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Abstract

The most interesting property of neurons is their long-distance propagation of signals as spiking
action potentials. Since 1993, Neurobasal/B27 ™ has been used as a serum-free medium optimized
for hippocampal neuron survival. Neurons on microelectrode arrays (MEA) were used as an assay
system to increase spontaneous spike rates in media of different compositions. We find spike rates
of 0.5/second (Hz) for rat embryonic hippocampal neurons cultured in Neurobasal/B27, lower than
cultures in serum-based media and offering an opportunity for improvement. NbActiv4™ was
formulated by addition of creatine, cholesterol and estrogen to Neurobasal/B27 that synergistically
produced an 8-fold increase in spontaneous spike activity. The increased activity with NbActiv4
correlated with a 2-fold increase in immunoreactive synaptophysin bright puncta and GluR1 total
puncta. Characteristic of synaptic scaling, immunoreactive GABAag puncta also increased 1.5-fold
and NMDA-R1 puncta increased 1.8-fold. Neuron survival in NbActiv4 equaled that in Neurobasal/
B27, but with slightly higher astroglia. Resting respiratory demand was decreased and demand
capacity was increased in NbActiv4, indicating less stress and higher efficiency. These results show
that NbActiv4 is an improvement to Neurobasal/B27 for cultured networks with an increased density
of synapses and transmitter receptors which produces higher spontaneous spike rates in neuron
networks.
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1. Introduction

Neurobasal medium with B27 supplement is a widely-used serum-free medium that was
optimized for neuron survival in 1993 (Brewer et al.). Serum-free media offer the advantage
of greater lot to lot consistency, known components and inhibition of astroglial proliferation.
However, development of synapses in neuron cultures promotes the most interesting aspect of
these cells, cell to cell communication by action potentials or spikes. We report here low
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spontaneous spike rates of <0.5 Hz (spikes/sec) that develop in Neurobasal/B27 medium that
can be improved 4 to 8-fold with certain additions to this classic medium. Additions that were
optimized include cholesterol, shown to promote synaptogenesis (Pfrieger & Barres, 1997;
Goritz et al., 2005), estrogen, to control better handling of the calcium influx (Kumar & Foster,
2002; Brewer et al., 2006), and creatine as an energy precursor for phosphocreatine to empower
greater spike rates (Brewer & Wallimann, 2000) and possibly induce more inhibitory synapses
(Ducray et al., 2007). The resulting optimized medium, NbActiv4, appears to promote higher
spike rates by a mechanism involving greater synaptogenesis.

Materials and Methods

Culture and measures of electrical activity

Survival

NbActivd™ (BrainBitsLLC.com) was formulated at proprietary concentrations by addition to
the ingredients in Neurobasal™, B27™ and Glutamax™ (Invitrogen, Carlsbad, CA). Primary
hippocampal neurons were isolated from E18 rat embryos and cultured at 37°C in an
atmosphere of 5% CO,, 9% O, on substrates coated with poly-D-lysine (1)
(BrainBitsLLC.com). For measurement of electrical activity, neurons were cultured at 500
cells/mm? on multi-electrode arrays (MEAG0 with 10 um diameter electrodes, Multichannel
Systems, Reutlingen, Germany) and signals acquired through an MEA 1060-BC amplifier
(gain 1100, filtered at 8-3000Hz, sampled at 25 kHz) and MCRack software from the same
company. Signals were also analyzed with PCLAMP 9.0 software (Axon Instruments, Inc.,
Union City, CA). At 3 weeks after plating, in the same culture conditions, spontaneous spike
activity was detected in a one-minute recording period as the number of spikes with amplitude
exceeding five times the standard deviation of the baseline noise.

