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Dynamics of Learning in Cultured Neuronal Networks with Antagonists
of Glutamate Receptors
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ABSTRACT Cognitive dysfunction may result from abnormality of ionotropic glutamate receptors. Although various forms of
synaptic plasticity in learning that rely on altering of glutamate receptors have been considered, the evidence is insufficient from
an informatics view. Dynamics could reflect neuroinformatics encoding, including temporal pattern encoding, spatial pattern
encoding, and energy distribution. Discovering informatics encoding is fundamental and crucial to understanding the working
principle of the neural system. In this article, we analyzed the dynamic characteristics of response activities during learning training
in cultured hippocampal networks under normal and abnormal conditions of ionotropic glutamate receptors, respectively. The rate,
which is one of the temporal configurations, was decreased markedly by inhibition of a-amino-3-hydroxy-5-methylisoxazole-
4-proprionic acid (AMPA) receptors. Moreover, the energy distribution in different characteristic frequencies was changed markedly
by inhibition of AMPA receptors. Spatial configurations, including regularization, correlation, and synchrony, were changed signif-
icantly by inhibition of N-methyl-p-aspartate receptors. These results suggest that temporal pattern encoding and energy distri-
bution of response activities in cultured hippocampal neuronal networks during learning training are modulated by AMPA receptors,

whereas spatial pattern encoding of response activities is modulated by N-methyl-p-aspartate receptors.

INTRODUCTION

Cognitive dysfunction concomitant with some cerebral dis-
eases, such as schizophrenia (1,2) and Alzheimer’s disease
(3,4), may result from abnormality of ionotropic glutamate
receptors (iGluRs), especially N-methyl-p-aspartate (NMDA)
receptors (5,6). However, it is still unclear whether the mech-
anism mentioned above would occur in various forms of
learning dysfunction. In an effort to understand mechanisms
of learning dysfunction at a network level from the stand-
point of informatics, we first constructed one selective learn-
ing model of cultured hippocampal neuronal networks, then
studied the dynamic characteristics of response activities in
neuronal networks during learning training under normal and
depressed levels of iGluRs, respectively, based on the learn-
ing model.

The realization of higher functions, such as learning and
memory, ultimately relies on information processing, stor-
age, and transmission (7). In these circumstances, the brain
may have one universal working principle. Discovering neu-
ronal information encoding is crucial to understanding the
basic working principle of the neural system. Although var-
ious forms of synaptic plasticity in learning that rely on al-
tering of iGluRs have been considered in previous studies,
the evidence is still insufficient from an informatics stand-
point. Response activities of the neuronal network during
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learning training can be modulated by low-frequency electrical
stimulation. This is a kind of activity-dependent neuronal
plasticity. Thus, study of dynamic characteristics of response
activities in the neuronal network during learning is helpful
in understanding learning mechanisms at the network level,
and could lead to an understanding of the working principle
of the neural system. In addition, studying response activities
during learning training under abnormal levels of iGluRs is
useful for understanding mechanisms of learning dysfunction.
In particular, studies carried out in cultured realistic neuronal
networks may help us to discover one general mechanism of
learning, since cultured neuronal networks could be a simpli-
fied model of the complex neural system (8,9).

The dynamics of electrophysiological activities in the neu-
ronal network include primarily spatiotemporal configurations
and energy distribution (10-15). Spatiotemporal configura-
tions of electrophysiological activities in the brain are thought
to contribute to neuronal information encoding and synaptic
contacts (7,12), which may play a vital role in the formation
of privileged pathways in neuronal population activities.
Energy distribution in different characteristic frequencies re-
flects the functional status of the neuronal network (16). There-
fore, determining spatiotemporal configurations and energy
distribution of response activities is an important step in dis-
covering the information encoding of neuronal networks during
learning.

For cultured neuronal networks, learning is an exploration
process that involves formation and modulation of associations
between stimuli and responses (17-20). In fact, learning a
new cognitive task is also the selective procedure of appro-
priate circuits in the neuronal network for information trans-
mission. Repeated cycles of a stimulation procedure could
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lead to a desired response and learning at the network level.
The learning model at the network level can be constructed
by applying low-frequency electrical stimuli (17). We modi-
fied the learning model by altering stimulation patterns. Using
this kind of learning model, dynamic characteristics including
spatiotemporal pattern encoding and energy distribution of
neuronal response activities in cultured hippocampal net-
works were studied during learning training under normal and
abnormal conditions of iGluRs, respectively.

