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Regulation of neuronal excitability
by release of proteins from glial cells

Birte A. lgelhorst!, Vanessa Niederkinkhaus'?, Claudia Karus'?,
Maren D. Lange'* and Irmgard D. Dietzel’

!Department of Biochemistry I, and ZInternational Graduate School for Neuroscience, Ruhr University Bochum,
UniversitatsstraBe 150, Bochum 44780, Germany

Effects of glial cells on electrical isolation and shaping of synaptic transmission
between neurons have been extensively studied. Here we present evidence
that the release of proteins from astrocytes as well as microglia may regulate
voltage-activated Na' currents in neurons, thereby increasing excitability
and speed of transmission in neurons kept at distance from each other by
specialized glial cells. As a first example, we show that basic fibroblast growth
factor and neurotrophin-3, which are released from astrocytes by exposure to
thyroid hormone, influence each other to enhance Na™ current density in cul-
tured hippocampal neurons. As a second example, we show that the presence
of microglia in hippocampal cultures can upregulate Na* current density. The
effect can be boosted by lipopolysaccharides, bacterial membrane-derived
stimulators of microglial activation. Comparable effects are induced by
the exposure of neuron-enriched hippocampal cultures to tumour necrosis
factor-a,, which is released from stimulated microglia. Taken together, our find-
ings suggest that release of proteins from various types of glial cells can alter
neuronal excitability over a time course of several days. This explains changes
in neuronal excitability occurring in states of thyroid hormone imbalance and
possibly also in seizures triggered by infectious diseases.

1. Introduction

Glial cells can influence neuronal function in various ways. As electrical insula-
tors, oligodendrocytes and Schwann cells ensure fast transmission of action
potentials. As siphons for K™ and by removal of excitatory amino acids out of
the extracellular space, astrocytes prevent mutual excitation of closely opposed
neurons. Also glial cells influence synaptic transmission by releasing gliotrans-
mitters as well as by transmitter uptake in membrane structures engulfing
synaptic endings, which has led to the term ‘tripartite synapse” [1]. Release of
steroids and even cholesterol from astrocytes has additionally attracted attention
that glial cells might exert endocrine functions [2,3], leading to regulation of, for
instance, glutamate transporters in neurons [4]. Likewise, Miiller cells in the retina
control photoreceptor function and blood flow by the release of various vaso-
active agents [5]. In addition, they may act as source of polyamines [6], which
may modulate neuronal function at a fast time scale by modulating the activity
of a variety of ion channels, including inactivation of Na™ channels [7].

Secreted factors have also been shown to influence the structure and function
of astrocytes. Hence the thyroid hormone triiodo-L-thyronine (T3) induces the
secretion of various protein factors from cerebellar astrocytes [8], resulting in a
change in astrocyte morphology as well as neuronal proliferation. Among several
candidates, basic fibroblast growth factor (FGF-2) was identified as the most potent
factor and its inactivation by neutralizing antibodies in cell cultures reduces the
T3-induced increase in astrocyte proliferation by 40% [9].

We have shown that FGF-2 not only increases astrocyte proliferation and
induces changes in their shape to a more stellate type [10,11] but also upregulates
the Na* current density in cultured postnatal neurons from rat hippocampus [12].
In this preceding study, we further showed that the upregulation of voltage-gated
Na' currents, which can be induced by incubation of hippocampal neurons
for several days with T3 [13,14], was only observed if neurons maintained in
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NB/B18 medium had been cultured in the presence of a surplus
of astrocytes. The effect of T3 could be induced in neuron-
enriched cultures by introducing cell culture inserts containing
astrocytes into the culture medium and could also be repro-
duced by exposing neuron-enriched cultures to a conditioned
medium from astrocytes that had been exposed for 2 days to
T3. The effect evoked by the conditioned medium was heat
sensitive, blockable by FGF-2 neutralizing antibodies and
could be abolished by adding the antibodies to T3-treated
hippocampal cultures containing a surplus of glial cells. We
thus concluded that protein factors released from T3-stimulated
astrocytes can modulate neuronal excitability by regulating the
Na™ current density, and that FGF-2 plays a prominent role in
this effect [12].

A further factor, the expression of which is stimulated by T3
in the developing brain, is neurotrophin-3 (NT-3). Its mRNA
expression is induced by exposure to T3 in cerebellar granule
cells [15]. Addition of NT-3, in turn, increases neurite out-
growth in Purkinje cell-enriched cultures, which express the
trkC-receptor [15], suggesting that T3 affects the differentiation
of Purkinje cells indirectly by regulating the NT-3 expression in
granule cells [15]. NT-3 is also expressed in hippocampal astro-
cytes [16,17]. As NT-3 can also influence the firing properties of
some cell types, including embryonic geniculate neurons [18],
we here tested whether exposure of neurons for several days
to NT-3 influences Na*t current density in cultured hippo-
campal neurons. Furthermore, we investigated whether an
enhanced release of NT-3 contributed to the regulation of
Na* currents by exposure of brain tissue to T3.

