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Abstract

Recently we reported that perfusion of hippocampal slices with epidermal growth factor (EGF) lead to enhancement of
potentiated responses after tetanic stimulation. In the present study we report that basic fibroblast growth factor (FGF) can
also lead to an enhancement of potentiated responses. FGF is a mitogen for several cell types and exhibits neurotrophic
effects on neurons of the central nervous system (CNS). Rat hippocampal slices were perfused with FGF at a concentration
of 10~° M. During exira- and intracellular recordings in the CA, -region, the addition of FGF to the perfusing medium
produced no change in evoked responses if single pulse or paired pulse stimulation was used. Furthermore FGF had no
influence on the resting membrane potential and input resistance. However, after tetanic stimulation, FGF-treated slices
showed an increase in the magnitude of potentiation compared to control slices. Taken together with the EGF data these
results support the hypothesis that growth factors like FGF with neurotrophic potential on CNS-neurons can influence
synaptic efficacy. Furthermore these results show that factors which are able to modulate developmental plasticity and

regenerative plasticity can also modulate synaptic plasticity.

Introduction

Basic fibroblast growth factor (FGF) is a polypeptide originally
identified in extracts of bovine pituitary (Gospodarowicz, 1974, 1975).
It has been recognized as a mitogen for a variety of cells including
astroglial cells (for review see: Gospodarowicz et al., 1986). More
recently it has been shown that FGF exhibits neurotrophic effects on
hippocampal (Walike ez al., 1986) and cortical (Morrison et al., 1986)
cells in culture. FGF has been isolated from brain (Gospodarowicz
et al., 1984). Using a monoclonal antibody against astroglial growth
factor (AGF, identical with FGF) FGF was found only in the neuronal
cells of the brain and cerebellum (Pettmann et al., 1986, 1987). FGF
appears early in brain development and then remains throughout
adulthood.

Long-term potentiation (LTP) is an increase in synaptic strength
induced by brief repetitive stimulation. This increase in synaptic strength
lasts for many hours and, in the intact animals, even for weeks (Bliss
and Lemo, 1973; Bliss and Gardner-Medwin, 1973). It has been
suggested that neurite-inducing factors are released during tetanic
stimulation and that these substances are involved in LTP (Sastry et
al., 1988). Recently we showed that treatment with epidermal growth
factor (EGF) leads to an enhancement in LTP after tetanic stimulation
(Terlau and Seifert, 1988, 1989a). EGF is also a mitogen for several
cell types. It has been shown that EGF has neurotrophic effects on
neurons of the central nervous system (CNS) with some differences
relative to FGF (Morrison ef al., 1988; Seifert and Forster, unpublished

observation). Our previous observation that EGF enhanced LTP led
us to investigate whether other growth factors with neurotrophic
potential may modulate synaptic plasticity. Since not all polypeptide
growth factors exhibit neurotrophic action on neurons of the CNS
(Morrison et al., 1986), in the present study possible effects of FGF
on LTP were investigated. Some of these results have been published
in abstract form (Terlau and Seifert, 1989b).

Materials and methods

Slice preparation

Transverse hippocampal slices were prepared from 8—12 week old
Wistar rats (200 —300 g) bred in the Max-Planck-Institute. Following
decapitation, the brain was removed from the skull and both hippocampi
were dissected out. Slices (400 pm thick) were cut with a tissue chopper
and placed directly in one of two recording chambers and kept at
33+0.5°C. The whole preparation procedure was performed in
oxygenated, ice cooled Ringer’s solution. The slice chamber (after
Langmoen and Andersen, 1981; modified by H. Terlau) was constantly
aerated with 5% 0,—95% CO, and Ringer’s solution was perfused
continuously through both recording chambers at a rate of
0.8—1.0 ml/min. The composition of the Ringer’s solution was (mM):
NaCl 124, KCl 5.0, KH,PO, 1.25, MgSO;x7H,0 2.0,
CaCl, X2H,0 3.0, NaHCO; 26, p-glucose 10.
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Electrophysiology and data analysis

After a preincubation period (1.5 h) slices to be used for recording
were transferred into the second recording chamber. A bipolar
stimulation electrode (tungsten in glass) was placed in the stratum
radiatum of the CA5-region of the slice. Stimuli consisted of a constant
current pulse of 0.05 ms duration and were delivered at 0.1 Hz at all
times except high frequency stimulation (1 X 100 Hz for 1 s) to induce
LTP. In the intracellular studies paired pulses with an interval of 55 ms
were applied.

Extra-or intracellular records were taken in the CA cell body layer.
A second extracellular recording electrode was placed in the stratum
radiatum of the CA|-region. The recording electrodes were either
filled with 2 M NaCl (4—12 MQ) or filled with 4 M KAc (30—
60 MQ). Only slices which showed clearly visible evoked responses
with a stimulation strength below 500 uA were used in further analysis.

