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Monitoring Release of Neurotrophic Activity
in the Brains of Awake Rats

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

Intracerebral 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. Trophic 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.

It has been suggested that neurons in the
brain may respond to different forms of
stress by increased synthesis and release of
neurotrophic or neuroprotective factors.
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 (1) [nerve growth factor
(NGF), brain-derived 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
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for immunohistochemical localization, a
technique that has allowed cellular localiza-
tion of BDNF protein in the brain (3). A
second possibility is to use bioassays, taking

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 acid-in-
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 examples of
ganglia scored as positive;

mouse immunoglobulin (Dianova; 10 pg/mi). Cells
permeabilized with 0.1% Triton X-100 were intracel-
lularly stained with mouse monoclonal antibodies
specific for MAP2 (Sigma; 10 pg/mi) followed by flu-
orochrome (dichlorotriazinyl) aminofluorescein-conju-
gated goat antibodies to mouse immunoglobulin (Di-
anova; 10 pg/ml). Twenty optical sections along the z
axis were recorded by confocal laser scanning mi-
croscopy (Zeiss 410 ar d Leica). Baseline labeling lev-
els were determined by parallel staining with irelevant
monoclonal antibodies (10 wg/ml) followed by fluoro-
chrome Cy3-conjugated goat antibodies to mouse
immunoglobulin.
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the confocal laser microscopy, E. Hansert for statis-
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holder of a scholarship from the Deutsche For-
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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 neurotrophic bioactivity in the hip-
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
dialysis of NGF solutions (5). NT-3 protein
was measured with an EIA (6) that used 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).

(C) and (D) are examples of ganglia scored as negative. There is a certain migration of cells from the
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 hippocam-
pus revealed no or very little trophic activ-
ity of the perfusates on sympathetic [0 to
0.02 biological units (BU), Fig. 1C] 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 * 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 = 0.12,n = 28) at 0
to 2 hours, decreasing continously at 2 to 8
hours after probe insertion (Figs. 1A and
2A). Perfusates 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 perfusates, 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 * 0.44,
n = 9) 2-hour period after drug treatment
(Figs. 1B and 2A). Injection of the y-ami-
nobutyric acid A antagonist pentylenetet-
razol (10) did not elicit similar changes
(Fig. 2A). No effects of implantation of the
probe or of kainic acid on trophic activity
were found in striatal perfusates [P = 0.7,

Fig. 2. Fiber outgrowth
scores obtained with Re-
mak’s ganglion in the pres-
ence of brain dialysates. Mi-
crodialysis probes were im-
planted into the hippocam-
pus (A) or striatum (B), as in-
dicated onthe left. Scores are
given as percentage of spon-
taneous outgrowth seen with
Remak’s ganglion in the ab-
sence of dialysates. Numbers
of animals are given in paren-
theses above each bar. Solid
bars indicate outgrowth 2 to 8
hours after probe insertion.
Hatched bars indicate scores
after injection of kainic acid
(KA). Open bars indicate
scores after injection of pen-
tylenetetrazol (PTZ). No ef-
fects were found in the stria-
tum either after implantation
of the microdialysis probe or
after injection of kainic acid
(B). The kainic acid-induced
activity had the same pattern
of bioassay activity as that
seen in response to implanta-
tion. *P <0.05, *P <0.01,
and **P <0.001.

Spontaneous outgrowth (%)

Spontaneous outgrowth (%)

one-way analysis of variance (ANOVA),
Fig. 2B]. Hippocampal perfusates collected
after kainic acid-induced seizures did not
stimulate sympathetic (Fig. 1D), 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 limit in hippocampal
perfusates. Injection of kainic acid did not
elicit any increases in the concentration of
NT-3, as measured by EIA (Fig. 3C).

