 1999; Albéri et al., 2004; Simon et al., 2004; Kang et al., 2007;

Klttappa et al., 2007; Sm1dt and Burbach, 2007 Alavian et al,,
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‘late stages of development or in the adult,

. nieurons. However, data presented here

"genes, defined from studies of Caénothab-

distinct neuronal phenotypes (Hobert,
* 2008). Thus, Nurrl, which probably reg-

» (Sakurada et al., 1999; Sacchetti et al,,

‘and would depend on additional com-
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2008). However, remarkably little is I
known of how these factors functxon at

AADC

AADC TH

I .

Although examples of adult mDA netiron
loss has been reported in mice haploinsuf-
ficient for transcription factor genes such
as Engrailed and FoxA2, it remains possi-
ble that defects originate during embry-
onic development (Albéri et al, 2004;

Zhao et al., 2006; Kittappa- et al., 2007;

Sonnier et al,, 2007). Importantly, FoxA2
and Engrailed are critical for the estab-
lishment of the floor plate and for early
midbrain/hindbrain development, respec-
tively, and they are directly and indirectly
affecting many cell fates along the entire
neuraxis. Thus, haploinsufficiency may
cause embryonal deficiencies that do not
become manifest until adult stages, a pos-
s1b1hty that emphasizesthe importance of
temporally controlled conditional gene
targeting to rigorously test how transcrip-

wtAAVCre

cNurrfAAVCre

. tion factors function in terminally differ- VMAT2

N T |

entiated neurons. —
We do not yet understand why Nurrl.
is required in already differentiated mDA,

provide compelling evidence for the exis-
tence of “terminal selector genes” in
mammalian CNS' development. Such

wtAAVCre

ditis elegans neuronal development; are
continuously expressed throughout the
life of neurons and are essentia] for both
the establishment and maintenance of

|I;

ulates typical mDA neuron markers’
such as TH, DAT, AADC, and VMAT2

churrAAYCre

2001; HermariSOn etal, 2003; Kim et al,,
2003), is likely required for both early
differentiation and mainténance by reg-

ponents, such. as P1tx3 in a core tran-

" scription factor network (Jacobs et al.,
~2009).

Howmay dysregulated Nurrl actmty contnbute to PD? Stud-

_ies in PD patients have shown that, in early stages of the disease, -
" SN cell bodies are relatively spared compared with the loss of DA

in the putamen (Fearnley and Lees, 1991) and that a significant

fraction of the survwmg, pigmented, DA somata in the SNc have
much reduced expression of the TH enzyme (Hirsch et al., 1988; -
- Chuetal,, 2006). This suggests that, during early stages of dlsease,
nigral DA neurons may survive in a dysfunctional state charac-
' terized by a downregulated neurotransmitter machinery. An in-
Iteresting possibility supported by our data is that reduced
_ expressxon of Nurrl contributes to such’ symptoms. Indeed,

Nurrl is severely reduced in neurons with signs of pathology in

ulating genes that distinguish mDA  Figura7. Decreased levels ofVMATZ but not AADC i churr 4% mice, Confocal analysis of SNcin we*4YC" and churr14¥ee
neurons from other neuron- types Pre- mice at4 months, asindicated, A~F, Confocal Images show staining of AADC (red; 4, D), TH (green; B, £}, and double staining of
. sumably, such regulation is critical ~bothmarkers (G F). Micrographs show that AADC expression appears expressed athormallevelsin most cells with decreased levels
throughout the life of mDA neurons of TH. G-L, Confocal images show staining for VMAT2 {red; G, J), Hu (#, K),anddoublestammg ofbothmarkers(l L). Micrographs
show that VMAT2is severely decreased in cNurr 144V mlce, whereas Huis maintainéd at normal Ievels in essentlally all cellswith

decreased VMATZ Scale bar, 200 ©m,

-PD brain tissue, and reduced Nurrl expression in patients’ pe--

riphetal blood lymphocytes indicates that diminished Nurrl ac-
tivity may be a systemic feature of disease (Chu et al;, 2006; Le et

- al,, 2008). Although s such correlations do not determine whether

reduced Nurrl expression is a cause ora consequence of dlsease, ‘
progressive cell dysfunc_tlon in Nurrl-ablated mice provides a

. clear indication that diminished Nurrl expression in PD should

have deleterious consequences for patients. This view is sup-
ported by the identification of Nurrl gene variants that have been-

. associatéd with rare cases of familial and sporadic PD (Xu et al.,

2002; Le et al., 2003; Zheng et al 2003; Jankovic et al;, 2005;
Grimes et al., 2006; Jacobseri et al., 2008). Although other studies
have failed to identify such mutations and indicated that Nurr1
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. Figure8, Forehmbakmes;amthesteppmgtest TheperformanceoftheIeftpaw(contralat—

eral to the vector injection) was significantly Impaired in the i/l mice {n = 16) but not the
wild-type mice (n = 13). Although the impairment was significant at both time points, 3and 4
months after vector Injection, their performance got significantly worse over time ( p << 0.01,
* Student’s paired £ test): 15 of the 16 mice in the fI/fl group showed a decline in theirstepping
_ scores between the fwo tests, and at4 months, 14 of the fl/fi mice had scores tielow 5 compared

with 6 in the 3 month test, Scores give the means of steps recorded in the forehand and back-

“hand dlrectxon for each paw (see. Matena!s and Methods). p <0.001, Student’s paired t test, .

" gene variants as a cause o‘f PD must be very rare, the combine'd
data from genetics, postmortem PD brain tissue analyses, and the
ablation experiments reported here strongly imply that, if and

when Nurrl function is reduced, it will exaggerate PD progres- .

sion and severity (We]lenbrock et al., 2003; Hermg et al,, 2004;
Tan‘et al., 2004). °
The results indicate that therap1es that can restore Nurrl ac-

tivity in diseased but not yet degenerated mDA neuirons could be

of clinical relevance. We erivision several strategies’ whereby
Nurr1 activity could be increased. (1) Nurrl belongs to the nu-
clear Yeceptor family whose members are commonly regulated by
small llpophlhc ligands. The putative ligand binding domain of
Nurrl is unconventlonal and lacks a ligand-binding pocket, but
Nurr1 forms heterodimers with retinoid X receptors (RXRs), and
ligands activating these receptors can protect mDA neurons in
culture (Wallen-Mackenzie et al., 2003; Wang et al., 2003). Thus,
" RXR may be a relevant target for ligand modulation of Nurrl-
regulated processes. It will be important to investigate to what
* extent Nurrl-RXR heterodimers versus Nurrl alone are impor-
tant in pathways associated with the phenotype described in this
paper. (2) Nurrl activity is possible to modulate, for example, by
the leukemia drug 6-mercaptopurine (Ordentlich et al., 2003).
Although such drugs are pleiotropic and serious side effects are
llkely, other compounds with higher spec1ﬁc1ty may be possible
to identify. (3) Therapies directed at increasing Nurrl activity
* . would be effective only as long as sufficient levels of Nurrl are
expressed in diseased netirons. Thus, tredtments aimed at resto-
ration of Nurrl expression by gene delivery may prove advanta-.
geous. Usirg similar AAV vectors as administered in this study
may be of particular interest because they have properties that are
clinically; favorable and are already used in clinical trials in PD
- patients (Check, 2007)
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In conclusion, loss of Nurrl at stages when characteristic fea-
tures of mDA neurons are already apparent in the developing
embryo or in fully differentiated adult neurors results in loss of
mDA neuron-specific gene expression and neuron degeneration,
These findings highlight the importance of developmental mech-
anisms also in the adult brain and clearly indicate that they may
be critical for the understanding of cell maintenance and neuro-
degeneratlon How Nurr1 and other transcription factors operate
in adult neurons'to controland prevent loss or drift in phenotype

