
rified PCR products (Quiagen) were sequenced with 
an automated sequence analyzer (Applied Biosys- 
tems). The sequences of the fragmeqts for MHC 
class I (spanning positions 155 to 1138) and P,- 
microglobulin (spanning positions 18 to 329) agreed 
with the published sequence of Lewis rat RTl .Ar and 
rat p,-microglobulin, respectively. 

9. J. Z. Kiss et a/., EMBO J. 13,5284 (1 994); F. Zafra, B. 
Hengerer, J. Leibrock, H. Thoenen, D. Lindholm, 
ibid. 9, 3645 (1990). 

10. Primer sequences were for rat GAPDH (GenBank- 
EMBL accession number g02231) [5'-CCCACG- 
GCAAGTTCAACGGB' (poskim 220, plus strand); 
5'-CTTTCCAGAGGGGCCATCCA-3' @osl in 628, 
negative strand)]; for rat p,;microglobulin (accession 
number Y00441) [5'-CGGTGACCGTGATCTTTCT- 
GGT-3' (position 18, plus strand); 5'-GGTGACG- 
GTTTTGGOCTCCTT-3' (position 329, negative 
strand)]; and for Lewis rat MHC class I (accession 
number C26224) [5 -TGCAGAGAGACTCAGGGC- 
CTACC-3' (posiion 537, plus strand); 5'-TGC- 
CAGGTCAGGGAGATGTCA-3' (positton 714, nega- 

tive strand) and 5'-TCGGCTACGTGGACCACACG- 
3' (position 155, plus strand); 5'-TGCCAGCTCAGG- 
GAGATGTCA-3' (position 71 4, negative strand) and 
5'-TGCAGAGAGACTCAGGGCCTA- 02-3' mbn 
537, plus strand); and 5'-GACTCTGGGTGTCACAG- 
GAGAGACC-3' (position 11 63, negative strand)]. 
MHC class I, p,-microglobulin, and the constitutively 
expressed enzyme GAPDH were always amplied si 
multaneously. PCR products (10 pl) from' multip4ex 
PCR were digested at 37°C with the enzymes Bgl I, 
Bgl II, and Apa I (Boehringer Mannheim), which cut the 
PCR fragments of GAPDH, p,-microglobulm, and 
MHC class I, respectively, at a single internal s~de. 

11. Mixed hippocampal cell cultures were treated with 
IFN-y (I 00 U/ml) and TTX for 72 hows; we labeled the 
cultures with monoclonal antibody OX-1 8 spec& for 
MHC class I by adding antibodies 10 w m l ;  Serdec) 
to the culture for 30 min. Cells were washed with 
phosphate-buffered saline and k e d  with 4% 
paraformaldehyde. Aftw blocking with 2% goat se 
rum and 2% bovine albumin, cells were visualized with 
f luorochr~e Cy3-conjugated goat antibodies to 

Monitoring Release of Neurotrophic Activity 
in the Brains of Awake Rats 

Christian Humpel, Eva Lindqvist, Stine Soderstrom, 
Annika Kylberg, Ted Ebendal, Lars Olson* 

lntracerebral microdialysis of awake rats was used to monitor the possible release of 
neurotrophic factors from brain cells in response to injury and excitation. Perfusates were 
tested with ganglia bioassays and enzyme immunoassay. Tfophic activity was released 
after implantation of the microdialysis probe into the hippocampus but not into the 
striatum, as assessed by increased nerve fiber outgrowth from Remak's ganglion. Kainic 
acid treatment significantly increased the release of trophic activity from hippocampal 
sites. These findings suggest that the brain responds to mechanical injury as well as to 
certain excitatory stimuli by regional extracellular release of neurotrophic activity that is 
not identical to the actions of known neurotrophic factors. 

I t  has been suggested that neurons in the for immunohistochemical localization, a 
brain may respond to different forms of technique that has allowed cellular localiza- 
stress by increased synthesis and release of tion of BDNF protein in the brain (3). A 
neurotrophic or neuroprotective factors. second possibility is to use bioassays, taking 
However, there is no evidence that such 
stress-induced release to the extracellular 
compartment of the brain occurs in vivo. 
Although the presence of mRNA coding 
for three of the four known mammalian 
neurotrophins (I ) [nerve growth factor 
(NGF), brainderived neurotrophic factor 
(BDNF), and neurotrophin-3 (NT-3)] has 
been demonstrated in neurons at the 
mRNA level by in situ hybridization (2 ) ,  
only two of the corresponding proteins, 
NGF and BDNF, have actually been dem- 
onstrated in vivo in the brain (I).  In order 
to obtain information about the regional 
presence of neurotrophins in the brain, one 
possibility is to develop specific antibodies 