Unlike the stationary astrocytes, microglia are motile cells
which are activated during pathological events in the brain
and can remove invading and necrotic cells (e.g. [19]). They
have been mainly implicated in immune reactions of the
brain and release various inflammatory cytokines, such as
tumour necrosis factor-alpha (TNF-a), interferons and interleu-
kins (e.g. [20,21]). Moreover, they refine synaptic connections
by removal of synaptic boutons [22,23]. In the immature brain
release of cytokines, such as TNF-a and inferferon-gamma, from
astrocytes and microglia is involved in oligodendrocyte precur-
sor cell death and arrest of maturation (e.g. [24-27]). Adverse
effects of microglia-derived cytokines are also discussed to
play a role in the induction of multiple sclerosis (e.g. [28,29]). Fur-
thermore, in inflammatory conditions TNF-a may play a role in
causing hyperalgesia or neuropathic pain [30-32] and cytokines
are also upregulated in epilepsy [33,34]. As the enhanced excit-
ability in inflammation could be evoked by an upregulation
of Na' current density [35,36], here we also asked whether
the release of cytokines from microglia could influence the
Na™ current density in cultured hippocampal neurons. To
answer this question, we investigated whether the addition of
microglia and their activation with lipopolysaccharides (LPS)
(e.g. [28,34]) influences the Na* current density and whether a
cytokine supplementation to the cell cultures elicits an effect
comparable with the addition of activated microglia.

2. Material and methods

(a) Cell cultures

Experiments were performed on cells obtained from hippocampi
dissected from brains of 2- to 4-day-old Wistar rats. Tissue was
collected in ice-cold modified phosphate buffered saline (MPBS)
composed of 137mM NaCl, 2.7mM KCl, 5mM Na,HPO,,

0.89 mM KH,PO,, 10mM HEPES, 1mM pyruvate, 10 mM
glucose, 1mM glutamine (GE Healthcare, formerly PAA,
(M11-004) purity > 99%) and 1 mg ml~" bovine serum albumin,
25 Uml ! penicillin and 25 ugml™! streptomycin (P/S from
PAA, Germany). After addition of 10 wg ml~! deoxyribonuclease
Iand 5 wl ml ™" of a 2.5% trypsin solution, the tissue was incubated
under gentle agitation for 7 min at 37°C and then triturated
15 times with a 1000 pl Eppendorf pipette tip. The dissociated
cells were then collected in 10 ml tubes containing MPBS and
centrifuged at 1000 r.p.m. at 4°C for 10 min. The pellet was resus-
pended in RPMI (PAA, Colbe, Germany), supplemented with 10%
fetal calf serum (FCS, Invitrogen, Karlsruhe, Germany), P/S and
glutamine and then pre-plated at 37°C and 5% CO, in humidified
atmosphere for 1 h in a B 5060 incubator (Heraeus, Hanau,
Germany). Following the pre-plating step, the neuron-enriched
supernatant was collected and centrifuged again at 1000 r.p.m. at
room temperature for 10 min. The pellet was resuspended in
RPMI medium (Invitrogen, Karlsruhe, Germany) supplemented
with 10% FCS. A total of 300000 cells of the suspension were
then transferred into 1 cm diameter glass rings positioned into
the centres of 3.5 cm plastic Petri dishes that had been coated
with poly-p-lysine (5 pg ml ™! in sterile water for 1 h). After cul-
turing for 1 day in RPMI medium for equilibration, cells were
transferred to Neurobasal medium in combination with T3-
depleted B18 supplement (composed as published in [37] without
T3) and treated for 24 h with 4 uM cytosin-B-p-arabinofuranoside
to prevent further overgrowth of the cultures with astrocytes. After
the third day of culture, cells were incubated for a further 4 days
under the following conditions:

control: neurobasal medium supplemented with T3-free B18
supplement, glutamine and P/S;

T3: control medium supplemented with 50 nM T3 (Sigma, cat.
no. T2502);

FGF-2: control medium supplemented with FGF-2 (Biomol,
Hamburg, Germany, rHuFGF-basic, cat. no. 50361.50), at con-
centrations of 0.6 or 6 nM, which both have been shown to
induce a significant upregulation of the Na* current density
[12];

NT-3: control medium supplemented with 7 nM NT-3 (Biomol,
cat. no. 87368);

TNF-a: control medium supplemented with 100 ng ml™ ' TNF-a
(Peprotech, Hamburg, Germany, cat. no. 400-14); and

K252a: 10 nM K252a (Alomone Labs, cat. no. K150) was dis-
solved in dimethyl sulfoxide (DMSO).

