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Tobacco MAP Kinase: A Possible Mediator in
Wound Signal Transduction Pathways

S. Seo, M. Okamoto, H. Seto, K. Ishizuka, H. Sano, Y. Ohashi*

A complementary DNA encoding a mitogen-activated protein (MAP) kinase homolog has
been isolated from tobacco plants. Transcripts of the corresponding gene were not
observed in healthy tobacco leaves but began to accumulate 1 minute after mechanical
wounding. In tobacco plants transformed with the cloned complementary DNA, trans
inactivation of the endogenous homologous gene occurred, and both production of
wound-induced jasmonic acid and accumulation of wound-inducible gene transcripts
were inhibited. In contrast, the levels of salicylic acid and transcripts for pathogen-
inducible, acidic pathogenesis-related proteins were increased upon wounding. These
results indicate that this MAP kinase is part of the initial response of higher plants to

mechanical wounding.

Ohne of the severest environmental stresses
to which plants may be subjected is wound-
ing, which may come about through such
diverse causes as mechanical injury or
pathogen or herbivore attack. To cope with
such stresses, plants have developed multi-
ple self-defense systems, activating a set of
genes that are mostly involved in wound
healing (1). Well-known examples are the
genes encoding proteinase inhibitor (PI)-I
and PI-II, which accumulate not only in
wound sites but also in distal unwounded
tissues to defend the plant body against, for
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example, insect proteases (1). The tran-
scriptional activation, by wounding, of
genes encoding Pl is therefore systemic, and
it is generally considered that the endoge-
nous activator of these genes is jasmonic
acid (JA) along with its methyl ester
(MeJA) (2—-6). The biosynthesis pathway of
JA and MeJ A has been proposed to involve
a lipid-based signaling system including
lipases, linolenic acids, lipoxygenases (2,
6-8), and phosphorylation of proteins (2,
3). However, the molecular mechanism re-
sponsible for activation of these pathways
in response to wound stress remains un-
known. Here, we report identification and
characterization of a MAP kinase homolog
that may function in the initial step of
wound signal transduction pathways.

To identify genes that are involved in
mechanical wounding or lesion formation
after pathogen attack of tobacco plants, we
isolated a particular complementary DNA
(cDNA) clone (DS22) by differential hy-
bridization (9). Northern (RNA) hybridiza-
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tion analyses revealed that DS22 transcripts
of 1.8 kilobases (kb) in size are absent in
healthy leaves of tobacco plants but accu-
mulate upon mechanical wounding. Indeed,
DS22 transcripts began to accumulate as
early as 1 min after wounding, reaching a
maximum level within an hour and rapidly
declining thereafter (Fig. 1). The accumu-
lation of DS22 transcripts, however, was
not limited to wounded leaves, but rapidly
expanded into unwounded adjacent leaves
(Fig. 1). This observation was confirmed by
experiments showing that DS22 transcripts
reach nearly a maximum level in leaves 1
min after the stem was crosscut at the basal
position. Almost the same amounts of DS22
transcripts were observed in lower leaves
adjacent to the cut stem and in much more
distant upper leaves (10). Crosscutting of
petioles or leaf apex also induced a rapid
accumulation of DS22 transcripts (10).
Thus, the DS22 gene response to wounding
is systemic.

The cDNA of DS22 contains a 1725—
base pair open reading frame encoding a
polypeptide of 375 amino acids with a rel-
ative molecular weight of 42,858 (Fig. 2A).
The putative amino acid sequence is similar
to those of MsERK1, a mitogen-activated
protein (MAP) kinase homolog from alfalfa
(71% similarity), ATMPK1 from Arabidop-
sis (54%), and ERK2 from rat (46%) (Fig.
2A). The similarity, is especially high
throughout the 11 conserved kinase do-
mains, and amino acids TEY (Thr, Glu, and
Tyr, residues 201 to 203) that are required
for MAP kinase activation are well con-
served (11), which indicates that DS22 is a
member of the MAP kinase subfamily. That
DS22 encodes a protein kinase was con-
firmed by autophosphorylation activity of
the overexpressed products in a bacterial
system (Fig. 2B). We therefore designated
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DS22 as the protein WIPK (wound-induced
protein kinase).