remains a challenge for future studies.
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Prlmary motor cortlcal metaplasticity mduced by prlmmg
over the supplementary motor area .
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Motor cortical plasticity induced by repetitive transcranial magnetic stim_ulation (rTMS)
sometimes. depends on the prior history of neuronal activity. These effects of preceding -
stimulation on subsequent rTMS- induced plasticity have been suggested to share a similar
mechanism to that of metaplasticity; homeostatrc regulation of synaptic plast1c1ty To explore

! metaplast1c1ty in humans, many investigations have used designs in which both priming and
conditioning are applied over the primary motor cortex (M1), but the effects of priming
stimulation over other motor-related cortical areas have not been well docuniented. Since the
supplementary motor area (SMA) has ‘anatomical and functional cortico-coitical connections -
with M1, here we studied the homeostatic effects of priming stxmulatlon over the SMA on
subsequent rTMS-induced plasticity of M1. For priming and subsequent conditioning, we
employed anew rTMS protocol, quadripulse stimulation (QPS), which produces a broad range

- of motor cortical plasticity depending on the interval of the pulses within a burst. The plastic
changes induced by QPS at various intervals were altered by priming stimulation over the SMA,
which did not change motor-evoked potential sizes on its own but specifically modulated the

- excitatory I-wave circuifs. The data support the view that the homeostatic changes are mediated .

- via mechanisms of metaplastlaty and highlight an important mterplay between M1 and SMA
regardmg homeostatlc plaStICItY in humans.

(Recelved 21 Iuly 2009; accepted after révision 31 August 2009; ﬁrst published online 1 September 2009) .
Corresponding authox M. Hamada: Department of Neurology, Division of Neuroscience, Graduate School of Medicine,
The University of Tokyo, 7-3-1, Hongo, Bunkyo-ku, Tokyo 113 8655; Iapan Emall mhamada—tky@umm net

Abbreviations CS, condmomng stlmulus, ED], first: dorsal interosseous muscle, ICF, intracortical fac1l1tauon, 185,
mter—snmulus intervals; ITT, inter-train interval; LICI, long-interval intracortical inhibition; LID, long-term depressmn,
LTP, long-term potentiation; M1, prunarymotorcortex, MEP, motor-evoked potential; PMd and PMyv, dorsaland ventral

premofor cortex; QPS, quadnpulse stimulation; rTMS, repetitive transcranial magnetic stimulation; SICF, short-interval
" intracortical facilitation; SICI, short-interval mtracortlcal mhlbmon, SMA, supplernentary motor area; TA, right tibialis
anterior muscle, TS, test stimulus. ' | .

+.2004; Hamada et al. 2,008&1). These findings have been

- Introduction o compared with metaplasticity, homeostatic regulation of

Repetmve transcranial magnetlc stimulation’ (rTMS) is

a.promising method to induce plastic changes in humans -
(Hallett, 2007). Insomie cases, the r-TMS- 1nducedplast1c1ty -

'is N-methyl-p-aspartate (NMDA) dependent, supporting
theidea that changes in synaptic efficacy, such aslong-term
potentiation (LTP) and long-term depression (LTD), are
implicated in rTMS-induced plasticity (Stefan ef al. 2002;
" Huang et al. 2007). Several human studies have also
shown effects of a prior history of neutonal activity on
subsequent rTMS-induced plast1c1ty (e. g Siebner et al.

© 2009 The Authors. Journal compilation © 2009 The Physiological Society

synaptic plasticity in which "the capacity of synapses
to exhibit plasticity depends on prior levels of neuro-
nal activity (Abraham & Bedr, 1996; Zlemann &
Siebner; 2008). This form-of plasticity regulation might

relate directly to the Bienenstock—Cooper—Munro (BCM) - -

theory, a prevailing inodel for homeostatic mechanisms
of synaptic plasticity (Blenenstock et al. 1982 Abraham,

- 2008).

" The protocol for studying metaplasticity in an
experimental context is to apply a penod of prlmmg

DOI: 10.11 13/Jphysi§|.2009.1'791o1 _
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stimulation (which.on its own has little or no effect

- on, synaptic plasticity) and then to test whether this
-changes the response to a second period of condltlomng

stimulation which produces LTP or LTD when given alone
(Abraham, 2008). Many human studies have used designs
in- which both priming and conditioning are applied
over the primary motor cortex (M1) (Iyer et al. 2003;

" Siebner et al. 2004; Lang et al. 2004; Miiller et al. 2007;
 Hamada et al. 20084). Others showed that metaplastic

effects can be elicited by finger movements or voluntary
muscle contraction, in place of priming stimulation, which
might be associated with activity changes in cortical
circuits within various motor-related-ateas (Ziemann et al,
2004; Gentner ef al. 2008; Huang et al. 2008). More

recently, Ragert et al. (2009) demonstrated the effects -

of priming stimulation over the right M1 on subsequent
rTMS-induced plasticity of left M1 (Ragert et al. 2009). Of
note is the fact that the effects of priming stimulation over
motor-related areas other than ipsilateral or contralateral
M1 have not been well documented, despite important
anatomical and functional interplay betwéen those areas
and M1,

Among the motor-related areas, the lateral premotor

cortex (PM) such as dorsal and ventral PM (PMd and

PMv) has been extensively studied by means of TMS in -

humans to shed light on the interaction between M1 (see

" review by Reis et al. 2008). The supplementary motor
‘area (SMA) also has dense cortico-cortical connections
“with M1 in animals (Dum & Strick, 1991; Luppino et al.