For neutralization assays, 8 ug ml~ ' anti-FGF-2 antibodies (Pepro-
tech cat. no. 500-P18-B) or anti-NT-3 antibodies (Peprotech, cat.
no. 500-P82G-B) were added to untreated control and treated
sister cultures.

Control sister cultures were treated with identical solvent dilu-
tions as used for the test substances as indicated in the figure legends.

(b) Isolation of microglia

Microglial cells were obtained from whole brain mixed glial cul-
tures by a shaking procedure following the procedures published
by McCarthy & de Vellis [38], modified as described in [39]. In
brief, mixed glial cultures were obtained from whole brains of post-
natal day 0-3 Wistar Hannover rat pups rostral of the cerebellum,
dissociated by passing through 125 um and 36 um nylon meshes.
After centrifugation at 900 r.p.m. for 10 min at room temperature,
the cell pellet was resuspended in 5ml glial mixed medium
(GMM) composed of DMEM:Ham’s F12 (1:1) supplemented
with 10% heat inactivated FCS, P/S and glutamine. A yield of
cells from 1.5 brains per uncoated T-75 flask (Sarstedt, Numbrecht,
Germany) were pre-cultured for 10-12 days in GMM at 37°C and
5% CO, in a Haereus B5060 incubator (Hanau, Germany) with
medium changes every 3—4 days.
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Following a pre-culture period of 10-12 days, in the course
of which a confluent astrocyte layer had formed, microglia
were isolated from the underlying stronger layer of adherent
astrocytes and oligodendrocyte precursors by shaking the
flasks for 3 h on an orbital shaker (ES-W, Kiihner AG, Birsfelden,
Switzerland) in the incubator. The supernatant containing more
than 90% microglia was centrifuged for 5 min at 1000 r.p.m. at
room temperature; the cells were counted in the supernatant
and added to the cultures in quantities of 5 or 10%.

() Patch-clamp recordings

Na* currents were quantified at day 7 in culture using whole cell
patch-clamp recordings. Measurements were performed at room
temperature using a Patch-Clamp L/M-EPC7 amplifier (List Medi-
cal, Darmstadt, Germany). Patch pipettes were fabricated from
borosilicate glass capillaries (GB-150TF-8P, Science Products,
Hofheim, Germany) using a PP-830 puller (Narishige Europe,
London, UK) and had resistances of 4-5 M(). Pipette solutions
contained, in mM: CaCl, 0.1, EGTA 1.1, MgCl, 5, CsF 100, NaCl
5, HEPES 10; bath solutions contained, in mM: 4-aminopyridine
4, TEA-CI 10, CaCl, 1, CdCl, 0.5, MgCl, 1, glucose 10, HEPES
10, NaCl 100. Osmolarities of pipette and bath solution were
adjusted to the low osmolarity of the NB medium which inhibits
the proliferation of oligodendrocyte precursors [39].

Na* currents were recorded using a series of step depolariz-
ations starting from a holding potential of —77 mV (after
correction of a liquid junction potential of —7 mV) in increments
of 5mV. Maximal peak Na* currents were determined as peak
currents at a test potential of —12 mV, which corresponded to
the maximum of the current/voltage relationship.

Voltage-dependent inactivation of the Na' currents was
determined by applying a series of pre-pulse steps of 200 ms dur-
ation in 5 mV increments, starting at an initial hyperpolarization
to —107 mV. The pre-pulses were followed by a depolarization to
a test potential of —17 mV to evoke maximal Na* currents. Peak
Na* currents versus pre-pulse potential were then fitted to a
modified Boltzmann equation (I/Iy=1/(1+exp([Vin — Vin1,2]/
S)) with V1,2 denoting the pre-pulse potential at which
half of the channels are inactivated, V,, the respective pre-
pulse potential, Iy the current elicited from the most negative
pre-pulse potential and S the slope factor).

Signals were filtered using the EPC7 10 kHz low-pass filter and
digitized with PClamp 10 (Molecular Devices, Sunnyvale, CA, USA)
at a sampling rate of 20 kHz. Data were digitized with a Digidata
1440A board (Molecular Devices), stored on a personal computer
and analysed with cLAMPFIT software. Leakage and capacitive arte-
facts were subtracted using a P/4 protocol. Na™ current densities
were calculated by normalizing the peak Na' current to the cell
capacitance calculated from the integral of the charging curve for a
test potential of 20 mV after compensation of the electrode capaci-
tance. Cells with leak currents of more than 100 pA, series
resistances of more than 20 M() and an activation voltage range of
less than 20mV in the I/V curve were discarded to minimize
errors of poor membrane voltage control. A liquid junction potential
of —7 mV with respect to the bath solution was corrected offline.