MATERIALS AND METHODS
Cell culture

Hippocampal cells were dissociated from embryonic rats of 18 days and
plated on a multielectrode array (MEA). Animal use was in accordance with
guidelines approved by Chinese local authorities. Cells were placed in a
medium including Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
Carlsbad, CA), with 0.5 mM Glutamax (Invitrogen, Carlsbad, CA), 10%
equine serum (HyClone, Logan, UT), and 10% fetal bovine serum (Gibco).
One hundred thousand cells were planted in a 50-uL drop of modified
DMEM on an MEA dish that was precoated with polyethyleneimine and
laminin. This led to a planting density of 2000 cells/mm? in a monolayer.
After half an hour of incubation, 1 mL of modified DMEM was added into
each dish. After 24 h, the planting medium was replaced by a medium
including DMEM with 0.5 mM Glutamax and 10% equine serum, but with
no antibiotics or antimycotics. Cultures were maintained in an incubator at
37°C with 5% CO,. One-half of the medium was changed every 3 days.
Experiments were done when neuronal networks were 2—6 weeks in vitro.

Electrophysiological analysis

Electric activities were recorded with a square array of 60 substrate-
embedded titanium nitride electrodes, with a diameter of 30 wm and 200-pum
spacing (Multi Channel Systems, Reutlingen, Germany). Stimuli were
generated by using a four-channel stimulator (Multi Channel Systems). After
1200X amplification, signals were sampled at 25 kHz. Thresholds (5 X root
mean-square noise) were separately defined for each of the recording
channels.

A learning model at the network level on the MEA system was
constructed by applying 350 mV, 200 ws, 1 Hz pair stimulation, and the
neuronal network responded to the stimulation by generating electric
activities. The training protocol was similar for Shahaf et al. (17), except that
the voltage stimulation mode was used, which consisted of biphasic
rectangular voltage pulses and positive phase firsts. Further details can be
found in our previous work (21,22). Four response modes were induced in
cultured hippocampal neuronal networks during learning within the safe
stimulation intensity range. Individual response mode was induced by 350-
450 mV, 200 us, and 1 Hz pair stimulation, mixed response mode was
induced by 500-800 mV, 200 us, and 1 Hz pair stimulation, periodic
response mode was induced by 900-1500 mV, 200 us, and 1 Hz pair
stimulation, whereas quasiperiodic response mode was induced by 30-50
KA, 200 ws, and 1 Hz pair stimulation. In this article, the learning model we
used was constructed by applying 350 mV, 200 us, and 1 Hz pair
stimulation. Individual response mode was induced by the training mode
mentioned above (see Fig. 3 A).

Once the required response was attained, the stimulus was removed. If
the response time (i.e., the time required for the selected electrode to fulfill
the response/stimulus ratio (R/S) = 2:10 criterion) decreased gradually in
eight trials in the stimulation cycle, the simple learning phenomenon had
been induced in the neuronal network. To ensure the stability of response
activities in the network during training, we designed another series of
experiments. After the first successful training trial, the neuronal network
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was trained every 0.5 h for several hours, and response activities were
detected. We found that the R/S did not change much in 4 h, which suggested
that the response activities were stable. The selective learning phenomenon
has been induced if R/S = 2:10 in the selected electrode but not in the
monitored electrode.

To compare dynamic characteristics of response activities in cultured
hippocampal networks during learning training under normal and abnormal
conditions of iGluRs, specific antagonists were applied to the networks.
First, the networks were trained to learn successfully; then, 50 uM d,/-2-
amino-5-phosphonovaleric acid (APV), 50 uM 6-cyano-7-nitroquinoxaline-
2,3-dione disodium (CNQX), 50 uM APV + 50 uM CNQX, or 2 mM
Mngr was added into the bath solution, the networks were trained again, and
response activities of the networks were detected. After that, the medicine
was washed out, the networks were trained and the electric activities were
recorded again.

Data analysis

Electric activities of neuronal networks were recorded by Mc_Rack, and
spike and burst analysis were done with Neuroexplore. Data are expressed as
mean * SE, and were normalized by MATLAB (The MathWorks, Natick,
MA) programs; #-tests were used to detect differences between the two
groups. P < 0.05 was considered statistically significant.

RESULTS

Cultured hippocampal neuronal networks and
spontaneous burst activities

The hippocampal neurons cultured on the multielectrode
array form numerous synaptic connections (Fig. 1). This is
apparent from the observation of various independent
activity patterns, especially the synchronized burst activities
in the neuronal network (Fig. 2 A). The results imply that
single neurons seldom fire spontaneously without being
activated by other neurons in cultured hippocampal net-
works. In fact, many of the connections observed under the
microscope are actually parts of larger groups of connected
units in the neuronal network.