Hippocampal neurons were cultured at 160 cells/mm?2 on polystyrene 24 well plates (Corning
3526, Corning, New York) coated with poly-D-Lysine. Cell media was either Neurobasal/B27
or NbActive4. A 50% medium change was performed at four days without the addition of
glutamate. At day eight, cells were rinsed twice in Hanks Balanced Salt Solution (HBSS)
without phenol red (Invitrogen 14025-092) and then labeled with 15 pg/ml flourescein
diacetate (Sigma F7378) and 4.6 pg/ml propidium iodide (Sigma P4170), both diluted in HBSS
without phenol red. Cells were incubated for 1-2 min. at room temperature and then rinsed in
HBSS without phenol red. Under fluorescence, live cells were counted using a B1A520 filter
(Olympus) and dead cells using a G1B580 filter (three 20X fields/well x 4 wells = n of 12/
test).

Immunocytology

Neurons plated at 20 or 160 cells/mm? on glass coverslips (Assistent Brand, Carolina
Biologicals, Burlington, NC) were fixed in ice-cold methanol for 10 min to detect GABA and
NR1 immunoreactive synapses. For synaptophysin and GIuR1 (AMPA) immunoreactivity,
cells were fixed for 30 min in 4% paraformaldehyde and 0.03% glutaraldehyde in phosphate
buffered saline (PBS, Invitrogen, 10010). For all immunocytology, cells were rinsed twice in
PBS 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. Primary and secondary antibodies were
diluted in 5% NGS, 0.05% TX-100 in PBS. Cells were incubated with primary antibodies at
4°C as follows: mouse-anti-GABAag (1:50, Chemicon, Temecula, CA, MAB341); rabbit-anti-
NMDA-R1 (1:100, Sigma, St. Louis, MO, G8913); mouse —anti-synaptophysin (1:1000, Sigma
S5768); rabbit-anti-GluR1 (1:3000, Upstate Biotechnology, Charlottesville, VA, 07-660);
mouse-anti-MAP2 (1:400, Sigma, M4403); and rabbit-anti-tau (1:2000, Sigma, T6402). After
rinsing four times with PBS, cells were incubated 1 hr at 22°C with either Alexa-fluor 568-
conjugated affiniPure goat anti-mouse 1gG (heavy + light chain, 1:2000, Molecular Probes,
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Eugene, OR, A11031) together with conjugated Alexa-fluor 488 affiniPure goat anti-rabbit
1gG (heavy + light chain, 1:50, Molecular Probes, A11034) or Alexa-fluor 568 conjugated goat
anti-rabbit IgG (heavy + light chain, 1:100 Molecular Probes A11036) together with Alexa-
fluor 488 conjugated goat anti-mouse (heavy + light chain, 1:300, Molecular Probes A11029).
After rinsing four times in PBS, the nuclei of cells were stained for two min. at 22°C with
bisbenzamide (final concentration 1 pg/ml, diluted in PBS, Sigma, B2261). After two final
rinses, coverslips were mounted with Aquamount and imaged through an Olympus 20X/0.45
or 60X/1.42 objective. Images were recorded with a Retiga Exi CCD camera (QImaging,
Surrey, BC, Canada).

Image Analysis

Synaptic puncta were detected at constant threshold using Image-Pro+ 4.5.1 software. Because
of the large range of intensity of the fluorescent puncta, digital segmentation required
separation into bright and dim classes. 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. Puncta area
limits were set at 0.02-10 um? (field size for the 60X objective = 0.016 mm2; minimum area
of 0.02 um? = 4 pixels). To objectively isolate round, isolated puncta, measurement filters were
set to 0-1 holes, to avoid circumferential objects and 0.5-3 roundness, to avoid long strings of
unresolved objects. For display, black and white images of the individual stains were colored
and combined with the merge function.

For analysis of process length and branching, neurons were plated at 20 cells/mm?, fixed at
day 4 for 10 min in 4% paraformaldehyde in PBS, and immunostained for MAP2 and tau.
Using Image-Pro, a segmentation threshold for the tau immunostain was set to create a binary
mask. A thinning filter was used to create a skeleton. Cells and dendrites were counted.

