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Abstract

Astroglia are known to potentiate individual synapses, but their contribution to networks is unclear.
Here we examined the effect of adding either astroglia or media conditioned by astroglia on entire
networks of rat hippocampal neurons cultured on microelectrode arrays. Added astroglia increased
spontaneous spike rates nearly two-fold and glutamate-stimulated spiking by six-fold, with
desensitization eliminated for bath addition of 25 uM glutamate. Astrocyte-conditioned medium
partly mimicked the effects of added astroglia. Bursting behavior was largely unaffected by added
astroglia except with added glutamate. Addition of the GABA receptor antagonist bicuculline also
increased spike rates but with more subtle differences between networks without or with added
astroglia. This indicates that networks without added astroglia were inhibited greatly. In all
conditions, the log—log distribution of spike rates fit well to linear distributions over three orders of
magnitude. Networks with added astroglia shifted consistently toward higher spike rates.
Immunostaining for GFAP revealed a linear increase with added astroglia, which also increased
neuronal survival. The increased spike rates with added astroglia correlated with a 1.7-fold increase
in immunoreactive synaptophysin puncta, and increases of six-fold for GABAag, two-fold for
NMDA-R1 and two-fold for Glu-R1 puncta, with receptor clustering that indicated synaptic scaling.
Together, these results indicate that added astroglia increase the density of synapses and receptors,
and facilitate higher spike rates for many elements in the network. These effects are reproduced by
glia-conditioned media, with the exception of glutamate-mediated transmission.
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INTRODUCTION

Astroglia promote the synaptic efficiency of individual neurons. Carefully controlled studies
of retinal ganglion cells cultured in Neurobasal/B27 serum-free medium monitored by patch-
clamp produced more and higher amplitude postsynaptic currents after 20 days of culture when
astroglia were added to the cultures at day 5 (Pfrieger and Barres, 1997). When the effects of
added astroglia were mimicked by glia-conditioned medium, the effects were attributed to
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trophic factors released by astroglia. The increase with added astroglia was accompanied by a
larger presynaptic quantal content, a higher density of glutamate receptors (Glu-R2/3) and more
synaptophysin puncta per cell despite no changes observed in the morphology of individual
synapses by electron microscopy (Ullian et al., 2001). The impact of these increases in
individual synaptic events on larger networks and resultant action potentials has not been
determined. A naive hypothesis is that integration of greater individual synaptic efficacy might
lead to hyperexcitability. However, some mechanisms appear to modulate overall activity by
balancing excitatory and inhibitory inputs to prevent epileptic bursting (Chih et al., 2005;
Koester and Johnston, 2005). Turigiano's group has found ranges for balancing of inward and
outward currents that prevent bursting during changes in input excitation (Turigiano et al.,
1995). They also have evidence for control of this synaptic scaling by brain-derived growth
factor (BDNF) (Rutherford et al., 1997), postsynaptic polarization (Leslie et al., 2001) and
Calcium/Calmodula-dependent protein Kinase I1 (CaMKI|I) (Pratt et al., 2003). Here, we probe
excitatory synapses with glutamate and inhibitory GABA receptors with bicuculline (Barbin
et al., 1993), and determine receptor densities to further characterize the effect of medium
conditioned by either astroglia or glia on network dynamics.

The network properties of neurons are explored using dissociated culture, brain slice and in
vivo work, each of which has its own advantages and disadvantages for ease of experimentation
and extrapolation to whole animal physiology. Brain slices, either acute or in culture, offer a
more natural network structure but are less amenable to manipulation of cell type and, because
of current spread within the slice, customarily yield field potentials from synchronized firing
detected with multi-electrode arrays (MEAS) rather than action potential data from individual
neurons (Novak and Wheeler, 1989; Steidl et al., 2006). In vivo networks provide a standard
for comparison but are less easily manipulated and observed. Here, we exploit the ability to
manipulate the cell type composition of more simple networks to gain greater insight into the
role of one of the fundamental constituents of the network: the astroglial cell or astrocyte.

To determine network properties of neurons, dissociated cells can be cultured on planar
microelectrode arrays (Thomas et al., 1972; Gross, 1979; Pine, 1980). Correlated spontaneous
and either electrically or pharmacologically stimulated activity can be easily recorded from 60
electrodes simultaneously (Keefer et al., 2001). However, growing neurons in medium that
contains serum causes the proliferation of astroglia, which can undermine the close proximity
of neurons to the microelectrodes (Wyart et al., 2002; Wheeler and Brewer, personal
observation). One solution to this is to culture neurons in serum-free medium, which inhibits
astroglial growth (Brewer et al., 1993). In the course of this work, we observed lower levels
of neuronal activity than others report. Because astroglia mature several weeks after neurons
in the rat brain (Abney et al., 1981) and are desirable for maximum activity (Banker, 1980; Li
etal., 1998; Liu et al., 1998), a possible solution to the dilemma of using serum-free medium
with a few glia compared with serum-containing medium with many glia is to add extra
astroglia to established neuronal cultures. A particular advantage of the dissociated cultures
exploited here is that the cell-type composition of the culture can be manipulated easily. The
network consequences of adding either astroglia or glia-conditioned medium for higher
network activity are presented here.