1993; Tokuno & Nambu, 2000) and plays a substantial
role in higher motor control and learning (Tanji & Shlma,
1994; Hikosaka et al, 1999; Nachev et al. 2008). However,
as SMA is located in the interhemispheric fissure, it is a
more difficult site to stimulate than the lateral PM (Reis
et al. 2008). Thus, not much has been done i in SMA as
compared to PMd; two studies revealed that TMS over
SMA can modulate the cortical excitability of M1 via

cortico-cortical synaptic connections (Civardi et al. 2001; -
- Matsunaga et al. 2005). In light of this accruing evidence,
we aimed to explore the effects of preceding stimiulation .

over SMA on subsequent rTMS- induced plast1c1ty of the
M1 in order to test the hypothesis that priming over the
SMA: modulates some cortical neurons within M1 via
cortico-cortical connections, and that such prior history

~of neuronal activity. alters subsequent rTMS- 1nduced~
, plastmlty

For priming and subsequent condmonmg, we employed

"a new rTMS protocol, quadripulse stimulation (QPS)

(Hamada et al. 2007, 20084). QPS consists of repeated

" trains of four monophasic TMS pulses separated by

1nter—st1mu1us intervals (ISI) of 1.5-1250 ms, inducing
bidirectional motor cortical plasticity in an ISI+ dependent,
non-linear form that are compatible with changes in
synaptic plasticity. In addition, we showed that QPS inter-
ventions could interact in a metaplastic manner such that

1 Physiol 587.20

priming over M1 using QPS at short ISIs, which did not
induce any plastic changes by itself, occluded subsequent
LTP-like plasticity, whereas priming using QPS with long

. ISIs tended to do the reverse and increased the probability

that facilitatory effects would be produced by asubsequent
perlod of stimulation. The data support a BCM-like model
of priming that shifts the crossover point at which theé
synaptic plasticity reverses from LTD to LTP. We proposed
that such a broad range of after-effects produced by QPS

facilitates detailed examinations of metaplasticity theories

in humans (Hamada et al. 20084). In the present study,
we evaluated how LTD-like and LTP-like"QPS- induced
plast1c1ty was altered by a preceding period of priming
stimulation over SMA to understand metaplastic inter~
play between SMA and Ml

Methods

Subjects _

Subjects were nine healthy volunteers (one-woman, eight
men; 27-45 years old, mean =+ s.D., 34.5 £ 6. 7years) who
gave their written informed consent to’ participate.in the
experiments. No subjects had neurological, psychiatric’
or other medical problems, or had any contraindication

to TMS (Wassermann, 1998). All were right-handed
according to the Oldfield handedness inventory: (Oldfield,

- 1971). The protocol was  approved by the Ethics
- Committee of the University of Tokyo and was carried out

in accordance with the ethical standards of the Declaration
of Helsinki. The procedures are in compliance with The

. Journal of Physiology’s guidelines for expenrnentatlon on

humans (Drummond, 2009).

Recdrdin_gs

- Subjects were seated on a comfortable ¢hair. The electro-
-myogram (EMG) activity was recorded from the right first

dorsal interosseous muscle (FDI) and the right tibialis
anterior muscle (TA) using a belly—tendon arrangement.
Responses were input to an amplifier (Biotop; GE

~ Marquetté Medical Systems, Japan) through filters set at

100 Hz and 3 kHz; they were then digitized and stored on
a computer for later offline analyses (TMS bistim tester,
Medical Try System, Japan).

.Stimulation

Focal TMS was glven using a hand- held ﬁgure—of—elght

- coil (9 cm external diameter at each wing; The Magstim
* Co: Ltd; Whitland, Dyfed, UK). Single monophasic. TMS

pulses were delivered by a magnetic stimulator (Magstim
200; The Magstim Co, Ltd). Quadripulse stimuli were.
delivered by four magnetic stimulators (Magstim 200%;

‘The Magstim Co. Ltd) connected with'a specially designed

€ 2009 The Authors. Journal compilation © 2008 The Physiological Society .
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combining module (The Magstim Co. Ltd). This device
combines the outputs from four stimulators to allow a -

_ train of four monophasic magnetic pulses to be delivered
through a single coil.

The optimal site for ehc1t1ng MEPs from the right PDI
muscle (i.e. hot spot for FDI) was determmed before each
experiment and considered to be the primary motor cortex
* for FDI muscle (M1ppy). A figure-of-eight coil was placed
tangentially over the scalp with the handle pointing back-
wards at about 45 deg laterally We stimulated several
_ positions in ‘1cm increments in the anterio- posterlor
and: medio-lateral direction ffom each other using the
same intensity and determined M1gp; as the site at which

the largest responses were elicited. This position was
marked with a blue pen on the scalp for repositioning

the coil. The resting motor threshold for FDI (RMTspr)
was defined as the lowest intensity that evoked a response
of at least 50 4V in the relaxed FDI in at.least 5 of 10
consecutive trials (Rossini.et al. 1994). The active motor
threshold for FDI (AMTyp;) was defined as the fowest

intensity that evoked a small response. (>100 wV) when

- the subjects maintained a slight contraction of the right
FDI.(~10% of the maximum voluntary contraction); as

. observed usmg an oscﬂloscope monitor, in more than
5 of 10 consecutive trials. The stimulus intensity was
changed in steps of 1% of the maximum stimulator output
(MSO).

SMA stimulationwas given w1th acoil centredata pomt

3 cm anterior to the optimal site for eliciting MEPs in the
right TA muscle (i.e. hotspot for TA) according to previous

studies (Hikosaka et al. 1996; Lee et al. 1999; Terao et al.-

- 2001; Matstinaga et al. 2005). The hot spot for TA was
- determined by moving the coil in 1 cm steps along the
sagittal mid-line through the vertex (Cz)’ with the handle
pointing to the right until we detected the position which

" evoked the largest MEP. This was considered to be the"

' primary motor cortex for the TA muscle (M1 ): We then
used this pos1t10n to determine the AMT for TA (AMTry).
On average, the site of SMA: st1mulat1on (i.e. the point
3 cm anterior to MITA) was 2-3 cm anterior to Cz, in line
with data from previous studies (Hikosaka et al. 1996; Lee

- etal. 1999 Matsunaga et al. 2005).

i

Measurement of motor cortlcal excitahility.

Motor cort1cal excitability was assessed by measurmg the
peak-to-peak amplitude of MEPs from the relaxed right
FDI muscle elicited by single pulse TMS over the left

- Mlgp; for all experiments. The stimulizs 1nten31ty was
adjusted to produce MEPs of about 0.5mV in the right
FDI muscle. During the experiments, EMG activity. of
the FDI was ‘monitored with an oscilloscope monitor.
Trials contaminated with voluntary EMG act1v1t1es were
dlscarded from analyses.
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Quadrlpulse stimulation

The QPS protocol consisted of trains of TMS pulses

_with an inter-train interval (ITI) of 5s (ie. 0.2Hz).

Each train consisted of four magnetlc pulses separated by -
inter-stimulus intervals (IST) of 1.5, 5, 10, 30,50 or 100 'ms.
These cond1t10nmg types were designated as QPS-1.5ms
to QPS-100 ms, respectively. '

Experiment 1: Effects of SMA priming on subsequent

- QPS-induced plasticity

~ Six of nine subjects were enrolled. The experimental

sessions were separated by 1 week or longer in the same
subject. The order of the experiments was randomlzed and
balanced among subjects.

Experiment 1a:, QPS-induced plasticity without priming
over SMA (Fig. 1). To investigate QPS-induced plasticity
without any priming, condmonlng stimulation .was
applied over the left Mlpp; using QPS at various
ISIs (QPS-1.5ms, QPS- 5ms, QPS-10ms, QPS-30 ms,
QPS-50'ms and QPS 100ms): for 30 min "(Fig. 1); The
stimulus intensity of each pulse for QPS conditioning was
set at 90% AMTyp; (Hamada et al. 2008a) Durmg the
conditioning, no MEPs were observed.