High Resolution Respirometry

Statistics

Basal and uncoupled respiration were measured for neurons in situ in Neurobasal/B27 or
NbActiv4 medium pre-equilibrated to 37°C, 5% CO, and 9% O,. Measures of oxygen
concentration were acquired over time within the temperature-controlled, continuously stirred,
sealed chambers of an Oxygraph-2K (Oroboros, Innsbruck, Austria). DatLab4 software
(Oroboros) provided real time measures of oxygen concentration and flux. Although cell
suspensions are typically used for measurements in the Oxygraph, we recognized the reliance
of neuronal bioenergetics on attachment to a substrate. Therefore, we developed 14.5 mm
diameter Teflon star stirbars (Nalgene, Rochester, NY) topped with silicone (World Precision
Instruments, Sarasota, FL) discs to accommodate 15 mm glass cover slips (Assistent) on which
approximately 100,000 neurons were cultured. Prior to respiration measurements, six fields of
cells were photographed with 20x phase optics (Olympus) and counted for normalization
purposes. Slips were also photographed following the experiments to confirm the presence of
cells. After a basal respiration rate was obtained, 1 uM FCCP (Sigma, C2920) was added from
a 100 uM FCCP stock through a 75 mm needle of a 25 pL syringe (Hamilton, Reno, NV).

Means and S.E. were calculated using Plot-1t software (Scientific Programming Enterprises,
Hazlet, MI). Statistical comparisons between groups were analyzed by student's t-test with
significance set at 0.05.
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Results

Growth and viability

Figure 1 shows the multi-electrode array (MEA) used to record spontaneous electrical activity
in the central 1 mm? of neuronal cultures. Culture medium components were individually
varied to obtain maximal spontaneous activity after three weeks in culture, when electrode
array measurements were recorded. The combination of these components, NbActiv4,
produced cultures that were indistinguishable from cultures in Neurobasal/B27 (Figure 1 C,D).
However, at higher magnification and lower plating density, cultures in NbActiv4 produced
30% greater branching of processes (Fig. 1 E, F, G). The means of manual measures of longest
axon length were not significantly different. Measures of survival at 160 cells/mm?2 were
indistinguishable at 8 DIV between Neurobasal/B27 and NbActiv4 (77 £ 2% vs. 78 £ 2%, n.s.).
At the more difficult density of 20 cells/mm?, with greater dilution of paracrine trophic factors,
survival was also similar (75 = 3% vs. 74 + 3%).

Measures of electrical activity

Figure 2 shows traces of electrical activity on three of the active electrodes for cultures in either
Neurobasal/B27 or NbActiv 4. In general, neurons in NbActiv4 produced more bursts of
electrical activity than in Neurobasal/B27 (12 £ 1 vs. 7 = 1 bursts/min, p =0.001) with more
spikes per burst (18 + 1 vs. 11 + 1 spikes/burst, p<0.0001). Activity measures for each added
component were optimized for component concentration. The combination of components,
NbActiv4, produced higher spike rates than any single component (data not shown). Figure
3A shows spike rates of 0.5 Hz for neurons grown in Neurobasal/B27 compared to 4 Hz for
neurons grown in NbActiv4, an eight-fold increase in spike rate. This increase in spike activity
also manifested as more than a two-fold increase in percent active electrodes (Fig. 3B). The
higher spike rate was also associated with a higher area of astroglial GFAP immunoreactivity
(Fig. 3C). But, overall, cultures were not overgrown with astroglia, as occurs with serum-
containing media. Other measures of astroglial counts/mm? of substrate (84 + 23 vs. 41 + 13,
n=12) and astroglial area/count were not significantly different between NbActiv4 and
Neurobasal/B27 (data not shown), indicating 2-4 neurons/astroglia.