Most neuronal cultures begin with either embryonic neurons or early postnatal slices in which
new neurons are initially insensitive to excitatory glutamate but depolarize in response to
GABA acting as an excitatory transmitter (Barker et al., 2000). As the neurons mature and
membrane pumps change the trans-membrane CI™ potential from negative to positive, GABA
becomes an inhibitory transmitter (Rivera et al., 1999). By studying the cultures
pharmacologically with the GABA receptor antagonist bicuculline and the excitatory
transmitter glutamate, we determined the relative effect of added astroglia on the maturation
process.
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OBJECTIVE

METHODS

Culture

MEAs

Drugs

The objective of this study was to determine the effect on network activity of either astroglia
or glia-conditioned medium added to hippocampal neurons in serum-free culture. Using
multielectrode arrays, we recorded from up to 60 electrodes simultaneously to test the
hypothesis that added astroglia increase spike rates and synaptogenesis without producing
uncontrollable bursting. Additionally, we demonstrate appropriate methods of analysis of non-
Gaussian distributions of activity data. We also probed the network pharmacologically and
immunochemically to determine excitatory and inhibitory receptor activity.

E18 hippocampal neurons were plated at 500 cells mm~2 in 1 ml Neurobasal/B27/0.5 mM
glutamine medium (Invitrogen) on MEAs before addition of astroglia (Brewer et al., 1993).
MEAs and glass coverslips were precoated with 100 pg ml~1 poly-D-lysine for 24 hours.
Astroglia were cultured from E18 rat hippocampi at 200-300 cells mm~2 in Neurobasal
medium, 2 mM glutamine supplemented with 10% horse serum for two weeks with 50%
medium changes every 3—4 days. Three days before harvest, we made a 50% medium volume
transition to Neurobasal/B27/0.5 mM glutamine. Astroglia were harvested with 0.25% trypsin
for 2 min at 37°C, collected by centrifugation, resuspended in Neurobasal/B27/0.5 mM
glutamine, and added to 8-day-old cultures of neurons at 500 cells mm~2 unless otherwise
stated. For glia-conditioned medium experiments, two-week-old glia cultures received a full
NB/B27 medium change 1 day before collection of the glia-conditioned medium. Glia
conditioned medium was first mixed with 1.5 volumes of fresh Neurobasal/B27 medium.
Beginning at 8 days of neuron culture, 50% of the culture medium was diluted with glia-
conditioned medium followed by similar changes every fourth day until the cultures were at
least 21 days in vitro. All cultures were incubated in a humidified atmosphere of 5% CO,, 9%
O,, balance N, at 37°C (Forma).

MEAs were obtained from Multichannel Systems (MCS) with 60 TiN3 electrodes of 20 um
diameter on 200 um spacing. We also used an MCS amplifier, temperature controller set to
37°C and software to collect and analyze data. A custom metal cover was used to provide an
electrical shield and an enclosure for a continuous flow of hydrated, sterile-filtered 5% COo,
9% O, balance Ny (AGA). After a settling time of 1 min, data were collected for 30-60 sec
at 25 kHz with high-pass filtering at 10 kHz. For less active arrays, waiting up to 20 min did
not increase activity. The spike-sorter function of MCRack (MCS) was used to determine spike
rates with a threshold crossing at five standard deviations above background. The analyzer
function was used to count spikes in 30 sec bins. For log transformations of spike rates, inactive
electrodes were recoded from 0 (whose logarithm is meaningless) to a minimum of 0.016 Hz.
For burst analyses, electrode activity was reviewed in pPCLAMP (Axon Instruments) to select
records with one or more busts. We used Clampfit's Burst Analysis tool to acquire statistics
for bursts with >3 spikes and an interspike interval of <100 ms.

Pharmacological manipulations were conducted by removing 200 ul from the 400 pl medium
above the cells, followed by addition of 200 pl 2 x concentrated drug in medium to equal the
following final concentrations: bicuculline methiodide, 10 uM; glutamate, 25 pM; tetrodotoxin
(TTX), 1 uM (all Sigma-Aldrich Chemicals). Washout was conducted by removal of most of
the medium followed by replacement with 37°C fresh medium without drugs. Recovery of

activity after TTX was taken as evidence that washout was sufficient to remove drug additions.
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Immunocytology and fluorescence microscopy

For immunocytology, all cultures were rinsed twice in warm PBS. Cells for synaptophysin-
and microtubule associated protein (MAP2)- staining were fixed for 30 min in 4%
paraformaldehyde and 0.03% glutaraldehyde in PBS. Cells for GFAP- and MAP2-staining
were fixed for 10 min in 4% paraformaldehyde in PBS. Cells for NR1/Glu-R1- and NR1/
GABAg-staining were fixed in ice-cold methanol for 10 min. Cells were rinsed in PBS twice
after fixing. Non-specific sites were blocked and cells were permeabilized for 5 min in 5%
normal goat serum, 0.5% Triton X-100 in PBS. All primary and secondary antibodies were
diluted in 5% NGS, 0.05% TX-100 in PBS. Cells were incubated with primary antibodies for
24 hours at 4°C as follows: rabbit-anti-MAP2 (1:100, Chemicon); mouse-anti-synaptophysin
(1:1000, Sigma S5768); mouse-anti-GFAP (1:1200, Sigma); rabbit-anti-NMDA-R1 (1:100,
Sigma); mouse-anti- GABAag (1:50, Chemicon); rabbit-anti-Glu-R1 (1:3000, Upstate
Biotechnology); and mouse-anti-NMDA-R1 (1:50, Chemicon). After rinsing four times with
PBS, cells were incubated for 1 hour at 22°C with either Alexa-fluor 568-conjugated affiniPure
goat anti-mouse 1gG (heavy + light chain, 1:2000, Molecular Probes) together with conjugated
Alexa-fluor 488 affiniPure goat anti-rabbit IgG (heavy + light chain, 1:50, Molecular Probes)
or Alexa-fluor 568 conjugated goat anti-rabbit 1IgG (heavy + light chain, 1:100 Molecular
Probes) together with Alexa-fluor 488 conjugated goat anti-mouse (heavy + light chain, 1:300,
Molecular Probes). After rinsing four times in PBS, the nuclei of cells were stained for 2 min
at 22°C with bisbenzamide (Sigma) diluted in PBS to a final concentration of 1 ug ml~1. After
two final rinses, coverslips were mounted with Aquamount and imaged through a Nikon 20
% /0.4 or 100 x /1.4 objective, collected with a cooled CCD Retiga Exi camera (Q Imaging).
Cells stained for GABAag, NR-1 and Glu-R1 were imaged through an Olympus 60 x /1.42
objective.