Before QPS, 20 MEPs were obtained every 14. 5 1555
using single-pulse TMS at a fixed intensity. The stimulus
intensity was adjusted to produce MEPs ofabout 0.5 mV in
the right FDI muscle at baseline (B1 in Fig. 1); the intensity
was kept constant throughout the same experiment. After
QPS conchtlonmg, MEPs were measured every 5min
for 30 min." At each time point of the measuiements;
MEPs .were collected in the same manner as basehne
measurements.

‘Experiment 1b: QPS“-imluced plasticity with QPS-5ms
‘priming .over SMA (Fig. 1). Priming stimulation was

applied over SMA using QPS-5ms for 10 min (i.e. four
pulses at an ISI of 5ms with an ITI of 55 for 10 min).
Importantly, .priming over SMA using QPS-5ins for
10 min induces no substantial effects on. MEP ‘sizes °
(see Results). The aim of the experiment was to test
whether this priming stimulation would have effects on
subsequent QPS-induced plasticity according to previous
animal studies, which showed that prior induction of
LTP is not prerequisite for metaplasticity (Abraham &
Tate, 1997; Abraham, 2008) The stimulus intensity of
each pulse for priming was set at 90% AMTry, which

-was identical to about 130% AMTgp; (ie. 90% RMTFDI)

(Table 1). The stimulus intensity -used for priming over
SMA was calculated relative to AMTr, in order to secure
effective stimulation of SMA, given that its depth is almost
the same as that of the M1 for foot muscles in.the
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mterhennsphenc fissure. Additionally, 130% AMT ofhand
muscle over SMA has been considered not to spread. to the
PMd or M1 (Matsunaga et al. 2005).

Subsequent condlnonmg was applied over the left -
M1gp; using QPS at various ISIs (QPS-1.5 ms, QPS-5 ms,
QPS-10 ms, QPS-30 ms, QPS-50 ms and QPS-100ms) for
30min (i.e. 360 trains, 1440 pulses in total) (Fig.1).
"The stimulus intensity of éach pulse for this subsequent
conditioning was set at 90% AMTgp;. :

Before the priming stimulation (B() in Flg 1), 20 MEPs
. were collected every 14,5-15.5 s using single-pulse TMS

at a fixed 1ntens1ty, which was adjusted to elicit- MEPs
of about 0.5 mV in the right FDI muscle at BO and kept
. constant throughout the experiment. After priming over
' SMA, 20 MEPs were again obtained in the same manner
as measurements at BO (Bl in Fig.1). Following this
measurement at B1 (i.e. immediately after prlmmg), QPS

M. Hamada and others
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conditioning of various types over the left Mlpp; was

performed After each QPS, MEPs were measured every
5 min for 30 min (Flg 1). :

Experlment1c QPS-induced plasticity with QPS -50 ms

“priming over SMA (Fig. 1).- QPS-50 ms for 10 min (i.e.

four pulses at an ISI of 50 ms with an ITI of 5s for
10 min) was selected as another prlmmg stimulation
over SMA ‘to reveal the opposite priming effects to
QPS-5ms priming. The stimulus intehsity for each pulse
was set at 90% AMTrs. Subsequent conditioning types
after QPS-50ms priming over SMA were QPS-5ms,
QPS-10 ms, QPS-30ms and. QPS-100ms over the left
Mlgp; for 30min. We have previously shown that
QPS-50ms priming over M1 produced substantlal
changes in subsequent QPs- mduced plast1c1ty at ISIs of

” - , N -
Priming (SMA) ||

QPS—5ms

' QPS-60ms
- 10 min
90% AMTTA

‘ ' - A i N\,

Exp,1a: Without priming.

‘ Condmomng
M1 FD!

B1

Exp 1jb Wzth QPS-Sms,_pnmmg

oe@@e@‘

Condmonmg
M1rDi

" Conditioning
M1iFDt

OB
@@@@@@

Flgure 1 Timelines of expenments :
(See Methods.)

e (iin).

10 15 20 25 30'
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© QPS-5 ms priming

Table 1. PhysiologiEal, parameters (r_nean +5s.0.)

'SMA priming-induced metaplasticity ' ' 4849

Stimulus intensify
for SMA priming

Experiment 1a: ~ " Baseline (81)
Without priming

57.1£9.8%  40.8+6.9% -

QPS-1.5ms

.QPS-5ms 5854+95% 43.6+51% - -

QPS-10 ms 61.8+£109% 41.0+6.6% ) -

QPS-30ms 61.2+:11.6% 40.6::58% -

QPS-50 ms 60.5+14.1% 42.6:£5.4% -
. QPS-100 ms © 60.1+12.1% 40.8:+:58% C -

Experi‘me‘nt 1b: With Baseline (B1)

over.SMA .
QPS-1.5 ms 61.8+9.2% 403+1.9% 60.2£8.0%
QPS-5ms - 59.8+£6.9% 428+50% 60.8+£85%
QPS-10 ms
QPS-30 ms . :
QP5-50 ms 61.8+£7.6% 41.0+51% .63.6+:8.1%

" QPS-100ms - ’

Experiment 1c: with . Baseline (B1)

 QPS-50 ms priming

over SMA , ) . : 3
QPS-5ms 61.6+£94% 41.6+£53% 62.6+93%
‘QPS-10 ms . 60.6+£9.1% 438+59% 63.5+£9.6%

© QPS-30 ms
QPS-100 ms*

Experiment 2 Baseline (B0)
‘Sham with pnmmg
QPS -10 ms with sham 583 +£7.4% 4v0.5 +7.4% L -

priming

, Experiment3 - ' ‘Baseline "~ '
60.6 + 11.0% 42.0 :{:~8'2%. 66.0+7.7%
597&101% 4154+98% 66.4+83%

QPS-5 ms priming
’ QPS-SO ms priming

Expériment 4

RMTspy AMTio AMT1a

60.8::87% 403+50% 61.5+7.6%

61.8+£13.7% 408+7.8% 61.5+72%

(relative to RMTio)) _MEP size (mV), right FDI

BT

0.46 4 0.11
0.5140.13
0.48 - 0.16
0.49 £ 0.09
0.51%0.18 -
0.55% 0.06

Mean % 5.0, BO OB
(range) : :
89 - 8% (76-98%) 0.51+% 0:09 0.49+0.14 »
92 + 5% (85-97%) 0.434:0.11 0.47+0.28

60.0£9.7% 420:£49% 61.1:£100% 93+4% (87-99%) 048018 0.54:0.14
583+£85% 41.7+£54% 60.8+10.0% 95:6% (86-100%) 0.51£0.14 0.55:0.18