The genomic organization of the gene
encoding WIPK in the tobacco genome was

determined by Southern (DNA) hybridiza-

tion analyses. When genomic DNA was
digested with appropriate restriction endo-
nucleases and hybridized with a WIPK
c¢DNA probe, almost exclusively one or two
hybridization signals were observed (Fig.

Fig. 1. Accumulation of DS22 transcripts after Minutes
mechanical wounding. Well-expanded upper 0 1
leaves of 50-day-old tobacco plants were wound-
ed by gentle rubbing of the upper epidermis of
leaves with wet Carborundum. Wound treatment
was completed within 15 s. The wounded and
adjacent unwounded leaves were harvested at
the indicated time intervals and used for total RNA
extraction (28). For controls, total RNA was isolat-
ed from healthy leaves of untreated intact plants.
Northern (RNA) blots containing 20 pg of RNA per
slot were subjected to hybridization with a 32P-
labeled DS22 cDNA probe (29). The amounts of
loaded RNA in each lane were confirmed to be
equal by rehybridization with a 32P-labeled glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH)
cDNA probe after the previous probes were
stripped off (10, 30).

Hours
310301 3 6 18 24 48

Healthy

Wounded

A

DS22 M------- D ANMGAGGGQF P----- DFPS VLTHGGQYVQ FDIFGNFFEI 38
MSERK1 MEGGGAPPAD TVMSDAAPAP PQHGIENIPA VLSHGGRFIQ YNIFGNIFEV 50
ATMPK1 M ATLVD—-P P-————-- G IRNEGKHY-- FSMWQTLFEI 28
ERK2 =~ M-————-mmm mmmmmmmmmm e AA AAAAGPEM-- --VRGQVFDV 19

I IX
DS22 TTKYRPPIMP IGRGAYGIVC SVLNTELNEM VAVKKIANAF DIYMDAKRTL 88
MSERK1 TAKYKPPIMP IGKGAYGIVC SAHNSETNEH VAVKKIANAF DNKIDAKRTL 100
ATMPK1 DTKYM-PIKP IGRGAYGVVC SSVNSDTNEK VAIKKIHNVY ENRIDALRTL 77
ERK2 GPRYT-NLSY IGEGAYGMVC SAYDNLNKVR VAIKKI-SPF EHQTYCORTL 67 -69
IITI Iv v
Ds22 REIKLLRHLD HENVIGLRDV IPPPLRREFS DVYIATELMD TDLHQIIRSN 138 42
MSERK1 REIKLLRHMD HENVVAIRDI VPPPQREVFN DVYIAYELMD TDLHQIIRSN 150
ATMPK1 RELKLLRHLR HENVIALKDV MMPIHKMSFK DVYLVYELMD TDLHQIIKSS 127
ERK2 REIKILLRFR HENIIGINDI IRAPTIEQMK DVYIVQDLME TDLYKLLKTQ 117
VII
DS22 QGLSEDHCQY FMYQLLRGLK YIHSANVLHR DLKPSNLLVN ANCDLKICDF 188
MSERK1 QALSEEHCQY FLYQILRGLK YIHSANVLHR DLKPSNLLLN ANCDLKICDF 200
ATMPK1 QRLSNDHCQY FLFQLLRGLK YIHSANILHR DLKPGNLLVN ANCDLKICDF 177
ERK2 H-LSNDHICY FLYQILRGLK YIHSANVLHR DLKPSNLLLN TTCDLKICDF 166
(X VIII
DS22 GLARP-NIEN E---NMTEYV VTRWYRAPEL LLNSSDYTAA IDVWSVGCIF 234
MsERK1 GLARV-TSET D---FMTEYV VTRWYRAPEL LLNSSDYTAA IDVWSVGCIF 246
ATMPK1 GLARASNTKG Q---FMTEYV VTRWYRAPEL LLCCDNYGTS IDVWSVGCIF 224
ERK2 GLARVADPDH DHTGFLTEYV ATRWYRAPEI MLNSKGYTKS IDIWSVGCIL 216
X
DS22 MELMNRKPLF GGKDHVHQIR LLTELLGTPT EADLGFLQONE DAKRYIRQLP 284
MsSERK1 MELMDRKPLF PGRDHVHQLR LLMELIGTPS EDDLGFLNEN AKR-YIRQLP 295
ATMPK1 AELLGRKPIF QGTECLNQLK LIVNIIGSQR EEDLEFIVNP KAKRYIRSLP 274
ERK2 AEMLSNRPIF PGKHYLDQLN HILGILGSPS QEDLNCIINL KARNYLLSLP 266
XI