Image analysis

Image-Pro 4.5.1 was used for image analysis, with specific techniques for either digital analysis
or display. For puncta stained with synaptophysin, a two-pass large spectral filter was used
along with two histogram-based segmentation thresholds. A high threshold was used to detect
bright objects around the soma and a low threshold was used to detect dimmer objects in the
processes. Counts from these two settings were combined for each field sampled. For
GABAag, NR-1 and Glu-R1 puncta analysis, digital segmentation also required separation
into bright and dim classes because the large range of intensity of the fluorescent puncta.
Threshold settings were consistent for all slips evaluated. To count puncta, an area limit of
0.008-0.5 um? was used (field size for the100 x objective = 0.0056 mm?Z; minimum area of
0.008 um? = 3 pixels). Puncta area limits for GABAag and NR1 were 0.015-2 um?; and for
Glu-R1 0.02-2 pm? (field size for the 60 x objective = 0.016 mm?2; minimum area of 0.015
um? = 4 pixels). Mean density was also measured for GABAAag, NR-1, and Glu-R1 puncta.
Measurement filters for GABAag, NR-1 and Glu-R1 counts included zero holes to avoid
circumferential distributions and roundness 0.5-3 to avoid long strings of stained objects on
the selected measurements menu that served to objectively focus counts of more round isolated
puncta. A special background dark filter and consistent histogram-based segmentation
threshold was used on all pictures of bisbenzamide images. Bishenzamide-stained nuclei were
counted manually. For display, a mask was applied from the threshold and saved as a new
image. To enhance MAP?2 staining, consistent background subtraction was applied to all
images. Nuclei with surrounding MAP?2 staining were counted manually. For MAP2 areas and
densities, a consistent histogram-based threshold was applied with an area minimum of 5000
um?. Colored pictures from all three stains were combined with the merging function in the
color channel process tab.
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Effects of added astroglia on spike rate
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In an attempt to increase the low spike rates in neuronal cultures grown in serum-free
Neurobasal/B27 medium, and the overgrowth of astroglia that occurs in serum-containing
medium, we added to 1-week-old neuronal cultures astroglia that had been cultured separately
in serum-containing medium as a feeder stock. Direct addition of these harvested astroglia
resulted in death of the neuronal layer and the added astroglia (data not shown). If we
conditioned the astroglial culture by change of the 50% medium to serum-free Neurobasal/
B27, as described in Methods, we were able to add varying proportions of astroglia to the
neurons with good survival of both in serum-free medium.

From arrays with 60 electrodes that were plated at 500 neurons mm~2, we recorded spontaneous
activity in the neuronal network after 3 weeks of culture. Data in Fig. 1 compares initial activity
between cultures with no added astroglia and cultures with an additional, equal number of
astroglia per mm. For the 30-sec traces shown for five electrodes (Fig. 1A,D), spike rates were
higher in the culture with added astroglia. Spiking activity was more frequent with added
astroglia and more bursts were apparent. To rule out stray noise as spiking activity, a closer
analysis of the wave forms are displayed in 1-sec windows (Fig. 1B,E) and 100-msec windows
(Fig. 1C,F). The wave forms were similar between groups with mostly bipolar potentials of 2—
3 msec widths.

Separate analysis of signal deviation from the mean when no action potentials were present
(noise) was conducted to determine if subthreshold events contributed to the recorded signals.
This noise signal for four arrays (32 electrodes) decreased from 3.5+0.2 uV for cultures without
added astroglia to 2.940.1 pV with added astroglia (P=0.02), measured as a mean and standard
deviation. This decrease in noise with added astroglia indicates more uniformity in the noise
for cultures with astroglia.

We analyzed the clustering of action potentials into closely spaced bursts of activity, as seen
in Fig. 1. The duration of the bursts, spikes per burst and bursts per minute were all unaffected
at baseline by addition of astroglia (Table 1). Addition of astroglia caused a 25% decrease in
intra-burst interval (Fig. 1B versus 1E). 12-18% of activity on electrodes with bursts was as
single spikes at 10-16 spikes minute™2, and not significantly affected by added astroglia. In
contrast to the above analysis for electrodes with bursts, 33-40% of electrodes showed activity
without bursts at 14—19 spikes minute™1.

Fig. 2A shows a 1.9-fold increase in overall spontaneous spike activity for five arrays with
added astroglia (0.92 Hz; 500 astroglia added mm~2), which was reproduced by astrocyte-
conditioned medium, compared to five arrays without added astroglia (0.49 Hz). To probe the
level of inhibitory connections in the network, we added 10 uM bicuculline, a GABA a receptor
antagonist, to the cultures. As seen in Fig. 2A, spike rates increased by blocking inhibition
through GABA receptors, and there was no difference between the networks cultured either
without or with added astroglia and with astrocyte-conditioned medium (a more detailed
analysis is presented later). In networks without added astroglia there was a larger (2.9-fold)
increase in activity compared with a 1.5-fold increase in activity for networks with added
astroglia. However, the apportioning of individual spikes into bursts was altered, with 50%
increases in burst duration and intra-burst interval with added astroglia resulting in no net
increase in spike rates in bursts (Table 1). As indicated by the number of active electrodes
below each bar, bicuculline activated previously silent neurons over electrodes, especially with
glia-conditioned medium or added astroglia. However, variability between arrays prevented a
significant conclusion about the percentage of active electrodes for any treatment (Fig. 2B).
At a power of 0.8 and effect size of 1.4, significance might be achieved if the number of arrays
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doubled from 5 to 10. The decrease in active electrodes after TTX indicates the Na* channel-
dependence of action potentials that were measured previously.