93 £ 5% (85-98%) 0.53+0.21 0.53%0.20
92 +4% (86-96%)  0.53 +0.18 0.59.£0.21

BO - Bl

944:3% (91-98%) 0.50£0.09 0.52 :I:D.OS
95+ 2% (92-98%)  0.57£0.11 0.53+0.21

58.1:9.9% 421+£48% 622114% 95:5% (88-100%) 0.53::0.09 . 0.48+0.04 -
605:£10.1% 420+£6.4% 652£11.7% 97:53%(93-100%). 0.52:4:0.12 049%0.16

BO B1
93+ 4% (88‘—-100%) 0.46+0.06 0.51:+0.14
- 047012 0.48+0.18

» ) Béselirge Post 1 - Post 2
95+ 4% (88-100%) 0.524-0.24 0.54+0.27- 0.49+0.26
. 95+ 5% (88-100%). 0.48+0.14 0.53+0.19 0.55 +.0.11

: ISi3ms  ISI6ms
- 0594023 0.58::027

10,730 and 100 ms (Hamada'et al. 2008a). Since it would
be of value to compare those results and SMA priming

‘effects in the present study to understand the differencein -

priming stimulation site (i.e. M1 versus SMA), we selected
the four ISIs used in the previous paper for Experiment 1c.

The stimulus intensity of each pulsé of QPS conditioning

was set at 909% AMTgp;. MEP measurements were exactly

‘the same as those of Experiment 1b.

- E)'(peri,nient'z: Control experiments

In the first’ control experiment (Fig.6A), priming

" stimulation using QPS-5ms over SMA for 10 min was

© 2009 The Authors, Journal compilation © 2009 The Physiological Soclety

| 57.9+9.6%: 433:%7.8%  62.6:+£94%

_ followed by sham condltlonlng stimulation (i.e. sham

with priming) to examine whether the priiming alone

affects motor cortical exc1tab1hty In the second control ..

experiment (Fig. 6B), sham priming, stimulation was

followed by QPS-10'ms over M1 to confirm, that sham

priming did not affect the QPS-induced plastic changes
(QPS-10 ms with sham priming). QPS-10 ms was chosen
as conditioning because this protocol induced mild
facilitatory after-effects (see Results) which we thought
might make it more susceptible to anybId1rect10nal effects
of sham priming.

The sham stimulation procedure used for these control
experlrnents was identical to those described in our pre-
vious reports (Okabe et al. 2003; Hamada et al, 2008b). In
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brief, four electric pulses (each electric pulse was of 0.2'ms
duration with intensity of twice the sensory threshold)

were given to the scalp at 0.2 Hz.at an ISI of 10 ms for

sham condltlonmg (first control experiment) and at 5 ms

for sham priming (second control experiment) with a .
conventlonal electric peripheral nerve stimulator to mimic’

the skin sensation of TMS, Electric pulses were applied

through the electrodes placed over the left M1ppi. or SMA

and the vertex. A coil, which was disconnected from the
stimulator, was placed over the left Mipy or SMA. to

mimic real TMS. ‘Another coil, which was connected to a -
combining module with four stimulators, was held off the -

scalp but placed near the subject. This coil was discharged
simultaneously with the scalp electrical stimulation to
produce a similar sound to that associated with real
QPs. ‘ '

Expenment 3: Effects of prlmmg over SMA
on mtracortlcal cnrcunts of M1 :

Nine subjects part1c1pated in this experiment. To explore

the effects of SMA priming alone on either excitatory -
. or inhibitory circuits of M1, short-interval intracortical

inhibition (SICI), intracortical facilitation (ICF) (Kujirai

‘et al. 1993), short-interval intracortical facilitation (SICF)
" (Tokimura et al. 1996; Ziemann et al. 1998; Hanajima
et al 2002), and long-interval intracortical inhibition

(LICI) (Valls-Sole et al. 1992; Wassermann et al. 1996)
were measured using-the pa1red-pulse technique before
and after QPS-5 ms or QPS-50 ms priming over SMA (ie’
four pulses at an ISI of 5ms or 50 ms with an ITI of

_5sfor 10 mm, the stimulus intensity of each pulse, 90%
B AMTp).
SICIwasexaminedatan ISI of3 ms usinga conditioning ’

stimulus (CS) intensity 0o£80% AMTgp;. ICF was measured
atan ISI of 10 ms with a CS intensity of 90% AMTxpr. SICF

was measured at an ISI of 1.5ms. The intensity of the -
second stimulus (S2) was set at 10% below AMTgp;. LICT

was measured at an ISI of 100 ms with a CS intensity of
110% RMTyp;. The intensity of the tést stimulus (TS) (i.e.

the first stimulus (S1) for SICF) was adjusted to elicit MEPs
of 0.4-0.5 mV from relaxed FDI at baseline. Twelve trials
were recorded for each condition and randomly inter-

“mixed with 18 trials of TS alone with an ITI-of 5.5-6.5's
(about 6 min in tetal). The SICI, ICE, SICF and LICI were . -

all studied simultaneously in one. session using the four
magnetic stimulators (i.e. three stimuldtors produced the
different CS and the other one gave TS). Measurements of
these values were perfoimed in blocks 1mmed1atelybefore

(baseline) and }ust ‘after QPS-5 ms priming (post 1) as

well as 20 to 26 min (post 2). Conditioning intensities and
test intensity were not changed after the pr1m1ng because

- the test MEP sizes were not altered by SMA priming (see .
* Results and Table 1).

J Physiol 587.20

Experiment 4: Supplementary experiments

The aim of thesé experiments was to test whether the
conditioning stimulus over SMA spreads to M1 or PMd
(Bxperiment 4a), or whether it exerts a direct effect on
the spinal motor neurons (Experiment 4b). Bight subjects
part1c1pated in this series of experiments. -

Experlment4a Effects’ of a cond:tlonmg stimulus over
SMA on MEP. We investigated whether the stimulus over

. SMA spreads to other cortical areas using a paired- pulse

technique. The test response in the right relaxed FDI -
elicited by single pulse TMS over the left Mlpp was
conditioned by single pulse TMS over SMA at an ISI of
3 ms or 6 ms. The 1ntens1ty of the TS was adjusted to elicit
MEPs of about 0.5mV in the relaxed FDI when given
alone. The stimulus intensities for conditioning over SMA

“were set at-70, 90 and 110% AMTra. At each ISI (i.e.

3 or 6ms), 12 trials. were recorded. for each condition
(70,90 and 110% AMTr,) and randomly intermixed with
18 trials of TS alone with an ITI of 5.5-6.5s in a single
block. Thus, two blocks of measurements at each ISI were
performed. The order of blocks was randomized. As the
inhibitory interneurons of the MIlgp; might have a lower

" threshold than the intrinsic I-wave circuits (Reis et al.