The ganglia used for the bioassay were
selected to differentiate between different
neurotrophins and to indicate specific fam-
ily members by an exclusion strategy (4, 8).
Our dialysates increased nerve fiber out-
growth from Remak’s ganglion but not from
any of the other ganglia. Although NT-3
(8) and glial cell line—derived neurotrophic
factor (GDNF) (11) both stimulate neurite
formation from Remak’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/ml range would have been needed in the
dialysates for the observed effects to be
accounted for by NT-3. However, the NT-3
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ELA railed to detect any NT-3, which sug-
gests 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 MT-3
concentration. From the above and from
extensive bioassays of ciliary neurotrophic
factor, as well as members of the insulin-like
growth factor, platelet-derived growth fac
tor, and fibroblast growth factor families,
none of which show the present pattern of
effects in ganglia (12), we conclude that
another, yet unidentified trophic factor,
which could be released from the hip-
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Fig. 3. EIA of NT-3. (A) Calibration curve illustrating
the relation between average fluorescence read-
ings from triplicate samples with added amounts of
human recombinant NT-3. The linear relation ob-
tained in the log/log diagram suggests optimal per-
formance of the EIA. In this diagram, background
fluorescence readings were deducted at each
point. (B) Average concentrations (= SEM) of NT-3
immunoreactive material in four consecutive 2-
hour hippocampal dialysates diluted to double vol-
umes from seven rats. The leftmost bar shows the
average (= SEM, n = 27) background fluores-
cence readings from this experiment. Background
concentrations were obtained by addition of sol-
uble antibody to NT-3 to parallel wells, blocking
any NT-3 in the sample from binding to the anti-
NT-3 coating of the wells (7). The four bars on
the right represent average fluorescence read-
ings from the four consecutive dialysates. Kainic
acid (KA) was administered after 4 hours. There
are no significant differences between back-
ground concentration and concentrations in any
of the four dialysate fractions.
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pocampus but not from the striatum, was
responsible for the trophic effects on Re-
mak’s ganglion. The trophic activity in the
dialysate seen in the first 2 hours after
implantation of the probe into the hip-
pocampus is probably due to the probe-
induced mechanical damage of the tissue,
affecting an already existing pool of trophic
bioactivity in the hippocampus.

After injection of kainic acid, all ani-
mals exhibited the typical complex stages of
convulsions, lasting the entire period of the
experiment. Kainic acid significantly in-
creased the same kind of trophic activity in
hippocampal dialysates, as demonstrated by
an increased nerve fiber outgrowth in Re-
mak’s ganglion. Again, the kainic acid ef-
fect was region-specific and thus not found
in the striatum. In marked contrast to
kainic acid, pentylenetetrazol did not in-
crease trophic activity in hippocampal dia-
lysates, despite the fact that animals exhib-
ited massive generalized seizures 3 to 5 min
after injection. The lack of ability of pen-
tylenetetrazol to induce an increased activ-
ity in hippocampal dialysates might possibly
be explained by the shorter excitatory stim-
ulation and lack of neuronal degeneration.
Alternatively, the two convulsant drugs
might act through different mechanisms.

Taken together, our experiments dem-
onstrate that neurotrophic activity can be
captured from the extracellular space by in
vivo dialysis in the hippocampus, but not
striatum, of awake rats. The trophic activity
is not compatible with that of known neu-
rotrophins or other trophic factors, is re-
gionally specific, 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 Osmosensor

Tatsuya Maeda,* Mutsuhiro Takekawa, Haruo Saitof

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 SLN7-SSK7 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 Sho1p.

A conserved MAP kinase cascade that
functions in many eukaryotic signal trans-
duction pathways consists of a MAP kinase
(MAPK), a MAPK kinase (MAPKK), and a
MAPKK kinase (MAPKKK) (1). The cas-
cades of three kinases serve as intermediar-
ies between cell-surface receptors and cyto-
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solic and nuclear effectors. However, the
functional significance of having three ki-
nases in a cascade is not clear. Although the
three kinases amplify a signal along the
pathway, it is also possible that the series of
protein kinases provides a mechanism for
integrating signals from distinct receptors.
Here, we demonstrate a case in which a
single MAPKK integrates two distinct up-
stream signals. One of the activation mech-
anisms involves an interaction between the
SH3 domain of a transmembrane molecule
(a putative osmosensor) and a Pro-rich re-
gion in the Pbs2p MAPKK.

In the yeast Saccharomyces cerevisiae, ex-