For multiple comparisons, one-way ANOVA followed by
Tukey’s post hoc test was used (Origin 8.5, Origin Lab Corporation,
Northampton, MA, USA).

(d) Immunostaining

Astrocytes were identified with antibodies against glial fibrillary
acidic protein (GFAP, Sigma G9269 from rabbit, diluted 1 :500)
and activated microglia with OX-42 staining (primary antibody:
mouse anti-rat CD11b IgG (anti-OX-42, Millipore, CBL 1512Z)
diluted 1:200 in PBS). Cells were fixed for 20 min with 4% para-
formaldehyde at room temperature, washed three times with
PBS and then incubated with blocking buffer containing PBS

(with 0.1% Triton X-100) and 3% goat serum. Cells were then n

incubated with the primary antibodies for 1 h at room tempera-
ture, washed with PBS and then incubated with fluorescence
conjugated secondary antibodies (AlexaFluor® 488 goat anti-
mouse IgG (Invitrogen, A11001) and Alexa Fluor 594 goat
anti-rabbit IgG (Life Technologies A11012) both diluted 1:500 in
PBS), for 1 h under gentle shaking at room temperature in a dark
chamber. Nuclei of all cells were visualized by staining with
Hoechst-33258 (10 ng ml ™' in PBS, from Sigma Aldrich) for 20
min at room temperature. Fluorescence microphotographs were
obtained using a 20x objective on an Olympus IX51 microscope
equipped with CELLSENS software and a ColorView 12 camera.

3. Results

(a) Effects of proteins secreted from astrocytes

(i) Effects of a pre-incubation of hippocampal neurons with NT-3
We first investigated whether exposure of postnatal hippo-
campal neurons to NT-3 for 4 days influences their Na*
current density. To this end, hippocampal cultures obtained
from 2- to 3-day-old postnatal rat pups were pre-cultured
for 3 days and then exposed to NB medium without NT-3
(control) or supplemented with 7nM NT-3 for a further 4
days. As shown in figure 1, this treatment induced a signifi-
cant upregulation of the peak Na™ current density from
control levels of approximately 40-60 pA pF ' to values of
60-90 pA pF'. This increase occurred for all depolarization
steps without changing the voltage dependence of activation
and inactivation. As the recordings were performed for both
experimental conditions in identical solutions containing no
growth factors, these observations suggest a long-lasting
upregulation of the Na™ current density by this treatment.
When control cultures had been pre-incubated with 10 nM
of the trk-receptor blocker K252a [40] for 4 days prior to
recording, Na* currents were unchanged (figure 1b). In the
presence of the blocker, the upregulation of the Na™* current den-
sity after pre-incubation with 7 nM NT-3 was absent (figure 1b).
As K252a is an unspecific blocker of trk-receptors and also
blocks protein kinase C and calmodulin with an IC50 of
33nM [41] and phosphorylase kinase even with an IC50
of 1.7 nM [42], we repeated these experiments in the presence
of antibodies against NT-3. Similarly, as observed after a pre-
incubation with 10 nM K252a, a pre-incubation with antibodies
against NT-3 prevented the upregulation of the Na™ current
density after 7 days in culture, suggesting that this antibody at
a concentration of 3 ugml ' was efficient in neutralizing
7 nM NT-3 in the incubation solution (figure 1c).

(ii) Influence of NT-3 on increases in Na™ current density evoked
by thyroid hormone

As detailed in Introduction, a prolonged exposure to thyroid
hormone increases neuronal Na' current density in hippo-
campal neurons. This upregulation requires the presence of
glial cells and is induced by the release of soluble proteins,
most likely including FGF-2 [12]. In the following exper-
iments, we investigated whether the upregulation of the
Na* current density by T3 includes a component regulated
by NT-3. In this case, a co-incubation of T3-treated cultures
with NT-3 blockers should at least to some extent reduce
the effect of T3 on the Na' current density. To test this
hypothesis, we incubated mixed cultures obtained from 3-
to 4-day-old pups, containing neurons as well as glial cells,
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Figure 1. NT-3 exposure for 4 days increases the Na™ current density of cultured hippocampal neurons. (a) Series of original current recordings elicited by step
depolarizations in 5 mV increments starting from a holding potential of —77 mV. (b)(i) Mean current —voltage relationships for Na™ currents normalized to capaci-
tance recorded from neurons cultured in the presence or absence of 7 nM NT-3, 10 nM K252a or a combination of both. (ii) Influence of NT-3 or K252a on steady-
state inactivation of Na™ currents. Solid lines represent fits to the modified Boltzman equation as detailed in Material and methods. (jii) Peak Na™ current densities
of neurons cultured in the presence or absence of NT-3 and/or K252a determined at test potentials of —12 mV starting from holding potentials of —77 mV.
(0)(i) Mean current—voltage relationships for Na™ current densities after treatment with 7 nM NT-3 in the presence or absence of 3 g ml~" anti-NT-3 antibodies.
(ii) Influence of NT-3 and antibodies neutralizing NT-3 on steady-state inactivation of Na™ currents. (jii) Mean peak Na™ current densities measured after pre-
incubation of neurons with NT-3 in the presence or absence of anti-NT-3 antibodies at a test potential of —12 mV. All recordings were performed at day 7
in culture after incubation with test substances for 4 days following a pre-culture of 3 days. Numbers in bar charts indicate numbers of cells recorded from.
The database for every column is derived from three to five different preparations. Error bars represent means =+ s.e., *p << 0.05, **p << 0.01, ***p < 0.005.