2008), we argued that, if the current over SMA spread to

" the Mlpm, thensome 1nh1b1tory effects on the test response

would be observed at an ISI of 3 ms in a conditioning

. inténsity-dependent manner. Indeed, it is known that

conditioning over the PMd at an IST of 6 ms has either
inhibitory or facilitatory effects'on MEP sizes depending
on the conditioning intensity (Civardi ef al. 2001). Thus,
we argued that, if the current over SMA spread to PMd,

~ then some inhibitory or fac1l1tatory effects on the test
. response would be observed in an 1nten31ty—dependent
‘manner. :

: Experiment4b: Effects of a stimulus over SMA on MEP

in active condition.-To test whether the current over
SMA spreads to the Mlgpy directly and whether direct

“stimulation of SMA activates some neurons in SMA

piojecting to the spinal motor neurons dlrectly (Dum
& Strick, 1991,.1996), single pulse TMS was applied
over SMA durmg contraction of the right EDI muscle
(20% maximum voluntary contraction). If the current -
over SMA spi’ead to Mlgpy directly or if the ecurrent
stimulated some SMA neurons enough to produce any
descending volley, then small MEPs. would be elicited

* during voluntary contraction in an intensity-dependent -

manner. Ten stimuli were applied every 5 s at an intensity
0f100% AMTry. The stimulus intensity was thén increased
by 10% of AMTra and another 10 stimuli were applied.
This process was repeated until the intensity reached 190%
AMTr, or 100% MSO. : »
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Data analyses

- Experiment 1a. The after—effects of d1fferent cond1t10n1ng
types were analysed with absolute MEP amphtudes using
two-way repeated-measures analysis of yariaiice (ANOVA)
(W1thm-sub]ect factors, CONDITION (QPS-1.5 ms,
QPS-5 ms, -+, QPS-100ms), and TIME (B1 and following
. six’ time points))._- If the factors CONDITION and
TIME showed a significant interaction, post hoc paired
t tests (two-tailed) with Bonferroni’s corrections for
multiple comparisons were used for further analyses. The
Greenhouse—Geisser correction was used if necessary to
correct for non-sphericity; P values less than 0.05 were
considered 31gn1ﬁcant .

“Experiment 1b and 1c. Absolute values of MEPs at B0
and Bl (Fig.1) were compared using palred t “tests
in each experiment. To evaluate the priming effects
on subsequent QPS-induced plast1c1ty, the absolute
amplitudes of MEPs collected -in Experiment 1 la (ie.
without priming) and Expenment 1b (ie. with QPS-5ms
priming over the SMA) or Experiment 1c (ie. with -
QPS-50 ms priming over the’ SMA) were entered in
‘three-way repeated-measures ANOVA with PRIMING
(with and without priming), CONDITION ((QPS-1:5ms,
QPS -5 ms, -+ and. QPS-100ms) for Experiment 1b, and
(QPS-5ins, QPS-10ms, QPS-30ms and QPS-100ms)
for Experiment 1c), and TIME (Bl and following six
time points) as w1th1n-sub)ect factors to. match the
measuremént time points relative to QPS conditioring
among experiments. Add1t1ona11y, it might be valid
to evaluate the effect of prlmmg stimulation on sub-
sequent QPS-induced plasticity using these values because
the absolute amplitudes obtained at BO and Bl were
not significantly different (see Results). If the factors:
PRIMING, CONDITION and TIME showed a significant
interaction, post hoc paired ¢ tests (two-tailed) with
Bonferroni’s corrections for multlple comparisons were
used. '

Experiment2. The time course of after-effects for
the first control experiment (ie. sham cond1t10n1ng

with real’ prlmmg) on absolute MEP -sizes was -

a analysed using one-way repeated measures . ANOVA

(w1th1n—sub}ect factor, TIME (B1 and fo]lowmg six

points)). Por the second control - experlment the
after-effects of QPS-10ms with sham prlmmg were
‘compared with those of QPS-10 ms without priming using
- two-way repeated-measures’ ANOVA (Wlthm—sub)ect
factors, CONDITION (QPS-10 ms with sham priming, '
QPS-10.ms without prlmmg) and TIME (Bl and followmg
six pomts))

Expenment3 The ratio of the mean amphtude of the-
conditioned response to that of the control. response -
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was calculated *for each condition in each subject.
These individual mean ratios were then. averaged
to give a grand mean ratio. Thé time course of

. after-effects was analysed using three-way repeated

measures ANOVA (within- -subject - factors, PRIMING
(QPS-5 ms and QPS-50ms), BISTIM (SICI, ICE, SICF and
LICI) and TIME (baseline, post 1 and post 2)). Ifthe factors
PRIMING, BISTIM and TIME showed a significant inter-
action, Dunnett’s post hoc test in each condmon was used
for further analyses .

Ex'penment 4a. The ratio of the medn amplitude of the
conditioned response to that of the control response
was calculated for each condition in each sub]ect These
individual mean ratios were then averaged to give a grand- -
riean ratio. The ratios were entered in one-way repeated
‘measures ANOVA (within- sub}ect factor, INTENSITY of
conditioning stimulation). Paired  tests (two- talled) were
used for further analysés.

Data were analysed with the commercialized software
(SPSS version 17.0 for Windows; SPSS Inc ). AH figures
depict the group data. :

Results

None of the sub)ects reported any adverse effects during or:
after any of the experiments. Baseline physiological data -
did net differ significantly among different experiments

" (Table 1). The stimulus intensities for SMA priming were

all below RMTFDI (Table 1). s )

‘Experlment 1: Effects of SMA priming on, subsequent
. QPS-induced plastlcn:y

Experiment 1a: QPS-induced plasticity without priming

“over SMA.. In line with our previous report (Hamada:

et al. 2008a), QPS at short ISIs (QPS-1.5 ms, QPS-5 ms
and QPS-10ms). produced an increase in the MEP
amplitude, whereas QPS at long ISIs (QPS-30ms,

QPS-50 ms and QPS- 100ms) suppressed MEPs (Fig. 24).
Two-way repeated measures ANOVA revealed a
significant CONDITION (QPS 1.5ms, QPS-5 ms, -+, and
QPS 100ms) x TIME 1nteract10n (F(z 941,14.705) = 4 384,

"P<0.001). Figure2B presents the MEP amphtude

normalized to the baseline MEP at 30 min after QPS as a

* function of the reciprocal of the ISI used in each QPS burst.

There was a non-linear relation between MEP excitability-
changes and ISI indicating the presence of threshold for

- inducing LTP-like plasticity. Post hoc analysis revealed that -
“QPS-1.5ms, QPS-5ms and QPS-50ms were 31gn1ﬁcantly ’

different from QPS 30 ms.

Experlment1b QPS-induced plastluty with QPSSms
priming over SMA, F1gure3 shows ‘the time courses
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of MEP amplitude following QPS at various ISIs

with and without QPS-5ms priming over SMA. No

difference was found in MEP amplitudes at BO and
"Bl in any conditions (paired ¢ test, P> 0.5). Although

SMA priming with QPS-5ms did not occlude MEP
facilitation by QPS-1.5ms, it produced lasting MEP
suppression after QPS-5 ms, QPS-10 ms and QPS-30 ms

(Fig. 3B-D). By contrast, MEP suppression induced by

QPS-50ms and QPS-100ms was not enhanced, but
its duration was shortened by SMA priming (Fig.3E
and F). Three-way repeated measures ANOVA revealed

a significant PRIMING x CONDITION x TIME inter- *
-action (F(3.464,17319) = 3.826;, P =0.025). Post hoc palred ,

t tests revealéd a significant effect of SMA priming on
the after-effects of QPS-5ms, QPS-10ms, QPS-30 ms,

" QPS-50 ms and QPS-100 ms (Fig. 34-F).