Excitatory connections were probed by the addition of 25 uM glutamate in the presence of the
co-agonist glycine (400 uM) in the recording medium. Initial experiments in which glutamate
was added before bicuculline showed low response rates. Therefore, subsequent experiments
with glutamate were conducted after bicuculline and a washout period, which might also lower
the concentration of endogenous, inhibitory GABA. In networks without added astroglia,
activity desensitized (Fig. 2C) so that mean spike rates and the percentage of active electrodes
were lower in the presence of glutamate than in the resting state (Fig. 2A,B). In cultures with
added astroglia, glutamate stimulated neurons to spike at significantly higher rates than those
without added astroglia (6.7-fold, Fig. 2A) and steadily increased network activity (Fig. 2C).
Addition of astrocyte-conditioned medium also increased glutamate-stimulated spike rates, but
to a lesser extent than added astroglia. Table 1 shows the elimination of bursting behavior by
addition of glutamate without added astroglia. However, in the presence of added astroglia,
bursting and non-bursting activity increased greatly. Glia-conditioned medium failed to
increase spike rates stimulated by either glutamate or added astroglia (Fig. 2A,C).

Two aspects of the above data indicate that these analyses are simplistic. First, the response to
the pharmacologic agents was not uniform, producing increases in spike rates on some
electrodes and decreases in spike rates on others, as is expected of a network with both mature
and immature neurons with both inhibitory and excitatory inputs. Second, the distribution of
frequencies was non-Gaussian, with a long tail at higher frequencies, which implies that simple
statistics are inappropriate.

To address the first problem of some neurons stimulated and others inhibited by the same drug,
activity was evaluated for each individual electrode as either a positive or negative fractional
change from the preceding condition (Fig. 3A,B). Bicuculline increased activity on 82-84%
of active electrodes and decreased responses on 16-18% of active electrodes (either with or
without added astroglia) (Fig. 3C,D and Table 2). For the increases without added astroglia,
the 2.9-fold increase in rate for bicuculline relative to the initial rate indicates that there are
more inhibitory neurons in these cultures than in cultures with added astroglia (1.5-fold
increase) (Fig. 3C, Table 2). After glutamate without added astroglia, Fig. 3C shows a rate of
0.3 Hz. This is an increase only because these electrodes reported from a subclass of neurons
with very low initial rates. However, relative to the entire population of initially responding
electrodes the change is 0.7-fold (i.e. lower) (Table 2). For networks without added astroglia,
this complements the bicuculline data and indicates a low proportion of excitatory neurons.
By contrast, for networks with added astroglia in which glutamate increased activity (Fig. 3C),
the increase was 2.6-fold, which indicates that these networks might incorporate more
excitatory neurons. Fig. 3D and Table 2 also show significant differences in the decreased
response to either bicuculline or glutamate between networks without and with added astroglia
in 24-29% of electrodes reporting. This small fraction of decreased responses to bicuculline
presumably reflects a small fraction of excitatory GABAergic synapses (Rivera et al., 1999).
Finally, tetrodotoxin decreased activity in all cases, but the fold decrease was greater for the
astroglia-added cultures (Table 2).

Fig. 4A shows the distribution of spike frequencies for initial rates with astroglia added. The
non-Gaussian distribution renders common statistics inappropriate for comparing mean spike
rates. However, it is instructive to plot the data on log—log axes to facilitate fitting with power
law functions (Fig. 4B-D and Table 3). For all cases (Fig. 4B-D), the addition of astroglia
increases the firing rates across the entire spectrum, causing the curves to shift up and to the
right. For spontaneous activity (Fig. 4B) and bicuculline-induced activity (Fig. 4C) the slopes
of the curves are similar over much of the range, with the addition of a more rapidly declining
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component at the highest frequencies only in cultures with added astroglia. For the glutamate-
induced activity with added astroglia (Fig. 4D), the 53% less negative distribution slope
indicates more neurons firing at every frequency class, with a few electrodes recording rates
of 20 Hz (20-fold higher than rates attained in networks without added astroglia). These log—
log distributions provide good fits to the activity data (Table 3) and allow comparisons between
different conditions.

Effects of added astroglia on cell number

Questions about background levels of astroglia in control cultures, the relative survival of added
astroglia and the impact of added astroglia on synapse density prompted us to probe
cytoskeletal components as specific markers to distinguish neurons from astroglia. Generally,
MAP?2 is associated with somatodendritic regions of neurons (Caceres et al., 1984). GFAP is
a common intermediate filament protein that is restricted to astroglia (Bignami et al., 1972).
Synaptophysin was used to examine the density of synapses (Calhoun et al., 1996) and
bisbenzamide to stain nuclei. Although hippocampal neuron cultures from E18 rats in
Neurobasal/B27 medium plated at 160 cells mm 2 contain <1% astroglia out to 6 days in culture
(Brewer et al., 1993), astroglial counts increase from ~10% on day 8 to 20% of the cells on
day 22 (data not shown). Fig. 5A shows noticeable immunoreactivity of astroglia after 22 days
in culture. Without adding astroglia to the culture (0), Fig. 5C shows a mean density of 100
astroglia mm~2 and 100 neurons mm~2 after 22 days in culture.