DsS22 QHPRQQLAEV FPHVNPLAID LVDKMLTFDP TRRITVEEAL DHPYLAKLHD 334
MsERK1 PYRRQSFQEK FPHVHPEAID LVEKMLTFDP RKRITVEDAL AHPYLTSLHD 345
ATMPK1 YSPGMSLSRL YPCAHVLAID LLQKMLVFDP SKRISASEAL QHPYMAPLYD 324
ERK2 HKNKVPWNRL FPNADSKALD LLDKMLTFNP HKRIEVEQAL AHPYLEQYYD 316
DS22 AGDEPICPVP FSFDFEQQGI GEEQIKDMIY QEALSLNPE- ----YA- 375
MsSERK1 ISDEPVCMTP FSFDFEQHAL TEEQMKELIY REALAFNPE- ----YQQ 387
ATMPK1 PNANPPAQVP IDLDVDED-L REEMIREMIW NEMLHYHPQA STLNTEL 370
ERK2 PSDEPIAEAP FKFDMELDDL PKEKLKELIF EETARFQPG- ---- 358

Fig. 2. (A) Alignment of the predicted amino acid sequences of DS22 with Arabidopsis ATMPK1 (27),
alfalfa MsERK1 (37), and rat ERK2 (32). Hyphens indicate gaps introduced to maximize alignment.
Roman numerals indicate the 11 major conserved subdomains of protein kinases. Closed circles show
threonine and tyrosine residues that are phosphorylated in activated MAP kinase (77). Abbreviations for
the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys;
L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. The nucleotide
sequence data will appear in the European Molecular Biology Laboratory, GenBank, and DDBJ (DNA
Data Bank of Japan) nucleotide sequence databases under the accession number D61377. (B) WIPK
protein, expressed in Escherichia coli as a GST fusion protein (GST-WIPK) (33), was extracted from cells
and purified by glutathione-Sepharose-agarose affinity chromotography. The resulting protein was incu-
bated with 0.1 mM [y-22P]ATP and subjected to electrophoresis (34). Xenopus 42-kD MAP kinase (lane
1) was used as a control (34). Relative molecular mass is indicated in kilodaltons. Note that WIPK activity
is located at 69 kD (lane 2) instead of the native 46 kD because of GST fusion. (C) Tobacco genomic DNA
(10 ng) was digested with Bam HlI (B), Eco RI (E), Eco RV (V), Kpn 1 (K), Sac | (S), and Xba | (X), fractionated
by agarose gel electrophoresis, blotted to nylon membrane (Hybond-N+, Amersham), and subjected to
hybridization with 32P-labeled WIPK cDNA at 65°C for 16 hours in X5 SSC solution containing 0.5% SDS,
0.5% Ficoll, 0.5% polyvinylpyrolidone, 0.5% bovine serum albumin, and salmon sperm DNA (100 p.g/mi).
The filter membrane was washed with X0.1 SSC containing 0.1% SDS at 65°C and subjected to
autoradiography. Size markers are indicated in kilobase pairs.
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2C). Although interpretation of such data
is not simple because of the amphidiploid
nature of Nicotiana tabacum between N.
tomentosiformis and N. sylvestris and because
of the presence of introns, the simple hy-
bridization pattern suggests that the gene
encoding WIPK is present as a single copy.