C. Humpel, Neurochemistry Unit, Department of Psychi- 
atry, Anichstrasse 35, A-6020 Innsbruck, Austria. 
E. Lindqvist and L. Olson, Department of Neuroscience, 
Karolinska Institute, S-171 77 Stockholm, Sweden. 
S. SCiderstrom. A. Kvlbera. T. Ebendal. De~artment of 

Fig. 1. Nerve fiber out- 
growth from Remak's gan- 
glion (A and B) and sympa- 
thetic ganglion (C and D) 
tested with hippocampal 
perfusates. After implanta- 
tion of the microdialysis 
probe into the dorsal hip- 
pocampus (A and C), perfu- 
sates significantly stimulated 
nerve fiber outgrowth from 
Remak's ganglion (A) but 
not from the sympathetic 
ganglion (C). Kainic acidin- 
duced seizures (B and D) 
markedly enhanced nerve fi- 
ber outgrowth from Re- 
mak's ganglion (B) but not 
from the sympathetic gangli- 
on (D). Scale bar, 150 mm. 
(A) and (B) are exam~les of 

mouse immunoglobulin pianova; 10 pgml). Cells 
pmeabiliied with 0.1 % Triton X-1 Kl were intracel- 
lularly stained with mouse monoclonal antibodies 
specific for MAP2 (Sigma; 10 pgml) followed by flu- 
orochrome (dichlorotriazinfl aminofluorescein-conju- 
gated goat antibodies to mouse immunoglobulin (Di- 
anova; 10 pgml). Twenty optical sections along thez 
axis were m d e d  by confcal laser scanning mi- 
croscopy (Zeiss 41 0 ar d Leica). Baseline labeling lev- 
els were determined by parallel sta~ning with irrelevant 
monoclonal antibodies (10 d m l )  followed by fluoro- 
c h m  Cy%conjugated goat antibodies to mouse 
immunoglobulin. 

12. We thank Ch. Czoppett for technical assistance on 
the confocal laser microscopy, E. Hansert for statis- 
tical advice, M. Schwab for critically reading the 
manuscript, and G. Garotta (Hoffmann-La Roche) 
for rat IFN-y and IFN-?specific antibodies. H.N. was 
holder of a scholarship from the Deutsche For- 
schungsgemeinschaft. 
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advantage of the unique patterns of fiber 
growth responses seen, for instance, with 
different members of the neurotrophin fam- 
ily and with several different ganglia (4). 

In the present study, we tested a new 
microdialysis probe with a membrane capa- 
ble of dialyzing proteins the size of neurotro- 
phins. We used this probe in vivo to moni- 
tor neurotro~hic bioactivitv in the  hi^- 
pocampus and striatum of rats and tested the 
effects of two different epileptogenic treat- 
ments. Released bioactivity was analyzed by 
addition of the perfusates to different ganglia 
and by enzyme immunoassay (EIA). 

The dialysis probe was tested by in vitro 
dialvsis of NGF solutions ( 5 ) .  NT-3   rote in 
was'measured with an E I A ' ( ~ )  thaiused a 
recently characterized antibody (7). The 
bioassay was done as described (8), using 
chick embryo spinal, sympathetic, ciliary, 
and nodose ganglia, as well as the unique 
Remak's autonomic ganglion from the dor- 
sal mesorectum (4). 

Developmental ~eur6scie&e, ~iomedi&l center, Upp- $Gglia ;dored as positive; 
sala University, S-751 23 Uppsala, Sweden. (C) and (D) are examples of ganglia scored as negative. There is a certain migration of cells from the 
'To whom correspondence should be addressed. explanted ganglia in (C) and (D), but no or almost no neurite extension. 
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Stereotaxically guided implantation of 
microdialysis probes (9)  into the hippocarn- 
nus revealed no or verv little tronhic activ- 
Ity of the perfusates dn sympathetic [O to 
0.02 biological units (BU),  Fig. l C ]  and 
spinal (0  to 0.1 BU) ganglia and no detect- 
able activity on ciliary and nodose ganglia. 
When Remak's ganglion was used, a small 
degree of spontaneous outgrowth of nerve 
fibers, scored as 0.11 5 0.02 (n  = 48), was 
found when only sterile Ringer solution was 
tested. When the dialysis probe was inserted 
into the hippocampus, the presence of tro- 
phic activity in the perfusate was signifi- 
cantly increased (0.44 -t 0.12, n = 28) at 0 
to 2 hours, decreasing continouslv at 2 to 8 
hours after probe insertion ( ~ i g ; .  1 A  and 
2A). Perfilsates from striatal sites did not 
evoke any growth responses from Remak's 
ganglia (0.02 to 0.15, Fig. 2B). 