with either 50nM T3, 10 nM K252a or a combination of
50nM T3 plus 10 nM K252a for 4 days and compared the
resulting current densities with those of untreated control
cultures (figure 2a). These cells had been treated for 24 h
with AraC. Therefore, only insignificant increases of the
Na*® current density by treatment of the cultures with T3
for 4 days were seen. In contrast to our expectation that the
trk-receptor blocker would reduce the effect of the T3 treat-
ment, we clearly observed the opposite: the co-incubation
of the cultures with 50 nM T3 plus 10 nM K252a enhanced
the T3 action on the neuronal Na' current density
(figure 2a). To investigate whether this effect occurs at the
level of the receptor or could have been induced by blocking
the effects of NT-3 secreted into the medium by neighbouring

cells, we added 2.5t0 4 pg ml ! of neutralizing anti-NT-3 anti-
bodies to the incubation solution throughout the 4-day-long
treatment with 50 nM T3. Similarly, as observed after treatment
with K252a, and in contrast to our observations in NT-3-treated
cultures, all concentrations of antibodies produced a significant
enhancement of the effect of a pre-treatment with 50 nM T3
alone, suggesting that the release of NT-3 from cultured cells
reduces the upregulation of the Na* current density by T3
(figure 2b). Since we had previously observed that the upregu-
lation of the Na* current density by T3 could be blocked by a
co-incubation with antibodies against FGF-2 [12], we now
tested whether the maximal Na" current density obtained by
a pre-incubation of the cultures with 50 nM T3 in the presence
of antibodies against NT-3 could be influenced by adding
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Figure 2. Blockage of NT-3 augments the upregulation of the Na™ current density by thyroid hormone (T3). (a) Effects of incubation with 50 nM T3, 10 nM K252a and a
combination of both for 4 days prior to recording. Note that co-incubation with the trk-receptor blocker K252a increases the upregulation of the Na™ current density by T3.
(b) Effects of incubation with 50 nM T3 and 50 nM T3 plus three concentrations of anti-NT-3 antibodies for 4 days prior to recording. Note that the co-incubation with the
antibodies increases the upregulation of the Na™ current density by T3. (¢) Effects of incubations with 50 nM T3, controls treated with 2.5 jug mi™" anti-NT3 or a
combination of both in the presence or absence of 8 g ml™" anti-FGF-2 antibodies. Note that the addition of antibodies against FGF-2 reverses the upregulation
of the Na™ current density by co-incubation with the anti-NT-3 antibodies. Bars represent peak Na™ current densities elicited by step depolarizations to — 12 mV starting
from holding potentials of —77 mV. Numbers in bar charts indicate numbers of cells recorded from. The database for every column is derived from three to five different

preparations. Error bars represent means + s.e., *p << 0.05, ***p << 0.005.