Adding increasing numbers astroglia results in a higher population density of both astroglia
and neurons after 22 days in culture (Fig. 5B,C). Comparing the number of astroglia counted
after 2 weeks of growth indicates a good fit with the theoretical line of added astroglia with no
proliferation (Fig. 5C). The total bisbenzamide staining of nuclei increases at a rate slightly
greater than expected with added astroglia. This indicates that either astroglia or neurons might
be undercounted because of either overlap or because oligodendrocytes have developed, but
the effect is not significantly different from what is theoretically expected if 500 astroglia are
added to 500 neurons mm~2 (500 neurons + 500 astroglia = 1000 nuclei). At this one-to-one
ratio of cell types, both neurons and astroglia remain close to their original densities (Fig. 5C).

Effects of added astroglia and glia-conditioned medium on synaptophysin puncta

The increased activity noted above for cultures with added astroglia might be caused by an
increased density of synapses. A culture to which astroglia were not added is immuno-reactive
for synaptophysin, a protein found in presynaptic vesicles (Fig. 6A). Each punctum represents
one or two close-proximity synapses. Fig. 6B shows a higher density of synaptophysin
immunoreactive puncta in a culture to which astroglia were added in numbers equal to the
neurons. Fig. 6C shows that the 1.9-fold activity increase associated with added astroglia
correlates with a 1.7-fold increase in density of synaptophysin puncta (ANOVA, P=0.008).
For cultures including glia-conditioned medium, synaptophysin puncta increased 1.3-fold
(P=0.03).

Effects of added astroglia on neurotransmitter receptor puncta

To determine whether an increase in the density of neurotransmitter receptors was associated
with the higher firing rates and synaptic densities, we measured immuno-reactivity for the
GABAng receptor, NMDA-R1 and Glu-R1 (AMPA receptor). Fig. 7A,B shows an increase in
puncta number and density of immunolabel for each receptor measured with added astroglia.
The intensity of fluorescent puncta extended over such a large range that digital segmentation
required separation into bright and dim classes. The lower end of each class was determined
empirically to maximize the number of objects counted, but was held constant for the
immunoreactive images of each receptor type. Relative to cultures without added astroglia,
quantitation of bright objects (Fig. 7C) indicates that the addition of astroglia produced a 6-
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fold increase in the density of GABAag receptor puncta per cell. Similar comparisons for
NMDA receptor and AMPA receptor puncta indicated that both increased 2-fold. Analysis of
dim puncta showed equivalent densities for GABA (1589+321, 1679+270, n.s.) and NMDA
receptors (866+199, 1003+162, n.s.), for cells without and with astroglia added, respectively.
The same comparison of dim AMPA receptors showed a significant 1.5-fold increase for
cultures with astroglia added (1072+54, 1531+200, P=0.04). A combination of bright and dim
puncta showed similar scaling of these three receptor types with addition of astroglia to produce
a 1.6-fold increase in receptors per cell over that without added astroglia (2-factor split plot
ANOVA, F(1,14)=5.8, P=0.03).

The increase in labeling intensity of each punctum (density/punctum) represents an increase
in receptor clustering. The labeling intensity of each punctum of these receptors increased
significantly (Fig. 7D). With added astroglia, receptor density/punctum for GABAg receptors
increased 1.7-fold, whereas increases of 1.9-fold and 1.3-fold were apparent for NMDA-R1
and Glu-R1, respectively. These results indicate that added astroglia increase individual
receptor clustering as well as total synapses per neuron.

CONCLUSIONS

Addition of astroglia to serum-free cultures of neurons on multi-electrode arrays

» Increased spontaneous spike rates 2-fold, increased glutamate-stimulated spike rates
6-fold and eliminated desensitization.

»  Shifted the log—log distribution of spike rates on different electrodes to higher rates.
» Was accompanied by an increase in neuron survival.

* Increased the density of immunoreactive synaptophysin puncta by 1.7-fold, and the
puncta density of receptors for GABA, NMDA and AMPA by 6-, 2- and 2-fold
respectively. Combined with evidence of NMDA-receptor clustering, these
observations indicate synaptic scaling.

e Glia-conditioned medium mimics the changes observed with added astroglia except
for responses to glutamate.

DISCUSSION

We have described a method for successfully adding astroglia to predominantly neuronal
cultures under serum-free conditions so that astroglia do not multiply uncontrollably.
Associated with this addition of astroglia were 1.9-fold higher spike rates, better neuron
survival and a 1.7-fold greater density of synaptophysin puncta, 6-fold more GABAag, 2-fold
more Glu-R1 and 2-fold more NMDA-R1 puncta, which indicates a higher density of synapses.
The increased brightness of these puncta also indicate receptor clustering. These observations,
together with the previously reported increase in presynaptic quantal content and a higher
density of GIuR2/3 receptors (Pfrieger and Barres, 1997) might be caused by several
mechanisms. First, the high-capacity glutamate(Bergles and Jahr, 1998) and GABA- (Chatton
etal., 2003) uptake systems in astroglia with processes in proximity to synapses would decrease
the synaptic dwell times of either glutamate or GABA released into the synapse. This alone
might increase spike rates, enabling faster signaling and reducing neuronal glutamate
excitotoxicity (Rosenberg et al., 1992). However, the finding that addition of glia-conditioned
medium reproduced all but the glutamate-stimulated effects indicates that diffusible trophic
factors released by astroglia promote the baseline increases in spike rates. Higher neuron
densities that we observed in association with added astroglia are likely to result from this
decreased excitotoxicity and from trophic factors that are released by astroglia and promote
neuronal survival. Mauch et al. (2001) showed that cholesterol produced by astroglia added to
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cultures of retinal ganglion neurons contributes to an increased quantal content, a higher density
of synapsin puncta, an increased EPSC frequency and a decrease failure rate at synapses.
Thrombospondin, an extracellular matrix protein, is another neurotrophic factor released by
astroglia that promotes synaptogenesis (Christopherson et al., 2005). Evidence that these
astroglial contributions diffuse comes from the efficacy of medium conditioned by astroglial
cultures in place of the astroglia themselves. These astroglial contributions create more robust
synapses.