Experlment 1¢: QPS-induced plastlaty WIth QPS-50 ms
priming ovef SMA. Figure4 shows the change in MEP

“amplitude following QPS at various ISIs with and
without QPS-50 ms priming over SMA. No difference

in. MEP amplitude was found at BO and "Bl in

14
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- Figure 2. QPS-mduced plasticity without pnmmg over SMA

A, time courses of MEP amplitude followirig QPS at various iSis
without priming (mean = s.e.M.). B, stimulus-response function of
QPS-induced plasticity. Normalized amplitudes of MEP measured at
30 min after QPS as a function of the reciprocal of ISI of QPS: mean
(% s.e.m.) of baseline. Note that the x-axis is logarithmic. Asterisks

denote significant difference from QPS-30 ms (*P < 0.05).

® QPS-100ms.
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ariy _conditions (paired £ test, P>0.5r). Q'PS-BO‘I‘ns_

priming ovér SMA. did not enhance MEP facilitation -
by QPS-5ms. It produced slight enhancement of MEP

facilitation by QPS- 10ms (Fig. 44 and B). In contrast,
trarisient MEP suppression induced by QPS-30 ms

turned to facilitation after SMA priming; But there .

was no change in the after-effects of QPS-100 ms
(Fig.4C and D). Three-way repeated measures ANOVA
revealed a significant PRIMING x CONDITION inter-

action (F(z s93,9948) = 5.612, P =0.023), but revealed’

no significant PRIMING x CONDITION x TIME
interaction (F(3.363,16.810) = 3.079, P=0.051). The results
reyeal that priming stimulation affected subsequent

QPS-induced plasticity, irrespective of the time after QPS -

conditioning. Post hoc paired ¢ tests revealéd a significant
effect of SMA priming with QPS-50 ms on the after-effects
of QPS-5 ms and QPS-30 ms (Fig. 4A and C).’

Stlmulus—response functlon with priming over SMA. The

normalized MEP amplitudes at 30 min post conditioning
are plotted as a function of the rec1proca1 of the ISI

" used in each QPS w1th and without priming over SMA

(Fig. 5). The crossover point from MEP suppression to
facilitation appears to shift in either direction along

the x-axis according to which priming stimulation was -

employed Post hoc analysis revealed that QPS-5ms

priming over SMA significantly reduced MEP sizes-after
QPS-5 ms, QPS-10 ms and QPS=30 ms, but occluded MEP

. suppression by QPS- 50 ms. QPS-50 ms priming over SMA

inhibited MEP sizes after QPS-5 ms, whereas it facilitated
MEP sizes after QPS-30 ms (Fig. 5). '

Experiment 2: Control experiments -

cortical excitability. Figure6A shows the time course
of the MEP amphtude following sham condltlonmg

with real priming. No difference was found in MEP

amplitudes at BO and Bl (paired. ¢ test, P > 0.5). Sham

- conditioning with real priming did not change the

MEP amplitude for at least 30 min after conditioning

(one-way repeated measures ANOVA: effect of TIME,

Fs,30)=0.410, P=0.866). Second, the after-effect of
real conditioning (QPS-10ms) with sham pr1m1ng was
compared to that of real conditioning without priming
to confirm that sham priming did not affect motor
cortical plasticity induced by real conditioning. Figure 6B
shows the ‘absolute amplitude of MEPs following real

“conditioning (QPS- 10ms) without] priming and with sham
priming. No difference ‘was found bétween MEPs at -

' First, the after-effects of sham cond1t1on1ng with real
. priming were monitored to examine whether priming
‘alone (i.e. QPS-5ms over SMA for 10 min) affects motor

—

B0 and B1 (paired ¢ test, P> 0,5). Furthermore, MEP -

amphtudes foHowmg QPS-10ms w1th sham pnmmg

© 2009 The Authars, Jouma! compilation © 2009 The Physiological Society
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- were not- different from those without priming (two-way
repeated measures ' ANOVA: effect of CONDITION
(QPS-10ms with sham priming, QPS-10 s ~without

. priming), Fy,s=0.095, P=0,770; 'CONDITION x
‘TIME interaction, F( 30y = 0.410, P = 0.866).

Experiment 3: Effects of priming over SMA on
intracortical circuits of M1

. Figure 7 shows the effects of priming over SMA on SICI,
ICE, SICFand LICL Three-way repeated measures ANOVA.

revealed 51gn1ﬁcant PRIMING x BISTIM x TIME inter-
action (F(s4s) =2.498, P =0.035). Post hoc tests’ revealed
that only SICF was modulated after SMA priming; the
effects on SICF were transient, being significant only at
post 1 (Fig. 7A and B).

Expériment 4: Supplementary experiments

 Experiment 4a: Effects of a- condmomng stlmulus over
the SMA on MEP. Usmg the paired-pulse technique at
an ISI of 3 ms, we 1nvest1gated whether the stimulus over
SMA spreads to Mlpp;. Figure 8A shows the changes of

-WEPampliude V),

MEP-ampltude (my >

SMA priming-induced metaplastlcn;y
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conditioned MEP relative to the uncondmoned MEP in
each block using three different conditioning intensities,
One-way repeated measures ANOVA revealed a significant
main effect of INTENSITY (Fy,14 = 3.904, P=0.045).
Post hoc paired-t tests revealed that the test MEPs
were significantly inhibited by conditioning stimulus at
1109% AMTqy (£ = 2.39, P=0. ()48),whereas no significant
mhlbmon was found at 70% or 90% AMTra. ’
Figure 8B shows the changes of conditioned MEP
relative to the unconditionéd MEP using the paired-pulse
technique at an ISI of 6ms. No significant effect of .
conditioning intensity over SMA at an ISI of 6 ms was

© found (one-way tepeated measures ANOVA: effect of
- INTENSITY, F(3,14) = 0.679; P =

0.523).