In the experiments where LTP was induced and FGF was added
before tetanic stimulation, adjacent slices were separated into matched
pairs (control-slice, FGF-slice) and recording of the two slices were
performed one after the other. The stimulus strength in these
experiments was adjusted in such a way that before the tetanus was
given the evoked responses in control- and FGF-treated slices were
quite similar: Population spike amplitude: control: 4.27 +0.37 mV,
FGF: 4.55+0.47 mV; field excitatory postsynaptic potential (EPSP)
slope: control: 3.00+0.24 mV/ms, FGF: 3.02+0.27 mV/ms;
mean+SEM; n = 20 pairs. The stimulus strength used in these
experiments was: control: 167 +9 pA, FGF: 172+ 12 pA. In order
to achieve equivalent conditions in both slices an effort was made to
position the electrodes similarly, especially with respect to the distance
(Dingledine et al., 1987).

Population spike amplitudes were defined as the amplitude from the
negative peak to the late positive peak. The field EPSP slopes were
calculated from the initial negative slope of the field potential using
a form of linear regression.

For intracellular recording an impaled neuron was accepted when
it had no spontaneous discharges and a membrane potential below
—60 mV. The input resistances of the cells were measured using a
hyperpolarizing current pulse (15 ms, 0.5 nA) applied through the
recording electrode. In these experiments the stimulus strength used
was subthreshold so that no spike was seen. EPSP amplitudes were
measured baseline to peak.

Evoked potentials were stored on a lab computer based on an LSI
11/73. During extracellular recordings 6 or 12 sweeps were averaged
on line. During intracellular recordings single sweeps were stored. In
these experiments only every second sweep was stored to reduce the
amount of data. To compare the amplitudes of the evoked EPSPs before
addition and 20 min afterwards, 10 sweeps at these time points were
averaged off line. Further off line data analysis was done with a gVaxII.

Fibroblast growth factor

Lyophilized FGF from bovine pituitary glands (Sigma, after
Gospodarowicz, 1975) was first diluted in distilled water and aliquots
stored at —20°C. The biological activity of the used batch of FGF
was tested in a bioassay for survival and neurite outgrowth in our
hippocampal cell culture system (Seifert et al., 1983).

For each experiment one aliquot was taken and added to Ringer’s
solution to a final FGF-concentration of 10™° M. Perfusion of the
slices with this Ringer’s solution containing FGF was only started after
stable evoked potentials (either field potentials or EPSPs) were seen.

When tetanic stimulation was applied, perfusion with FGF was started
20 min before the tetanus.

Results

Perfusion of the slices (n = 5) with FGF up to 60 min has no effect
on extracellular potentials evoked by single pulse stimulation in the
CA, region (Fig. 1). Furthermore there was no change in the
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FiG. 1. Population spike and field EPSP during low frequency stimulation and
FGF perfusion. (I) Upper panel: population spike before, during and after the
addition of FGF; lower panel: changes in the size of the population spike with
time. (II) Upper panel: field EPSP before, during and after addition of FGF;
lower panel: changes of the slope of the field EPSP with time. At | perfusion
with Ringer’s solution containing FGF was initiated. At ! the slice was perfused
again with Ringer’s solution. The calibration represents: 3 mV, 10 ms.



amplitudes of the first and second EPSP in intracellular recording during
paired pulse stimulation (Fig. 2). Before addition of FGF the average
amplitude of the first EPSP was: 4.08 £0.35 mV. The average of the
EPSP amplitude 20 min later (the same time point at which the tetanus
was given in the experiments concerning LTP) was: 4.14 +0.43 mV
(n = 20 cells, mean+ SEM). Similar results were obtained in these
experiments for the amplitude of the second EPSP. At the beginning
of the perfusion with FGF the average amplitude of the second EPSP
was: 9.14 +£0.54 mV (n = 20 cells) and 20 min afterwards the average
amplitude was: 9.50+0.57 mV (n = 16 cells, four cells produced
action potentials and were discarded from analysis).

There was no influence of FGF on the resting membrane potential
of the cells investigated. The average resting membrane potential at
the beginning of the perfusion with FGF was: —67.9+1.2 mV and
20 min afterwards the cells had a resting membrane potential of
—68.8+1.2 mV (mean+SEM). Additionally, using short
hyperpolarizing current pulses FGF was found to have no effect on
the input resistance.

In contrast to these results FGF induced an increase in the magnitude
of potentiation (Fig. 3). Directly after tetanization both control- and
FGF-treated slices showed similar potentiation. However, after the
tetanus was given the FGF-treated slices stayed at higher potentiation
levels, while the control-slices showed a larger decay in the potentiated
response. The increase in potentiation of the population spike amplitudes
was not significant over the time investigated, but showed the same
tendency of the potentiated dendritic responses of the FGF treated slices,
which were clearly enhanced at later time points after tetanic stimulation
(Fig. 3). For example 30 min after tetanic stimulation the increase in