To study further the function of WIPK
gene products, we introduced a sense-orient-
ed 1.2-kb fragment from the coding region
into tobacco plants under the control of the
35S cauliflower mosaic virus promoter (12).
Among more than 50 antibiotic-resistant
transformants, five were selected on the basis
of transgene expression. Northern hybridiza-
tion analyses showed that although the in-
troduced 1.2-kb ¢cDNA was expressed in
these plants, the endogenous 1.8-kb WIPK
transcripts did not accumulate after wound-
ing, as they would in a normal wild-type
plant (Fig. 3A). Further analyses with a my-
elin basic protein (MBP) phosphorylation
assay (I13) showed that transgenic plants
constitutively exhibit a low level of WIPK
activity, but wounding did not increase ki-
nase activity, whereas the MBP kinase activ-

A Wild-type Transgenic
g o8 ep 8
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333288332 °
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0131030136 24
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Fig. 3. WIPK transcription and MBP kinase activ-
ity in wild-type and transgenic plants. Well-ex-
panded upper leaves of 50-day-old wild-type or
transgenic (TMP1S-13 line) tobacco plants were
wounded as described in Fig. 1. (A) The wounded
leaves were harvested at the indicated time inter-
vals and used for total RNA isolation (28). Northern
blots were subjected to hybridization with 32P-
labeled WIPK cDNA (29). In the transgenic plants,
the 1.5-kb RNA consists of a 1.2-kb WIPK cDNA
fragment and a 300-bp nopaline synthase termi-
nator region originating from the vector (12). Size
markers are indicated in kilobases. (B) The
wounded leaves of wild-type (WT) and transgenic
(Trans.) plants were harvested at the indicated
time intervals, and crude protein fractions were
prepared for MBP kinase assay (35). Arrowheads
indicate the relative molecular mass of 46 kD.
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ity in wild-type plants is newly and transient-
ly induced by wounding (Fig. 3B). Indeed,
despite the fivefold higher levels of tran-
scripts from the WIPK transgene, the MBP
phosphorylation activity was less than half
that of wounded wild-type plants. These re-
sults suggest that in transgenic plants, the
endogenous gene encoding WIPK is silenced
by the introduction of a foreign gene and
that translation of introduced gene tran-
scripts could also be partly repressed. This
might be due to trans inactivation or co-
suppression phenomena recently found in
various transgenic plants (14).

Wild-type
036122448 0 3 6 12 2448

Transgenic

Fig. 4. Accumulation of transcripts for PR proteins
in transgenic plants. Well-expanded upper leaves
of 50-day-old wild-type and transgenic (TMP1S-
13 line) tobacco plants were wounded as de-
scribed in Fig. 1. Wounded leaves were harvested
at the indicated time intervals and used for total
RNA isolation (28). Northern blots were subjected
to sequential hybridization with 32P-labeled
cDNAs first for acidic PR-1 (36), then after the
probe was stripped off, for acidic PR-2 cDNA (76),
followed by basic PR-1 (37) and PI-Il (38) cDNAs
(29). To standardize RNA loading, the blots were
finally subjected to hybridization with GAPDH
cDNA (30). Time scales are expressed in hours.

Fig. 5. Accumulation of SA, SAG, JA, and

MeJA in wounded wild-type and trans- B 600
genic tobacco plants. Well-expanded up- 2 0
per leaves of 50-day-old wild-type (open

bars) and transgenic (closed bars) tobacco = 2%°
plants were wounded as described in Fig. 0
1. The wounded leaves were harvested at B 200
the indicated time intervals and used for @
quantitation of JA (A), MeJA (B) (39), SA g 100
(C), and SAG (D) (40). The amount of each g

compound is expressed in nanograms per
gram of fresh weight of leaf tissue. Values
are the means of three measurements

o

In normal wild-type plants, wounding
generally induces an accumulation of tran-
scripts for a set of genes encoding, for exam-
ple, PI-Il and basic pathogenesis-related
(PR)-1 protein (Fig. 4) (15). In transgenic
plants, however, no such transcript accumu-
lation was observed even after extensive
wounding (Fig. 4). Instead, the transgenic
plants responded to wounding by accumulat-
ing transcripts for acidic PR-1 and PR-2
proteins, a response normally induced by
pathogen attack but not by simple mechan-
ical wounding (Fig. 4) (15, 16).