additional anti-FGF-2 antibodies to the incubation medium.
As shown in figure 2c, indeed, the presence of 8 ug FGF-2
antibodies per millilitre of culture medium, which prevents
the increase in Na™ current density by T3 [12], reduced the
increase in Na™ current density induced by the combined
pre-treatment with 50 nM T3 plus anti-NT-3 antibodies. This
confirms our previous finding that the release of FGF-2 plays
a dominant role in the effect of thyroid hormone on Na* cur-
rent density and further suggests an interaction between the
actions of NT-3 and FGF-2. As illustrated in figure 1, none of
the treatments influenced the voltage dependence of activation
or inactivation of the Na™ currents. To investigate, in addition,
potential changes in the inactivation kinetics caused by
the treatments, we fitted the time course of inactivation of the
peak Na* currents elicited by step depolarizations to
—12mV to exponentials decaying with two time constants.
Na* currents from control cells decayed with 71 =0.93 +
0.04 ms and 72 = 7.54 + 1.33 ms (n = 35); maximal Na* cur-
rents had been observed in cultures treated with 50 nM T3 +
2.5 ug anti-NT3. In these cultures 71 amounted to 0.77 +
0.04 ms and 72 was 5.61 + 0.69 ms (n = 15). Following treat-
ment with 50nM T3 + 2.5 pg anti-NT3 +8 ug anti-FGF2,
which reversed the effect of the treatment with anti-NT-3 anti-
bodies, 71 amounted to 0.80 + 0.05ms and 72 was 8.58 +
239 ms (n=27). Since no statistically significant changes
were found, we assume that treatment with these factors
does not significantly influence the availability of inactivated
Na*channels as observed after polyamine withdrawal [7].

(iii) Interactions between NT-3 and FGF-2

To investigate potential interactions between the action of
NT-3 and FGF-2 on Na' current density, we incubated
neuron-enriched cultures prepared from 2-day-old rat pups
with FGF-2 and a combination of NT-3, FGF-1 and FGF-2.
FGF-1 is another protein, released from cerebellar astrocytes
[9], that upregulates Na™ current density [43]. The combined

incubation with the three factors for 4 days did not further
increase the Na™ current density, suggesting that the effects
of the different factors are not additive and thus could converge
on a common signal pathway (figure 3a). We then tested
potential effects of the trk-receptor blocker K252a on the
FGF-2-induced upregulation of the Na' current density.
Most interestingly, the co-incubation of neuron-enriched
hippocampal cultures with FGF-2 as well as 10 nM K252a led
to maximal Na* current densities (figure 3b). As K252a even
at a concentration of 200nM did not block the FGF-2-
induced neurite outgrowth in PC12 cells [44], it can be assumed
that K252a does not interact with the FGF-receptors. Our
present findings can thus be interpreted in the sense that
some basal release of NT-3 or a different trk-receptor activat-
ing agent might inhibit the effect of FGF-2. To further
test whether NT-3 might be involved, we investigated the
effects of NT-3 neutralizing antibodies on the regulation
of the Na™ current density by FGF-2 in neuron-enriched hippo-
campal cultures. In a manner analogous to the effect elicited by
the co-incubation with K252a, a co-incubation with antibodies
against NT-3 boosted the upregulation of the Na™* current
density evoked by the FGF-2 treatment alone (figure 3c). Our
results can be interpreted by assuming that some basal release
of NT-3 inhibits the action of FGF-2 on voltage-gated Na*
current density. The stoichiometric ratio of several growth
factors secreted from satellite cells in the neuronal micro-
environment may thus fine-tune Na™ current density and
hence neuronal excitability.

(b) Effects of proteins secreted from microglia

Microglia plays a major role in immune reactions in the cen-
tral nervous system. As in inflammatory conditions after a
period of apathy in many cases, neuronal hyperexcitability
and epileptic seizures have been observed [45,46], we also
tested here whether the presence and/or activation of micro-
glia might contribute to Na* current regulation. To study
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Figure 3. Interactions of FGF-2 and NT-3 in the regulation of voltage-gated Na™ current density. (a)(i) Comparison of Na™ current density after pre-incubation
of a neuron-enriched culture with FGF-2 alone or a combination of FGF-2, NT-3 and FGF-1 shows that the effects of the three growth factors are not additive.
(ii) Co-incubation of FGF-2-treated cultures with 10 nM of the trk-receptor blocker K252a shows that a 4 day exposure to the trk-receptor blocker increases the effect
of FGF-2 on the Na™ current density. (iii) Effects of an incubation of neuron-enriched cultures with FGF-2 are increased by a co-incubation with antibodies against
NT-3. Bars represent peak Na' current densities elicited by step depolarizations to —12 mV starting from holding potentials of —77 mV. Numbers in bar
charts indicate numbers of cells recorded from. The database for every column is derived from three to six different preparations. Error bars represent
means =+ s.e., *p << 0.05, **p < 0.01, ***p << 0.005. (b) Schematic to illustrate the results from figures 1 to 3; although both NT-3 and FGF-2 upregulate
the Na™ current density the pathway activated by NT-3 inhibits the pathway activated by FGF-2. (Online version in colour.)

such effects we co-cultured hippocampal neurons with
microglia obtained from whole brain glial cell cultures
(figure 4a). In a first series of experiments, we added 5 and
10% microglia to neuron-enriched cultures and recorded
Na' current densities. As shown in figure 4a, these cultures
contained a surplus of OX42 positive cells, which showed
the characteristic morphology of activated amoeboid micro-
glia. The presence of microglia for 4 days in the culture
medium increased the Na* current density without affect-
ing the voltage dependence of activation and inactivation
(figure 4c). The effect of the presence of microglia could
be enhanced by stimulating the microglia by addition of
1pg ml~! LPS into the culture medium (figure 4c). As,
most likely, microglia-secreted factors could account for the
upregulation of the Na' current density, we then tested
the effects of an incubation of neuron-enriched cultures
with TNF-a, which has been shown to be induced by LPS
treatment and secreted from microglia (e.g. [20]). As shown
in figure 4d, similar to the addition of microglia, an incu-
bation of the cultures with 100 ng ml~' TNF-a resulted in
an upregulation of the Na* current density.