Synaptic basis of higher activity in NbActiv 4

We evaluated the effect of culture medium on synaptic density as puncta of immunoreactivity.
Figure 4 shows puncta of bright and dull immunoreactivity for the excitatory NMDA receptor,
NR1, and the inhibitory GABAag receptor. Puncta were measured at a high threshold for bright
densities, suggestive of synaptic receptor clustering (Craig et al., 1994;EImariah et al.,
2004;Boehler et al., 2007), as well as a lower density for less clustered synapses. Clustered
receptors admit higher ion fluxes per quantum of transmitter. While total NR1 puncta per square
millimeter of culture were not affected by the culture medium, bright puncta were increased
nearly two-fold in cultures in NbActiv4 compared to Neurobasal/B27.

Neuron networks grown in Neurobasal/B27 and NbActiv4 were also immunostained for the
presynaptic vesicle marker synaptophysin and the postsynaptic AMPA receptor GIuR1 (Figure
5). Both total and bright synaptophysin puncta were higher in cultures in NbActiv4 than in
Neurobasal/B27. A similar two-fold increase in total GIUR1 puncta was also observed in
NbActiv4 over Neurobasal/B27.

Respiratory efficiency and capacity

We investigated whether the extra ingredients in NbActiv4 could lower resting respiration by
sensitive measures of oxygen consumption. A lower resting energy demand indicates less
energy needed for energy-demanding processes such as the plasma membrane Na, K and Ca
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ATPases. To ensure that lower demand is not due to respiratory inhibition, the mitochondrial
proton gradient can be uncoupled by the protonophore FCCP to stimulate maximum
respiration. Figure 6 shows a resting respiration in NbActiv4 less than half that in Neurobasal/
B27. This suggests that the maintenance level of energy demand met by oxidative
phosphorylation is lower in NbActiv4. By uncoupling mitochondria with FCCP, maximal rates
of respiration are similar in the two media. However, the ratio of uncoupled to coupled
respiration was 1.7 + 0.2 in Neurobasal/B27 and 3.5 + 0.8 in NbActiv4 (p=0.04). This suggests
more efficient oxidative phosphorylation in NbActiv4.

Discussion

These results show that neuron networks cultured in NbActiv4 are able to sustain up to eight
times higher rates of spontaneous spike rates than networks cultured in Neurobasal/B27.
Several components of a mechanism for higher spike rates were identified. First, axonal
branching was higher in NbActiv4 as judged by immunostaining for tau. Based on the same
cell survival, this could allow for higher numbers of synapses per cell. Second, higher synaptic
densities were measured as NR1 (NMDA) and GIuR1 (AMPA) excitatory puncta. In NbActiv4,
the observation of a similar increase in at least one inhibitory transmitter receptor, GABAag,
suggests synaptic scaling to terminate excitatory signals more rapidly (Turrigiano & Nelson,
2004; Turrigiano et al., 1998; London & Segev, 2001; Buckby et al., 2006). Faster termination
of excitatory signals likely enables faster spike rates with shorter refractory periods. One of
the NbActiv4 components, estrogen, promotes better handling of calcium signals (Kumar &
Foster, 2002; Brewer et al., 2006). Estrogen also limits voltage-gated calcium channel
conductances (Kumar & Foster, 2002) and inhibits the mitochondrial permeability transition
by increasing Bcl-2 in mitochondria (Brinton et al., 1997; Nilsen & Brinton, 2003; Nilsen et
al., 2002).

Thirdly, the increase of synaptophysin immunoreactivity that we see with NbActiv4 may be
due to the cholesterol which increases presynaptic release probability by increasing the
presynaptic pools of transmitter (Pfrieger & Barres, 1997; Goritz et al., 2005). Fourthly, the
increased astroglial area in NbActiv4 could support greater synapse density and higher spike
rates by more quickly removing excess transmitter from the synapse (Boehler et al., 2007).
Although this increase was 2-fold, many fields had no GFAP-reactive astroglia, nor were
cultures overgrown with astroglia. Previously, in Neurobasal/B27 medium, we explicitly added
extra astroglia up to 160 cells/mm?, a 1:1 ratio with neurons (Boehler et al., 2007). This also
produced higher spike rates, though only double the rate in cultures without added astroglia,
much less than the 8-fold increase observed here. For hippocampal neurons on patterned
substrates in Neurobasal/B27 medium, we have also seen increased spike rates associated with
increased spontaneous generation of astroglia (Nam et al., 2004; 2007). Together with previous
observations, the present results suggest that NbActiv4 enables higher spike rates by multiple
mechanisms, not solely by promoting the growth of astroglia.