Because it is believed that JA induces
production of PI-Il and basic PR proteins
(2,4-6, 17), and salicylic acid (SA) induc-
es acidic PR proteins (18), we measured the
JA and SA content of wild-type and trans-
genic plants after wounding. Although
wild-type plants responded to wounding by
producing JA and MeJA after 3 hours, the
transgenic plants produced much less JA
and MeJA, even up to 48 hours after
wounding (Fig. 5, A and B). In contrast, SA
and its sugar conjugate, salicylic acid B-glu-
coside (SAG), began to accumulate 6 hours
after wounding of transgenic plants. Such
production of SA and SAG was not ob-
served in wounded wild-type plants (Fig. 5,
C and D). These data thus indicate that the
response of transgenic plants to wounding is
the converse of that of wild-type plants in
terms of SA and JA production.

MAP kinases contribute to cellular sig-
nal transduction pathways by phosphorylat-
ing various proteins in various cellular com-
partments (19). The substrates are classified
into three major groups: other protein ki-
nases, transcription factors within the nu-
cleus, and cell surface proteins (19). Among
these diverse and specific targets of MAP
kinases, cytoplasmic phospholipase A,
(cPLA,), a cell surface protein, is of partic-
ular interest in connection with our work
here. Upon phosphorylation of Ser’® by
the MAP kinase, the enzymatic activity of
cPLA, greatly increased in comparison with
that in unphosphorylated controls (20). Be-
cause cPLA, cleaves phospholipids to re-
lease arachidonic acid, which is the precur-
sor of prostaglandins and leucotrienes, it has
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(each with duplicated samples), and standard deviations are shown by error bars.
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been suggested that one of the functions of
MAP kinases is activation of pathways con-
trolling inflammatory and other disease re-
sponses in mammals (20, 21).

The chemical structures of MeJA and its
precursors are similar (2) to those of prosta-
glandins, signaling molecules for inflamma-
tion in mammals. Furthermore, the mamma-
lian inflammation response is suppressed by
aspirin, or acetylsalicylic acid, which also in-
hibits JA and MeJA biosynthesis in plants (5,
22). Therefore, it has been proposed that the
wound response in plants is mediated by a
lipid-based signal transduction pathway, in
which the wound signal is initially transmit-
ted to protein kinases that then activate
lipases and the following pathways (2, 3). Our
results show that within a minute, mechanical
wounding enzymatically activates a 46-kD
protein kinase and that this activation is ac-
companied by rapid accumulation of tran-
scripts encoding a MAP kinase homolog,
WIPK (23). Furthermore, the involvement of
WIPK in JA and MeJA biosynthesis could be
directly demonstrated by experiments with
transgenic plants showing that when the en-
dogenous gene encoding WIPK is silenced by
the introduced gene, the levels of endogenous
JA and MeJA do not increase after intensive
wounding. We therefore speculate that WIPK
is one of the kinases predicted (2) to regulate
cPLA, metabolism, although the target
cPLA,-like protein or proteins have not yet
been identified in higher plants. Regulation of
WIPK action, however, appears to be compli-
cated, as the transgene encoding WIPK was
expressed at a low but steady rate in the
transgenic plants. By contrast, the wound re-
sponse of a normal plant requires expres-
sion of WIPK to be rapidly but transiently
increased. Another curious aspect of the
transgenic plants is that they produced SA
and SAG after wounding. We have ob-
served similar behavior in transgenic plants
expressing a rab-related guanosine triphos-
phate binding protein gene from rice and
have shown that MeJA actually inhibits SA
biosynthesis in these transgenic plants (24).
Thus, the simplest explanation for abnor-
mal SA production in WIPK transgenic
plants is that the wound-triggered SA syn-
thesis, which is normally suppressed by JA
and MeJA synthesized within 3 hours in
wounded wild-type plants, is released by
their absence. Involvement of a protein
phosphorylation cascade in plant defense
signaling pathways has long been predicted
(25) and recently confirmed (26). WIPK
raises the possibility that the plant wound
response is regulated by a well-tuned signal
network in which individual signals appro-
priately cross talk under the control of pro-
tein phosphorylation.