An increase in spontaneous spike rates might also be achieved by either increased presynaptic
release of glutamate or postsynaptic decreases in inhibitory receptors and/or increases in
excitatory receptor function. Turrigiano has reported several mechanisms that coordinately
regulate synaptic activity, a process termed synaptic scaling or homeostatic plasticity. In adult
stomatogastric ganglion neurons in culture, a change from tonic to bursting action potentials
is accompanied by changes in the ratio of inward:outward currents (Turrigiano et al., 1995).
Deprivation of visual cortical activity downregulates GABAergic input through reduced BDNF
(Rutherford et al., 1997); but BDNF-independent mechanisms also control quantal current
amplitudes through postsynaptic polarization (Leslie etal., 2001). Even the ratio of two inward
currents, AMPA and NMDA, are scaled together with activity changes to keep a constant
receptor ratio (Watt et al., 2000). Further comparisons of Glu-R1 and Glu-R2 with presynaptic
mechanisms indicate a predominant effect of activity blockage on the postsynaptic receptors
without evidence for changes in quantal glutamate content or release (Wierenga et al., 2005).
Another example of homeostatic scaling in hippocampal slice cultures was observed as
upregulation of inhibitory parvalbumin puncta (but not GABAA; protein) together with
excitatory Glu-R1 and NMDA-R1 following inhibition of excitatory receptors with 6-cyano-7-
nitroquinoxaline-2, 3-dione (CNQX) and 2-amino-5-phosphopentanoic acid (AP5) (Buckby
etal., 2006). Thus, in our studies with added astroglia, the increases in GABAg inhibitory
receptors and Glu-R1 and NMDA-R1 excitatory receptors that we observed by
immunocytology is another example of synaptic scaling. The slightly larger increase in total
number of excitatory receptors (Glu-R1 and NMDA-R1) and their clustering with added
astroglia might explain the higher firing rates with added astroglia that is not mimicked
completely with glia-conditioned medium.

The receptor clustering that we observed in response to added astroglia has been observed
previously with several stimuli and is often associated with increased postsynaptic currents.
Elmariah et al. (2004) found GABA receptor clustering in response to BDNF through Trk-B
receptors. Astroglia that we added are also known to produce BDNF in response to activity-
dependent trans-synaptic signals from prostaglandins (Toyomoto et al., 2004). Together with
integrin-mediated astroglial adhesion to neurons, these prostaglandins activate protein kinase
C signaling in neurons and excitatory synaptogenesis (Hama et al., 2004). Craig et al. (1994)
were the first to demonstrate Glu-R1 and GABA, receptors opposite their transmitter-release
sites. AMPA-receptor clustering is induced by activity-dependent Narp (O'Brien et al., 1999).
Cottrell et al. (2000) showed that GIuR1 and NMDA-R1 receptors cluster from extrasynaptic
sites as synapses mature in culture. Wang et al. (2005) have reviewed the role of
phosphorylation in receptor clustering. Here, we show that astroglia enable this clustering with
functional increases in spontaneous and stimulated spike rates.

In addition to these effects of astroglia on neurons, increasing evidence supports a dynamic

role for astroglia in normal and dysfunctional brains (Seifert et al., 2006). The glucose—lactate
shuttle between astrocytes and neurons enables more efficient energy handling (Pellerin et al.,
1998) because synapse distance varies from the capillary supply of glucose and removal of

lactate, but astrocytes maintain close contact to capillaries in vivo. Most intriguing is the recent
discovery of synaptic transmission onto astroglia through astroglial Glu-R1 (AMPA) receptors
and GABA receptors (Jabs et al., 2005). Although they found up to four synaptic events per

Neuron Glia Biol. Author manuscript; available in PMC 2008 March 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

BOEHLER et al.

Page 10

minute (0.07 Hz), no action potentials were reported that would be necessary to account for
the increased spike rates detected in our extracellular recordings. However, astrocytic
neurotransmitter synapses do indicate a more intimate relationship of neuronal activity with
astroglial metabolism than is widely appreciated.

Generally, we observed an expected increase in spike rates following addition of the
GABA 4 antagonist bicuculline (Dunn and Thuynsma, 1994). However, 16-18% of the neurons
in our networks showed a decrease in spike activity, which was unaffected by addition of
astroglia. This change that we observed in the hippocampal neural networks is supported by
the work of Li et al. (1998) who studied maturation of chloride gradients in spinal cord neurons.
Activation of GABA, receptor CI™ channels uniformly depolarized embryonic neurons but
hyperpolarized adult neurons. This homeostasic switch (Miles, 1999) depends on the CI~
gradient of the cell, which, in turn, is controlled by developmental regulation of the K*/CI~ co-
transporter (Rivera et al., 1999). These principles explain why we observed increases in spike
rates after bicuculline in ~80% of the neurons while a lower spike rate was elicited in ~20%
of the neurons (Table 2). In response to bicuculline, spike rates increased more in cultures
without added astroglia to equal the spike rates for neurons with added astroglia. This indicates
that the cultures without added astroglia were more strongly inhibited before the addition of
bicuculline (see next paragraph also). For spike rates that decreased from resting levels in
response to bicuculline, rates were 2-fold higher with added astroglia than without, indicating
more spontaneous excitatory stimuli remain even in the presence of blocked endogenous
GABA-mediated depolarization.