4. Discussion

The release of small molecular weight neurotransmitters,
such as dopamine as well as acetylcholine, has been impli-
cated in short-term plasticity of Na* currents evoked by the
activation of phosphorylation cascades [47]. Here we extend
the concept of functional neuronal plasticity by providing
evidence that the release of growth factors from glial cells,
including astrocytes and microglia, can regulate neuronal
Na* current density and thus influence their excitability in
a time range of several days. This adds, we believe, a novel
aspect of glial influences on neuronal function.

In addition to our previous finding that FGF-2, which is
released from astrocytes after stimulation with T3 [12], upregu-
lates the Na' current density, we here observed that NT-3
can evoke similar effects in hippocampal neurons. This corres-
ponds to the finding of Al-Hadlaq et al. [18] that NT-3-treated
geniculate ganglion neurons show increased action potential
rise times and amplitudes. To our surprise the trk-receptor
blocker K252a as well as antibodies neutralizing NT-3 did
not inhibit, but potentiated the Na* current regulation by T3.
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Figure 4. Influence of microglia and treatment with TNF-oc on Na™ current density. (a)(i) Phase contrast picture and (ii) fluorescence microphotograph of a culture
stained for 0X42 positive microglia (green) (indicated by arrows), GFAP positive astrocytes (red) and nuclei with Hoechst 33258 (blue). (b) Family of original currents
recorded from (i) control neuron and (ii) neuron cultured in the presence of 10% microglia. (c)(i) Mean current—voltage relationships for recordings from control cells
and cells cultured in the presence of 5 and 10% microglia. (ii) Note that a pre-incubation with microglia does not influence the steady-state inactivation of the Na*
currents. (jii) Effects of the addition of 5 and 10% microglia on mean peak Na™ current densities. (iv) Effects of the addition of 1 wg ml ™" lipopolysaccharides to
control cultures or cultures containing 5% microglia on mean peak Na™ current densities. (d) Effect of the addition of 100 ng ml~" TNF-cx for 4 days on Na™
current densities. Bars represent peak Na™ current densities elicited by step depolarizations to —12 mV starting from holding potentials of —77 mV. Numbers in bar
charts indicate numbers of cells recorded from. The database for every column is derived from three to 10 different preparations. Error bars represent means + s.e.,

*p < 0.05, ***p << 0.005. (Online version in colour.)

Our result is in line with the finding that K252a can upregulate
Na* currents in PC12 cells incubated in conditioned medium
from sciatic nerve [48]. These observations can be explained
by the assumption that several signal pathways converge at
some point to fine-tune Na* current density in neuronal mem-
branes, such that the regulation of the Na™ current density by
FGEF-2 is inhibited by that of NT-3 (see figure 3b for a schematic
illustration). In a different study, the FGF-2-induced prolifer-
ation of cortical precursor cells was inhibited by NT-3,
showing a similar inhibitory effect of NT-3 on FGF-2 action

[49]. Inhibitory effects of NT-3 are also suggested by a study
by Yang et al. [50] showing that excessive astrocyte-derived
NT-3 may exert an inhibitory effect on neuronal neurite
outgrowth. A further mutual interaction of FGF-2 and NT-3
has been described in the retina, where FGF-2 release from
Muiller cells could rescue photoreceptors damaged by illumina-
tion. In this case, however, the effect was inhibited by NGF
and enhanced by NT-3 [51]. Further interactions of FGF-2 and
NT-3 have been described during development of the cochlear
ganglion [52].
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Our present observations suggest that the composition of
the cocktail of growth factors released by glia after stimulation
with thyroid hormone [9] could fine-tune Na™ current density
in neurons. The clinically observed variability of the suscepti-
bility of the brains of different subjects to hypothyroidism
might thus not only be explained by polymorphisms in thyroid
hormone transporters in the blood-brain barrier [53] but
might also result from variations in the growth factor
composition released from astrocytes.