‘ Experlmenf 4b: effects of a stimulus over the SMA on MEP

in active condition. To test whether the current induced
by TMS over the SMA directly spreads to the M1gpy, single
pulse TMS was applied over SMA during contraction of the
right FDI muscle (20% maximum). Although the stimulus
intensity reached 190% AMT4 or 100% MSO no MEPS \
were recorded in any condmon o '
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- Time (min) T(me (min) oo Fime {min}
D E -
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A ‘.wth QPSFSms pnmmg over SMA

" Flgure 3. Effects of QPS-5ms priming over SMA on QPS-induced plastlc:ty
Time courses of MEP amplitude following QPS at various ISIs with (A) and without (o) QPS-5 ms priming over SMA -
{mean + s.EM.). A, SMA priming did not change subsequent LTP-like plastmty induced by QPS-1.5 ms. B and C,
priming reversed MEP sizes induced by QPS-5 ms (B) or QPS-10 ms (C). D, priming enhanced suppression of MEP
by QPS-30 ms. £ and F, MER suppression induced by QPS-50 ms (£) and QPS-100 ms (F) were not enhanced, but
shortened with SMA priming. Asterisks denote significant difference of MEP snzes with priming from those without
’ pnmmg at each tlme pomt (P < 0.05 by post hoc palred ttests)
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Discussion

- 'We showed that ETD:like and LTP- hke QPS-induced

M. Hamada and others

plasticity was altered by a preceding period of priming

stimulation over SMA. ‘QPS’ at short ISIs produced
an increase in the MEP amplitude, whereas QPS at
long ISIs suppressed MEPs (Experiment la, Fig.24).
QPS-5 ms priming over SMA occluded MEP facilitation
after QPS-5 ms and QPS-10 ms. Furthermore, itenhanced
suppression of MEP after QPS-30 ms, but occluded MEP

" suppression by QPS-50ms (Experiments‘1b, Fig. 5). By

contrast, QPS-50 ms priming over SMA inhibited MEP
sizes after QPS-5 ms, whereas it facilitated MEP sizes
after QPS-30 ms (Expenments 1c, Fig.’5). QPS-5ms or
QPS-50 ms priming over SMA did not change MEP sizes,
SICI, ICF and LICI but altéred SICF; QPS-5 ms primiing
enhanced SICE, whereas QPS-50 ms priming erased SICE
(Experiment 3, Fig. 7). Finally, a single conditioning TMS
over SMA at 110% AMTa with-an ISI of 3 ms 31gn1ﬁcant1y
inhibited test MEP sizes, wheteas no effect was found
at a-conditioning "intensity lower than 110% AMTTA
In addition, no 31gn1ﬁcant ‘effects were found at any
conditioning intensity using an ISI of 6 ms (Experiment 4,
Fig. 8). We will argue that the present ﬁndlngs provide
strong support - for the hypothes1s that priming over

Cond!ﬂun?ng
(QB -5ms)

MEP.ampltudsrmisy =

MEP amplitidemy)

10 20 3q
.Time {min})

MEP:-amplitude (m¥) T
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the. SMA trans1ently altered the synaptic. efficiencies
of excitatory circuits within M1, and that such prior
history of neuronal activity alters subsequent LTD-like and
LTP-like QPS-induced plasticity through the metaplastlc
1nterp1ay between SMA and MI..

Effects of TIMS over SMA

Given that there is now good evidence that TMS can

. stimulate SMA neurons (Civardi et al. 2001; Terao et al.

2001; Serrien et al. 2002; Verwey ef al. 2002; Matsunaga
et al. 2005; Hamada et al. 2008b), our- results are’
compatible with the idea that rTMS. can produice lasting
changes in the excitability of these circuits. We argue that

" such mechanisms underpin the present findings, although

we cannot be completely certain about the precise site
of our SMA stimulus, According to previous studies, the
optimal site of SMA stimulation has been shown to be
between 2 and 4 cm anterior to Cz (Terao et al. 2001
Serrien et al. 2002; Verwey et al. 2002); neuroimaging
methods also locate the hand ared of the' SMA. proper
some 2 to 3 cm anterior to Cz (Hikosaka et al. 1996; Lee
etal. 1999). Itisthereby conceivable that our TMS stlmulus
mainly activates SMA neurons.
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" Figure 4. Effects of QPS 50 ms priming over SMA on QPS-induced plasticity

- Time courses of MEP amplitude following QPS at various ISls with () and without (o) QPS-50 ms priming over
SMA (mean, = s.e.M.). A, SMA priming occluded subsequent LTP-fike plasticity induced by QPS-5 ms. B, priming
did not change plastlmty induced by QPS-10 ms. C, priming reversed suppression of MEP by QPS-30 ms.. D, MEP
suppression induced by QPS-100 ms was not altered with SMA priming. Asterisks denote significant difference of
MEP sizes with priming from those without priming-at each time point (P < 0.05 by post hoc paired ¢ tests).
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A second questlon is. whether currents induced by
- stimulation over SMA spread to other motor-related areas.
- The data suggest that this was unlikely with the intensities
of stimulation that we used. Experiment 4a showed that

.a conditioning pulse over SMA at 110% AMTys with

an ISI of 3ms 31gn1ﬁcant1y inhibited test MEP sizes,
which corresponds to the timing of SICI (Kujirai ét al.
1993), whereas no effect was found at a conditioning
intensity of either 70% AMTya or 90% AMTrs. These
findings suggest that the current induced by placing the
- coil over SMA spreads to M1gpr only when the stimulus
* intensity is higher than 110% AMTq, in line with a pre-

ceding report (Matsunaga et al. 2005). In addition, no
. significant changes in the size of test responses were -found
" at any conditioning intensity using an ISI of 6 ms, which

corresponds to the optimal ISI to prodiice effects in the

pathway from PMd to M1 (Civardi ef al. 2001). Finally,
Experiment 4b revealed that no MEPs were elicited during
voluntary contraction with single pulse TMS over SMA at
very high stimulus intensities up to 100% MSO, indicating
no dlrect activation of excitatory interneurons or cortical
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Figure 5. Prlmmg mduced shifts in the stlmulus—response
_function

The normalized amplitudes of MEP at 30 min post conditioning as a
_function of the reciprocal of IS! of QPS with and without priming over

SMA (o). A, QPS-5 ms priming (A). B, QPS-50 ms priming (v). Note
 that the x-axis is logarithmic axis. *P < 0.05 by post hoc paired t tests.
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output neurons within M1. We cannot completely exclude

the possibility thatvarlous subliminally stimulated cortical -

areas including SMA, PMd, PMv, M1 and others regions

were implicatéd in the effects of SMA priming. However, ’

the present findings lead us to conjecture that the effects of
priming over SMA can be mainly ascribed to s_tlmulatlon
of the cortex beneath the coil, namely SMA.

, Ef‘fects of priming over SMA alone

We did not evaluate possible effects of sham priming on

‘subsequent QPS-induced plasticity elicited by all kinds of

QPS protocols used in the preserit paper. In Experiment 2,
QPS-10ms was chosen as a representative of all QPS

. protocols because it induced mild facilitatory after-effects

rendermg it more susceptible to possible effects of sham
priming. In fact, two control experiments revealed that

neither priming alone nor cutarieous sensatlon had any -

lasting effect on MEPs.

The results of ExpenmentS show that QPS Sms or
QPS-50 ms priming over SMA did not change MEP
sizes, SICI, ICF and LICL Its only effect was a trans-
jent modulation of SICE, which. did not persist as long
as the priming effects on QPS. We cannot exclude, the
possibility that subtle changes in inhibitory circuits were
missed- because palred-pulse measurements addressmg
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Figure 6. Control experlments
A, sham conditioning with real priming did not modn‘y motor cortical
excitability. B, the after-effects of QPS-10 ms without-priming (open
circles) were not diffefent from those of QPS-10-ms with sham priming
(grey c1rcles)