The extracellular field potentials recorded by our substrate-based electrodes do not distinguish
between excitatory and inhibitory currents, which is possible in pairs of intracellular recordings
(Vogt et al., 2005). We observed 62% inhibitory connections and 38% excitatory, a ratio of
1.6. Rimvall and Martin (1991) and Ma et al. (1998) also observed a preponderance of
inhibitory synapses in their cultures. From our numbers of active electrodes following
treatment with either bicuculline or glutamate without added astroglia, we infer a ratio of
inhibitory to excitatory neurons of 4.6 (Fig. 3C, 55/12=4.6). With added astroglia, this ratio
drops to 2.0 (102/50). These data indicate that, without added astroglia, a higher fraction of
inhibitory neurons are necessary to keep the network from becoming spontaneously
hyperactive. The additional glutamate-uptake capacity with added astroglia enables 4-fold
more excitatory synapses. In the absence of sufficient astroglia, glutamate receptors either
might desensitize faster (Sun et al., 2002), as indicated in Fig. 2C, or cause excitotoxicity, as
indicated by Fig. 5C, with less neuron survival without added astroglia. If initial responses of
receptor desensitization and more inhibitory receptors are not sufficient to control overactivity,
then excitotoxicity is likely. By contrast, the spreading increase in activity throughout the
network with added astroglia over a 30-sec period for low doses of glutamate (Fig. 2C) indicates
the ability to accept and propagate these higher spike rates.

The non-Gaussian, power-law distribution of spike activity that was observed consistently
indicates Levy distributions, which several investigators have attributed to non-linearly
coupled physiological processes (Peng et al., 1993; Goldberger et al., 1990), which were
recognized first in neuronal networks for interspike intervals by Segev et al. (2002). The near-
linear accommodation of our electrodes that were inactive when recoded from 0 to 0.016 Hz
indicates that a longer recording time might reveal more active electrodes of low activity.
Although the spike-frequency distributions are similar for initial rates either without or with
added astroglia, the distribution analysis identifies a higher rate class of neurons for cultures
with added astroglia. This higher rate class for added astroglia is also seen after exposure to
bicuculline. In cultures without added astroglia, the addition of glutamate eliminates the lower
slope response type, converting the network to the higher slope type. This conversion was
described previously, both theoretically (Latham et al., 2000a) and experimentally (Latham et
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al., 2000b), in terms of transition from a small fraction of endogenously active cells in a bursting
network to a larger fraction of activity that produces the more steady firing that we see after
glutamate stimulation, especially the higher rates in networks with added astroglia. Waagenar
et al. (2005) also find less bursting with more stimulation of the network.

Some methodological considerations should be emphasized. Typically, astroglia are cultured
in a serum-containing medium. When harvested directly from this medium and applied to
neurons in serum-free medium, both neurons and astrocytes died. By simple adaptation of the
astroglia to a 50% medium change in serum-free medium, astroglia survived well and stopped
proliferating. Although the addition of astroglia on day 8 is an unphysiological manipulation,
it demonstrates the principal of an active role of astroglia in synapse formation and increased
spike rates. Because lower levels of astroglia already exist on day 8, perhaps the transition to
a higher density was better accommodated. Without this addition, the lower levels of astroglia
without serum indicates that some growth factors, such as from the in vivo bloodstream
contribute to the coordinate proliferation of astroglia as neurons mature. The observation that
spike activity increased indicates that the added astroglia did not significantly occlude
electrodes from their contact with neurons. Another issue of cell density of 500 cells mm~2
might be considered high for many studies using intracellular recording, but is much lower
than in the brain and lower than the 10002500 cells mm~2 used by Potter's group (Wagenaar
et al., 2005; Wagenaar et al., 2006).

In conclusion, the addition of astroglia at concentrations equal to the neuronal density promotes
higher spontaneous network spike rates as well as higher rates in response to glutamate and
higher fractions of active electrodes. The resulting higher density of synapses is a consequence
of several aspects of astroglial physiology, including high-capacity glutamate- and GABA-
uptake, release of trophic factors, and a higher number of synapses with GABA and glutamate
receptors as well as receptor clustering.
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Fig. 1. More action potentials are detected on multielectrode arrays to which astroglia were added
Action potential activity of cultures (22 days in vitro) without added astroglia (A,B,C) and
with added astroglia (D,E,F). Traces from five electrodes for 30 sec of spike activity with added
astroglia (D) have more activity and longer bursts than without added astroglia (A). Numbers
indicate spike counts at +5 S.D. above noise. Spike waveforms and shape are similar between
groups at 1 sec (B,E) and 100 msec (C,F).
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Fig. 2. Average spike rates increase with added astroglia and in response to glutamate with less