1 |

11

Fic. 2. EPSPs evoked by paired puise stimulation before and after addition
of FGF. (I) Single responses (10 sweeps) at the beginning with the perfusion
of the FGF-containing Ringer’s solution; (I1) 20 min afterwards; (I1I) 40 min
afterwards. The square wave pulse represents a calibration (5 ms, 10 mV).
Since every sweep is 20 s apart, both pictures represent 200 s of recording time.
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the field EPSP slope was 128 +4.3% for the control slices and
144.0+5.3% (mean=+SEM, n = 20 pairs, P < 0.01) for the slices
which had been perfused with FGF. We then raised the question of
whether FGF also modulates LTP when added after tetanic stimulation.
LTP was induced and 20 min later perfusion with FGF-containing
Ringer’s solution was initiated. As shown in Figure 4, perfusion of
the slices for 30 min with FGF had no effect on the potentiated evoked
potentials.
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FiG. 3. Effect of FGF on LTP. (I) Potentiation of the population spike amplitude
after tetanic stimulation. (I) Potentiation of the field EPSP slope after tetanic
stimulation. 100%: average of the population spike amplitude or the field EPSP
slope 10 min before tetanic stimulation; n = 20 pairs of slices; Vertical bars:
SEM; p-values: Wilcoxon signed rank test.
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Fi6. 4. Addition of FGF after tetanic stimulation. (I) Amplitude of the population
spike at the beginning (A) with perfusion of FGF or Ringer’s solution (control)
and 30 min later (B). (II) Field EPSP slope at the beginning (A) with perfusion
of FGF or Ringer’s solution (control) and 30 min later (B). Given values are
calculated from 3 min of recording time. 100%: average of the population spike
amplitude or the field EPSP slope 5 min before perfusion with FGF or Ringer’s
solution (control) was initiated (corresponds to 15—20 min after tetanic
stimulation); FGF: n = 7; control: n = 6; Vertical bars: SEM.

Discussion

Our results demonstrate that perfusion of hippocampal slices with FGF
does not lead to changes in the excitability of the CA-neurons if low
frequency stimulation is applied as measured extracellularly by
population spike and field EPSP. Furthermore no changes in the
excitability were seen when paired pulse stimulation was given as
measured intracellularly by resting membrane potential, input resistance
and EPSP amplitudes. In contrast to this, an increase in LTP especially

for the later time points after tetanic stimulation was observed.
Therefore exogenously added FGF obviously can modulate LTP.

Interestingly, FGF does not lead to changes in the evoked potentials
when it is added 20 min after tetanic stimulation. With this result it
is very likely that processes which are activated during or in the first
20 min after tetanic stimulation are involved in the modulatory effect
of FGF on LTP. Therefore it seems that the enhancement of FGF on
LTP depends either on the strong depolarization during tetanic
stimulation or on other processes activated at early time points after
tetanic stimulation, such as activation of protein kinases (see below).

The presence of FGF in cell bodies and dendrites of the hippocampal
CA, area has been demonstrated by immunohistochemistry (Pettmann
et al., 1987; Terlau, Flott and Seifert, unpublished). In spite of these
observations, little is known about the activities of FGF in vivo. For
example the site of synthesis and mechanisms of release of FGF have
not been determined. FGF has been shown to activate protein kinase
C in 3T3 fibroblasts (Kaibuchi ez al., 1986). Activation of protein kinase
C is also probably important for the maintenance of LTP (Akers et
al., 1986; Hu er al., 1987; Reymann er al., 1988; Malinow et al.,
1989). Furthermore it is known that FGF leads to a rapid increase in
c-fos and c-myc proto-oncogenes in 3T3 cells (Miiller er ul., 1984).
A possible involvement of proto-oncogenes in LTP has been discussed
recently (Cole er al., 1989; Dragunow er al., 1989).

FGF as a growth factor is known to stimulate protein synthesis in
non-neuronal cells (Rudland ef al., 1974). It has also been demonstrated
that protein synthesis is probably required for the maintenance of LTP
(Krug et al., 1984; Stanton and Sarvey, 1984). Finally, changes in
spine morphology as a consequence of LTP have been described
(Fifkova and Harreveld, 1977; Andersen et al., 1987). Taken together
all these observations suggest that perhaps similar molecular
mechanisms are operating during developmental and synaptic plasticity.
Interestingly it has been reported that FGF also has effects on
regeneration of CNS neurons (Anderson et al., 1988). Therefore it
may be possible that growth factors such as FGF play a role as
modulators of several processes related to neuronal plasticity.

It is interesting that the described modulation of LTP by FGF differs
in its time course from the effect of EGF on LTP. Addition of EGF
leads to an enhancement in the potentiated responses directly after the
tetanus was given (Terlau and Seifert, 1989a), whereas FGF affects
only the potentiated responses at later time points after tetanic
stimulation. The modulatory action of both growth factors on synaptic
plasticity is a new aspect among the variety of described effects of
growth factors, and may be of physiological relevance. Thus
neurotrophic factors may not only control developmental and
regenerative plasticity, but may also function as modulators of synaptic
plasticity in the adult nervous system.
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Abbreviations

AGF  astroglial growth factor

CNS  central nervous system

EGF epidermal growth factor

EPSP excitatory postsynaptic potential
FGF fibroblast growth factor

LTP long-term potentiation
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