Injection of the convulsive glutamate 
agonist kainic acid (10) 4 hours after probe 
insertion into the hippocampus significant- 
ly increased trophic activity recovered in 
the hippocampal perfi~sates, as shown by an 
increased nerve fiber outgrowth from Re- 
mak's ganglion in both the first (0.77 ? 
0.24, n = 13) and the second (0.94 -t 0.44, 
11 = 9) 2-hour period after drug treatment 
(Figs. 1B and 2A). Injection of the y-arni- 
nobutyric acid A antagonist pentylenetet- 
razol (10) did not elicit si~nilar changes 
(Fig. 2A). N o  effects of i~nplantation of the 
probe or of kainic acid on trophic activity 
were found in striatal perfusates [P = 0.7, 

Fig. 2. Fiber outgrowth 
scores obtained w~th Re- 
rnak's ganglion in the pres- 
ence of brain dialysates. MI- 
crodialysis probes were im- 
planted Into the hlppocam- 
pus (A) or stratum (B), as In- 
dicated on the left. Scores are 
gven as percentage of spon- 
taneous outgrowth seen w~th 
Remak's ganglion in the ab- 
sence of dialysates. Numbers 
of anmals are given in paren- 
theses above each bar. Solid 
bars ndcate outgrowth 2 to 8 
hours after probe nsertlon. 
Hatched bars indlcate scores 
after Injection of kalnlc acld 
(KA). Open bars indlcate 
scores after injecton of pen- 
tylenetetrazo (PTZ). No ef- 
fects were found in the stria- 
turn elther after ~mplantation 
of the m~crod~alys~s probe or 
after ~njectlon of kainic acld 
(B). The kainlc acd-nduced 
actvity had the same pattern 
of bloassay actlvlty as that 
seen in response to impanta- 
tlon. xP 10.05,  **P <0.01 
and ""P 10.001 

one-way analysis of variance (ANOVA),  
Fig. 2B]. Hippocampal perfusates collected 
after kainic acid-induced seizures did not 
stimulate sympathetic (Fig. ID) ,  spinal, cil- 
iary, or nodose ganglia. 

NGF was not detectable in any of the 
hippocampal perfusates by the high-sensi- 
tivity EIA. Similarly, when the EIA was 
used for NT-3 (7), NT-3-like protein was 
below the detection l i m ~ t  in hippoca~npal 
perfusates. Injection of kainic acid did not 
elicit any increases in the concentration of 
NT-3, as measured by EIA (Fig. 3C) .  

The eanelia used for the bioassav were 
selected to differentiate between different 
neurotrovhins and to indicate svecific fam- 
ily members by an exclusion strategy (4 ,  8). 
Our dialvsates increased nerve fiber out- 
growth frbm Rernak's ganglion but not from 
any of the other ganglia. Although NT-3 
(8) and glial cell line-derived neurotrophic 
factor (GDNF) (1 1) both stimulate neurite 
formation from Rernak's ganglion, the lack 
of effect of the dialysates on sympathetic 
and dorsal root ganglia appears to exclude 
all neurotrophins and GDNF. Thus NGF, 
BDNF, NT-3, and NT-4 all evoke responses 
in dorsal root ganglia, and NGF and GDNF 
also stimulate sympathetic ganglia, whereas 
NT-3 only stimulates Remak's ganglion. 
Moreover, the bioassay data suggest that 
concentrations of NT-3 in the 100 to 150 
pg/~nl  range would have been needed in the 
dialysates for the observed effects to be 
accounted for by NT-3. However, the NT-3 

" 
4 (0 to  (2 to 4 to  (6  to 

2 hours) 4 h o u r  (6 h o u r  8 hours) 
Probe KA-PTZ 
insertion 

4 (0 to  (2 to (4 to  (6 to  
2 hours) 4 hours) + 6 hours) 8 hours) 

Probe KA 
insertion 

EL:?, ia;led to detect any NT-3, which sug- 
gcstL first, that NT-3 could not be present 
in concentrations greater than approxi- 
mately 1 pg/ml, and second, that none of 
the treatments had any effect on PJT-3 
concentration. From the above and from 
extensive bioassays of ciliary neurotrophic 
factor, as well as members of the ~ilsulin-like 
growth tactor, platelet deril-eii growth fac 
tor, and fibroblast growth f ~ c t o r  families, 
none of which show the present pattern of 
effects in ganr~iia (1 2 j ,  we conclud(~ that 
another, yet urlidenrified trophic factor, 
which coulti he released from the hip- 

a, 

log [NT-31 (pglml) 