(@) Na™ current density and immune responses

As inflammatory processes in the central nervous system may
lead to epileptic seizures [33,34,54] and because an upregula-
tion of Na® current density has been implicated in the
development of neuropathic pain [55], we also tested whether
inflammatory signals accompanying microglia activation
could influence Na* current density in hippocampal neurons.
In fact, the addition of 5 or 10% surplus microglial cells to the
culture for 4 days significantly increased the Na' current
density (figure 4b,c). An activation of microglia by LPS, as
occurs during bacterial infections, induced a stronger regu-
lation than observed in a co-culture with microglia alone
(figure 4c). As it is known that microglia release factors such
as interleukins and tumour necrosis factor upon activation by
LPS (e.g. [20]), we tested whether pre-incubation with TNF-a
for 4 days mimics the effect of LPS-stimulated microglia. Our
finding that this is indeed the case (figure 4d) is in line with
observations made by Chen et al. [56] that TNF-a is elevated
and increases Na™* currents in dorsal root ganglia following
nerve injury. Although more details remain to be worked
out, our results show that the presence of activated microglial
cells can increase the Na*t current density in hippocampal
neurons and that TNF-a is a potential candidate factor that
could medjiate this response.

Here we have shown that T3-stimulated astrocytes as well
as LPS-stimulated microglia upregulate Na* current density
in hippocampal neurons. The emerging picture of an upregu-
lation of Na* current density by factors released from glia
becomes even more complex if one considers that astrocytes
in turn secrete factors, like transforming growth factor-8,
macrophage colony-stimulating factor and granulocyte/
macrophage colony-stimulating factor, that act in concert to
inactivate microglia [57]. It remains to be shown how the
cocktail of factors secreted from astrocytes is regulated by
T3 in concert with inflammatory signals that might modify
the pattern of protein synthesis/or secretion from astrocytes.

(b) Mechanisms of protein secretion from glial cells

Our observations suggest that glial cells secrete proteins by
stimuli such as thyroid hormone exposure of astrocytes or
bacterial lipoproteins on microglia, which in turn lead to a
regulation of the neuronal Na* current density over a time
course of several days. The question how hormonal or inflam-
matory stimuli trigger protein release from glial cells has so
far not been conclusively answered. The most conspicuous
mechanism might be the release of dense-core vesicles, such
as shown to be involved in the release of various peptides,
such as for example, BDNF release from neurons (e.g. [58]).
This type of release, however, generally requires depolariz-
ation-induced intracellular Ca?" transients, which are
difficult to conceive for long-lasting T3 actions, for these
are most likely mediated by nuclear receptors (e.g. [59]).

Future experiments will be needed to find out whether
alternative routes of constitutive release, which could, e.g.,
involve connexin-induced chemokine release from astrocytes
[60], similar to ATP release through pannexin channels
[61], could be involved. Furthermore, unconventional mech-
anisms of membrane translocation have been discovered for
FGE-2 [62], which could also apply to its release from astro-
cytes. Finally, neuron-glia interactions have also been
shown to involve the exchange of exosomes, shed from
the membranes of donor cells and then internalized by the
acceptor cells [63,64].

5. Condlusion

A large number of papers have led to the concept that astro-
cytes physically separate neurons from each other and remove
substances such as excitatory glutamate or depolarizing
extracellular potassium ions. Thus, by preventing spillover
between adjacent neurons they prevent cross-excitation that
would otherwise lead to fatal conditions of over-excitation,
such as epilepsies and cell death. Having thus provided a
safety margin to prevent positive feedback loops, our present
observations indicate that astrocytes in addition release proteins
that increase Na™ current density within a time course of days.
Anincrease in Na™' current density has been shown to lead first
of all to an increase in firing frequency [65]. In T3-treated hippo-
campal and cortical cultures, it additionally leads to an increase
in action potential rise time and amplitude [14], which
may altogether lead to an increase in the intensity of the
response to a given stimulus and to increased transmitter
release. Since increases in Na™ channel density in the membrane
lead to increases in conduction velocity for channel densities up
to 2000 channels wm 2 [66], this furthermore leads to an accel-
eration of information processing in the brain allowing animals
to react faster to various challenges. As discussed in [67], this
might be a mechanism by which thyroid hormone speeds up
many functions of the nervous system, including speech and
visual perception.

The functional role of factors released from microglia
is less clear. However, in infectious diseases, transient epi-
leptic episodes have been observed [46], which could have
potentially been caused by excessive cytokine release from
activated microglia [34], leading to an enhanced neuronal
activity not only by a change in synaptic balance but also
by an increase in Na* current density. Such a mechanism
might have also been involved in the development of seizures
that occurred during immune reactions in 20% of patients
during the course of the recent outbreak of a Shiga-toxin-
producing Escherichia coli infection [45].
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