desensitization

(A) Initial spike rates show a 1.9-fold mean increase for arrays with added astroglia and 2.0-
fold increase with glia-conditioned medium compared to arrays without added astroglia.
Bicuculline addition raised spike rates and the number of active channels (n), however, there
was no difference in rate between networks with and without added astroglia or with glia-
conditioned medium. Glutamate addition to cultures with astroglia produced a 6.7-fold mean
increase in activity over arrays without added astroglia (P=0.003) and a 2.6-fold increase over
glia-conditioned medium. P values show significant differences from no glia added condition
by t-test. (B) Active electrodes per 60 electrode array tends to increase with added astroglia or
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glia-conditioned medium (letter-toe) (n = 300 electrodes) compared to no added astroglia. (C)
Spike activity immediately following the addition of glutamate in 10-sec bins shows increased
activity 10-40 sec after addition of glutamate in a culture with added astroglia (e, slope =
0.029, n=28-51 electrodes). A decrease or lower activity is seen over the same time period in
a culture without added astroglia (o, slope = —0.004, n=2-8 electrodes) and in a culture with
glia-conditioned medium (A, slope=0.0004, n=14-34 electrodes). In all evaluations,
electrodes with either 0 or 1 spike were not included in the averages. Cultures were 22—29 days
in vitro.
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Fig. 3. Separation of increased from decreased spike rates on each electrode increases effect of
added astroglia with glutamate to 7-fold
Fold increase or decrease in spike rate for individual electrodes after initial activity in cultures
without added astroglia (A) and cultures with added astroglia (B). Changes are relative to the
preceding condition with numbers of responding electrodes indicated near the peaks and
numbers of electrodes active under any condition in the lower left. (C,D) Mean rates for cultures
with added astroglia and without added astroglia for increased responses (C) and decreased
responses (D) relative to initial activity. For increased responses, after glutamate addition,
cultures with astroglia added have >7-fold higher activity than cultures without added astroglia
(C) responses (P=0.003). For decreased responses after glutamate (D), cultures with added
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astroglia show 5-fold more activity (P=0.008). For the small fraction of decreased responses

after bicuculline (D), cultures with astroglia added have 2-fold higher activity than cultures
without added astroglia (P=0.03). Cultures were 22-29 DIV.
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Fig. 4. Log-log distribution analysis of spike rates shows increased spike rates for added astroglia
(A) Spike-frequency distribution shows a non-Gaussian peak with one tail. (B,C,D) Log-log
distributions of networks without added astroglia (o) and with added astroglia (m) for initial
condition (B), after bicuculline (C) and after glutamate (D). Parameters of regression-line fits
are listed in Table 3. In all cases, cultures with added astroglia show a distribution shift to

higher frequencies. Cultures were 22-29 DIV.
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MAP2, GFAP, bisbenzamide

A) Without added astroglia

C) Cell counts
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Fig. 5. Added astroglia improves neuron survival.

(A,B) Immunostaining for astroglial GFAP (green) and neuronal MAP2 (red) after incubation
for 22 days indicates more astroglia are present when (B) astroglia are added to the cultures
than when (A) no astroglia were added. Nuclear staining with bisbenzamide appears blue. (C)
Regression lines show the effect of adding increasing concentrations of astroglia on
immunostaining of nuclei (bisbenzamide, ®), neurons (MAP2, o) and astroglia (GFAP, A).
Immunostaining by each increases as more astroglia are added. The dotted line is a theoretical
result assuming no astroglia present when none were added. The dashed line is the theoretical
total nuclei assuming all neurons survive and astroglia start at zero. Note that actual astroglial
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counts start at 100 after 22 days of culture not zero and bishenzamide counts start at 200 after
22 days, not the 500 cells that were originally added.
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A) No astroglia added

C) Synaptophysin puncta
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Fig. 6. Added astroglia increase the density of synaptophysin puncta

(A) The density of puncta immunostained with synaptophysin (red) and MAP2 (green)
increases when astroglia are added (B). (C) The concentration of synaptophysin puncta
increased by >70% as more astroglia were added (P=0.008). Scale bars, 5 pm. Cultures were
22-29 DIV.
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Fig. 7. Added astroglia increase transmitter receptor puncta density and clustering

(A) NMDA-R1 (green) and GABAg (red) receptor immunostaining for a dendritic segment
from a culture without added astroglia (left) or with added astroglia (right). Note the increase
in both receptor numbers per linear distance and the intensity of each punctum (clustering of
receptors) with added astroglia. Scale bar, 3 um. (B) NMDA-R1 (green) and Glu-R1 (red)
immunostaining for a dendritic segment from a culture without added astroglia (left) or with
added astroglia (right). Again, both receptor numbers and their intensities increase with added
astroglia. (C) Statistical evaluation of bright receptor puncta per cell (n=8 fields of 0.016
mm? for each condition). Note significantly higher numbers of each receptor with added
astroglia than without added astroglia. (D) Mean fluorescence intensity (density) of each
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punctum. Standard error bars are too small to see for the large number of each receptor type:
for without, with added astroglia, GABA n=19885, 16000; NMDA n=11354, 9572; Glu-R1
n=26729, 16026. Each bar with added astroglia is significantly larger than the bar without
added astroglia. Cultures were 22 DIV.
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Increase (fold change)

Decrease (fold change)

No glia added Glia added No glia added Glia added
Initial to bicuculline

2.9 (82%) 1.5 (84%) 0.5 (18%) 0.6 (16%)
From bicuculline rinse to glutamate

0.7 (71%) 2.6 (76%) 0.2 (29%) 0.6 (24%)
From glutamate rinse to tetrodotoxin

0.6 (69%) 0.3 (77%) 0.2 (31%) 0.07 (23%)

a . - . . . . . - . .
Changes in activity are separated into responses that either increase or decrease following the previous condition (or rinse). The fold change is (rate
with drug) / (initial spike rate). Fold changes of <1 indicate decreases in activity. Figures in brackets are the percentage of active electrodes for each

condition.
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Linear regression coefficients for distribution fits of log—log plots from Fig. 42

Condition Intercept Slope R2
Initial
No added astroglia 0.96 —-0.40 0.73
Added astroglia 1.16 -0.38 0.85
Second component 1.61 -1.06 0.97
+bicuculline
No added astroglia 1.21 -0.27 0.90
Added astroglia 1.45 -0.24 0.82
Second component 1.72 -0.82 1.00
+glutamate
No added astroglia 0.59 -0.84 0.96
Added astroglia 1.23 -0.45 0.96

aIog(counts)=intercept + (slope) log (spike rate).
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