B EIA of NT-3 in dialysates 

T 

Consecutive 2-hour 
dialysate fractions 

Fig. 3. E A  of NT-3. (A) Calibration curde Ilustratng 
the relation between average fluorescence read- 
ings from trplcate samples wlth added amounts of 
human recombinant NT-3. The near relation ob- 
taned In the log/log diagram suggests optma per- 
formance of the EIA. In thls dlagram, background 
fluorescence readings were deducted at each 
pont. (B) Average concentrations (= SEM) of NT-3 
immunoreactive materlal In four consecutive 2- 
hour hippocampa dialysates duted to double vol- 
umes from seven rats The eftmost bar shows the 
average (= SEM, n = 27) background fluores- 
cence readings from this experiment. Background 
concentratons were obtaned by addition of s o -  
ube antibody to NT-3 to parallel wells, blocking 
any NT-3 in the sample from bnding to the anti- 
NT-3 coatlng of the wells (7). The four bars on 
the right represent average fluorescence read- 
ngs from the four consecutve daysates. Kanc 
acid (KA) was admlnlstered after 4 hours There 
are no signif~cant differences between back- 
ground concentration and concentrat~ons In arly 
of the four dalysate fractons. 

SCIENCE VOL. 269 28 IULY 1995 



pocampus but not from the strlatun, was 
responsible for the trophic effects on Re- 
mak's ganglion. The trophic actlvlty in the 
dialysate seen In the first 2 hours after 
ilnplantatlon of the probe Into the h q -  
pocampus is probably due to the probe- 
induced mechanical damage of the tlssue, 
affecting an already existing pool of trophic 
b l o a c t ~ v l t ~  In the hippocampus. 

After injection of kainic acid, all anl- 
lnals exh~bited the typical complex stages of 
con\~itlsions, lasting the entire perlod of the 
experiment. Kainic a c ~ d  signif~cantly in- 
creased the same kind of trophic act~vity in 
hippocampal iiialysates, as demonstrated by 
an Increased nerve flber outgrowth In Re- 
mak's gangl~on. A g a ~ n ,  the kainic acid ef- 
fect was reg~on-specif~c and thus not fc~itnd 
in the str~atum. In marked contrast to 
k a i n ~ c  a c ~ d ,  pentylenetetrazol iild not ill- 

crease trop!lic act~vity In hippocampal dla- 
lysates, despite the fact that animals exhlb- 
lted massive generalized seizures 3 to 5 min 
after Injection. The lack of ability of pen- 
tylenetetrazol to Induce an increased activ- 
ity ~n h~ppoca~npal  dialysates might possibly 
be explained by the shorter excitatory st11n- 
itlation and lack of neuronal degenerat~on. 
Alternatively, the two convulsant drugs 
might act through different mechanisms. 

Taken together, our experiments d e n -  
onstrate that neurotrophic actlvlty can he 
captured from the extracellitlar space by in 
vivo ii~alys~s in the hippocampus, but not 
striatitu, of awake rats. The trophic act~vity 
1s not compatlhle with that of known neu- 
rotrophins or other t roph~c  factors, is re- 
gionally specif~c, and is Increased by me- 
chanical and certain convulsant treatments. 
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Activation of Yeast PBS2 MAPKK by MAPKKKs 
or by Binding of an SH3-Containing Qsmosensor 

Tatsuya Maeda,* Mutsuhiro Takekawa, Haruo Saito-i- 

The role of mitogen-activated protein (MAP) kinase cascades in integrating distinct up- 
stream signals was studied in yeast. Mutants that were not able to activate PBS2 MAP 
kinase kinase (MAPKK; Pbs2p) at high osmolarity were characterized. Pbs2p was acti- 
vated by two independent signals that emanated from distinct cell-surface osmosensors. 
Pbs2p was activated by MAP kinase kinase kinases (MAPKKKs) Ssk2p and Ssk22p that 
are under the control of the SLN1-SSK1 two-component osmosensor. Alternatively, 
Pbs2p was activated by a mechanism that involves the binding of its amino terminal 
proline-rich motif to the Src homology 3 (SH3) domain of a putative transmembrane 
osmosensor Shol p. 

A conservecl IVIAP klnase cascade that so l~c  anti nuclear effectors. However, the 
functions ln Inany eukaryot~c signal trans- functional signli~cance of having three kl- 
duction pathways consists of a MAP kinase nases in a cascade is not clear. Although the 
(IVIAPK), a MAPK kinase (IVIAPKK), and a three klnases ampl~fy a signal along the 
MAPKK klnase (MAPKKK) ( I  ). The cas- pathway, it is also possible that the series of 
cades of three kinases serve as intermediar- proteln klnases pro\~~iles a mechanism for 
ies between cell-surface receptors and cyto- integrating signals fro111 distlnct receptors. 

Here, we demonstrate a case in which a 
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