Note added in proof: After submission of
this manuscript, a report that supports our
results appeared (26a).
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For quantitation of JA and MeJA, 10 g of leaf material
was used for each assay. Quantitation of JA and MeJA
was performed essentially as described [R. A. Creel-
man, M. L. Tierney, J. E. Mullet, Proc. Natl. Acad. Sci.
U.S.A 89, 4938 (1992)], except that [°H,](+)-JA and
[PH,](=)-MeJA were used as internal standards [H. Nojiri
etal., Plant Cell Physiol. 33,1225 (1992)] to estimate the
recovery rate of JA and MeJA during the extraction
procedure by adding 2 pg of each to the first extraction
step. After ether extraction, samples were further puri-
fied by isocratic (89% hexane, 10% ethyl acetate, and
1% acetic acid) silica gel (wBondasphere silica, 5-pum,
3.9 mm by 19 cm; Waters) high-performance liquid
chromatography (HPLC) at a flow rate of 1 ml/min. Frac-
tions equivalent to MeJA and JA, for which retention
times were 5 and 10 min, respectively, were collected,
evaporated to dryness, dissolved in 50 pl of ethyl ace-
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tate, and analyzed by gas chromatography-mass spec-
trometry selected ion monitoring (GC-MS-SIM). Before
analysis, JA was methylated with diazomethane to give
MeJA. The GC-MS instrument was a Hewlett-Packard
quadrupole mass spectrometer (HP 5970B) fitted to an
HP 5890 gas chromatographer equipped with an Ul-
tra-1 fused silica capillary column (25 m by 0.2 mm,
inner diameter, 0.33 pum phase thickness; Hewlett-
Packard). Each sample was injected in the splitless
mode at 120°C. After a 2-min isothermal pause at
120°C, the column temperature was programmed to
280°C at 16°C/min. The column pressure of carrier gas
(He) was 40 kPa. GC-MS-SIM was performed by mon-
itoring the mass-to-charge (m/z) ratios 226, 224, 195,

193, 1583, and 151. The electron energy was 70 eV. The
retention time of MeJA was approximately 8 min. The
amounts of JA and MeJA in the original extracts were
determined from the ratio of peak areas for m/z
224(?H,)/226(°H,). All data were corrected for losses.
40. For quantitation of SA and SAG, 2 g of leaf material
was used for each assay. Quantitation of SA and
SAG was performed essentially as described [J.
Malamy, J. Hennig, D. F. Klessig, Plant Cell 4, 359
(1992)]. HPLC was performed on a pwBondasphere
100 A, 5-pm C-18 (3.9 mm by 15 cm) column main-
tained at 40°C. Isocratic separation was performed
at 1 mi/min with 23% (v/v) methanol in 20 mM sodi-
um acetate, pH 5.0. Fluorescence detection was

Tissue Plasminogen Activator Induction in
Purkinje Neurons After Cerebellar Motor Learning

Nicholas W. Seeds,* Brian L. Williams, Paula C. Bickford

The cerebellar cortex is implicated in the learning of complex motor skills. This learning
may require synaptic remodeling of Purkinje cell inputs. An extracellular serine protease,
tissue plasminogen activator (tPA), is involved in remodeling various nonneural tissues
and is associated with developing and regenerating neurons. In situ hybridization showed
that expression of tPA messenger RNA was increased in the Purkinje neurons of rats within
an hour of their being trained for a complex motor task. Antibody to tPA also showed the
induction of tPA protein associated with cerebellar Purkinje cells. Thus, the induction of
tPA during motor learning may play a role in activity-dependent synaptic plasticity.