These results show the ease with which neuron electrophysiology can be studied with
multielectrode arrays (Thomas et al., 1972; Novak & Wheeler, 1988; Gross, 1979).
Multielectrode arrays are efficient at evaluating network activity under different conditions for
neurotoxicology and neuropharmacology (Keefer et al., 2001) as well as advancing our
understanding of network communication (Chang et al., 2006; Jimbo et al., 1999).

The clustered synaptic NMDA receptors and higher density of GIluR1 AMPA receptors
observed in networks cultured in NbActiv4 can be expected to transmit a larger calcium signal
per bolus of glutamate excitation (Elmariah et al., 2004). The rate at which postsynaptic
signaling reaches threshold would certainly enable the higher spike rates observed in NbActiv4
as well as the higher number of spikes per burst.
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Besides uses on multielectrode arrays, NbActiv4 medium should be useful in nearly all the
applications where Neurobasal/B27 is used. These include sharp electrode and patch clamp
neurophysiology, immunocytology, neuron cell signaling, development, excitotoxicity,
synaptogenesis, neurotoxicology, neuronal networks, adult rat and mouse neuron culture
(Brewer & Torricelli, 2007) and adult human neuron culture (Brewer et al., 2001). Possible
limitations might arise for explicit studies of the effects of estrogen, cholesterol or creatine,
but these can be controlled by comparisons to formulations of NbActiv4 with these compounds
omitted. The increased activity of neurons in NbActiv4 should promote more robust neuron
cultures.
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Fig. 1.

Comparison of neuronal cultures in Neurobasal/B27 to NbActiv4 on both arrays and glass
cover slips for differences in electrical activity and immunocytology. (A) 5 cm square MEA
with gold leads and attached ring to contain culture medium. (B) 60 electrodes in the central
1 mm? sense spike activity. (C) and (D) Similar phase contrast images of Neurobasal/B27 and
NbActiv4 cultures after three weeks in vitro. Dark circular electrodes are 10 um diameter
electrodes on 200 um spacing. (E) and (F) Immunofluorescent images (tau-red, MAP2-green,
bisbenzamide-blue) to compare neurite branching. (G) Tau neurite branching per cell is higher
in NbActiv4 (n=16 fields from 2 cultures).
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NbActiv4 increases spontaneous spike rates and bursting compared to neurons cultured in
Neurobasal/B27. Activity (1V) is compared over the indicated times.
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NDbActiv4 increases total GABA puncta 40% and bright NR1 puncta 100% compared to
neurons cultured in Neurobasal/B27. (A) and (B) Immunoreactive red GABA and green NR1
synaptic puncta. (C) and (D) Bright and dim segmentation thresholds for GABA and NR1 show
effect of medium on stained puncta (n = 16 fields of 0.016 mm?2 from 2 cultures).
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B) NbActiv4
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D) Glu-R1
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NbActiv4 increases bright synaptophysin puncta 2-fold and total Glu-R1 puncta 2-fold
compared to neurons cultured in Neurobasal/B27. (A) and (B) Immunoreactive red Glu-R1
and green synaptophysin puncta. (C) and (D) Bright and dim segmentation thresholds for
synaptophysin and Glu-R1 show effect of medium on puncta (n = 16 fields of 0.016 mm? from

2 cultures).
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Fig. 6.

Under resting conditions, neurons consume oxygen at a significantly lower rate in NbActiv4
than in Neurobasal/B27, yet remain capable of higher respiration after uncoupling with FCCP
(n=6-7 cultures). This suggests greater mitochondrial efficiency of neurons in NbActiv4.
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