Long-term memory requires the synthesis
of new proteins, which are thought to bring
about structural changes in synaptic con-
nections within the brain (1). The cerebel-
lar cortex has been implicated as an impor-
tant area of plasticity for motor learning (2,
3). An increase in the number of synapses
per Purkinje cell in the molecular layer of
the cerebellar cortex is seen in rats trained
to perform complex acrobatic tasks (4). In
contrast, the number of parallel fiber syn-
apses on Purkinje neurons does not change
in animals subjected to forced or voluntary
exercise (4). Thus, the synaptic changes
are related to the learning of a specific
motor task and not merely to increased
synaptic activity. These studies (4) sup-
port the Marr-Albus mathematical models
of cerebellar learning, in which climbing
fibers are postulated to modulate mossy
fiber inputs to Purkinje cells (2, 5). Syn-
aptic changes have also been seen in Pur-
kinje cells of rabbits subjected to a classi-
cal conditioning eyeblink response (6).
Thus, structural changes in synaptic con-
nections appear to accompany cerebellar
learning.
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Molecules that may participate in synap-
tic remodeling are the plasminogen activa-
tors (PAs), secreted serine proteases that
primarily serve to cleave the zymogen plas-
minogen into the active protease plasmin
(7). In the absence of plasminogen, PAs can
act directly to cleave matrix molecules such
as fibronectin and to activate latent growth
factors, including scatter factor—hepatocyte
growth factor (8). The PA-plasmin system
plays a role in tissue remodeling, cell migra-
tion, and tumor cell invasion (7, 9).

Fig. 1. Motor learning curve and ap-
paratus. Thirty 3-month-old male Fi-
scher rats were trained (79) on a
complex motor task that involved
learning to negotiate a runway con-

sisting of aluminum pegs placed in

the specific pattern depicted in the 100 8
inset on the upper right. The solid 94
line represents a learning curve on g g8 |
the IRR pattern for normal control o |
animals from previous experiments -E 82 |
(13); the squares represent the rats 2 76 |
that were studied for tPA levels. It 'E' 70
can be observed from the learning 2 641
curve that a majority of the improve- & 58T
ment in running times (that is, learn- _"'§' 52 1
ing) takes place between days 1 and 46
2. Smaller improvements are ob- 40

done with a Model RF-550A (Shimadzu, Tokyo, Ja-
pan). The detection limit was 10 pg of SA. All data
were corrected for losses.
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Tissue plasminogen activator (tPA) is
the primary PA in the brain (10). During
embryonic and neonaral development, tPA
levels are high in brain regions undergoing
extensive cell migration or tissue remodel-
ing. Similarly, PAs are secreted by neurons
during axonal growth and regeneration and
then bind with high affinity to the surface
of the growth cone, where they are poised
to facilitate nerve outgrowth through a tis-
sue matrix (I11). In general, tPA levels are
reduced in the mature brain, where the
dentate gyrus and cerebellum show the
most tPA activity (12).

We investigated the involvement of tPA
in the consolidation phase of the learning
of complex motor tasks. We used a runway
task in which rats had to learn to traverse a

runway by placing their paws on aluminum

pegs that protruded horizontally from the
walls of the runway, a task that is dependent
on cerebellar function (13) (Fig. 1, inset).
Initially, the rats were shaped and trained
on a regular (REG) peg pattern; then, after
a 2-week break, they were tested for their
performance on an irregular (IRR) peg pat-
tern. Their speed in crossing the runway
was measured for 20 trials per day. The
greatest improvement in performance (that

Runway motor learning task
a. Regular pattern (REG)
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b. Irregular pattern (IRR)
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served between days 2 and 5. Rats
brains were analyzed for tPA mRNA
at varying intervals after training on

2 3 4 5 6
Days of testing '

the IRR task, starting at 1 hour after training on day 1. Two rats were examined after training on day 2, and
the improvement in running times for these rats was similar to that of the 10 rats that had been previously

observed and that fit the solid curve (73).
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