FIGURE 1 Representative cultured hippocampal neuronal network (25
div). Scale bar, 30 wm.
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In our observation, most cultures showed initial spiking
activities at ~1 week after cell seeding. With few exceptions,
complex burst configurations were generated at 2-3 weeks
after cell seeding. A raster of spontaneous activities in the
neuronal network (21 days in vitro (div)) is shown in Fig. 2
B. If one spike event occurred, one vertical line is recorded.
We observed that spontaneous synchronized oscillatory
activities in the neuronal network occurred twice in 300 s
(Fig. 2 B). Synchronized oscillatory activity is a major activ-
ity mode of mature and high-density dissociated neuronal
cultures. Generally, spontaneous activities found in cultured
hippocampal networks range from apparently stochastic
spiking to organized bursting and even stable, long-term syn-
chronized oscillatory activities.

Dynamic characteristics of response activities
during learning training with antagonists
of iGIluRs

Spatiotemporal configurations and energy distribution can
reflect dynamics of neuronal activities in the network.
Temporal configurations of neuronal activities include rate,
amplitude, firing probability, and interval of spike. Spatial
configurations of neuronal activities include regularity, cor-
relation, and synchrony. In this study, change of temporal con-
figurations, spatial configurations, and energy distribution
were used to reflect dynamics characteristic of neuronal
response activities in the network during learning training.
Temporal configurations of early postsynaptic responses
were changed by special antagonists of iGluRs in the neu-
ronal network during learning training. As shown in Fig. 3,
application of 50 uM APV decreased the rate and amplitude
of early postsynaptic responses by 32% and 37%, respec-
tively. Application of 50 uM CNQX decreased these con-
figurations by 76% and 31%, respectively. All synaptic
events were abolished by subsequent application of 50 uM
APV and 50 uM CNQX. Application of 2 mM Mg>" re-
duced the rate and amplitude of early postsynaptic responses
by 53% and 24%, respectively. In a word, APV, CNQX, and
high-concentration Mg>" simultaneously inhibited the mean

firing rate and amplitude of early postsynaptic responses
during learning training. At the same time, the distribution
of firing probability of response activities in networks was
changed markedly by applying specific antagonists of ion-
otropic glutamate receptors during learning training (Fig. 4).
Briefly, the rate, one of the temporal configurations, was mod-
ulated primarily by a-amino-3-hydroxy-5-methyl-4-isoxazole
propionate (AMPA) receptors.

Interspike interval (ISI) is defined as the time interval
between two consecutive spikes in the spike trains:

151n - tn - lnfl

According to ISI,, the mean of ISI is calculated, which is
represented as

Mgj :ﬁz

ji=1
The standard deviation of ISI is represented as

2 1 i( I y
O =~ i — Mgi)
o (NJ - 1) i=1 1 M
Here, we use the standard deviation of ISI and the mean of
ISI to express precisely the characteristics of response ac-
tivities in different spatiotemporal firing configurations. The
coefficient of variation (CV) is represented as

cv =28
Mg
Ranges of CV are set according to Young et al. (23). When
CV = 0.35, firing of neurons is highly regular; when
0.35 < CV < 0.7, firing of neurons is likely irregular.

The CV of early postsynaptic responses with 50 uM APV
was >0.35, which indicated that response activities of the
neuronal network during learning training were caused to
become irregular by treatment with 50 uM APV. However,
50 uM CNQX or 2 mM Mg>" seemed to have no effect on
the variability of response activities in the neuronal network
(Table 1).

Biophysical Journal 93(12) 4151-4158



Li et al.

4154
A
| 1Hz V1Hz spy }1Hz  waeh
f oo » TWMW
L ° — CNOX - ~ Wash
M e - ) L | )
Response APV+CNQX Wash
¥
Mg 2* Wash

froviapeiipmeca: gmeiduefummmmon

=
!
.
[=]

W
[=]
1

Ll

13
(=]
'

[
(=]
1

WHad

(=]

10ms

FIGURE 3 Effects of APV, CNQX, and Mngr on
response activities in cultured hippocampal neuronal
networks during learning training (n = 24 experiments in
six cultures). (A) Examples of original traces of response
activities with 50 uM APV, 50 uM CNQX, 50 uM APV
+ 50 uM CNQX, and 2 mM MgH. (B) Effects of 50 uM
APV, 50 uM CNQX, and 2 mM Mg2+ on the rate of early
postsynaptic responses. **, p < 0.01. (C) Effects of 50 uM
APV, 50 uM CNQX, and 2 mM Mg>" on the amplitude of
£t early postsynaptic responses. **, p < 0.01.
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Joint peristimulus time histography (PSTH) is used to
estimate correlation and synchrony between two neurons
(24-26). Here, we used joint PSTH to estimate correlation
and synchrony among neuronal units in the neuronal net-
work. Fig 5 shows examples of correlation and synchrony of
response activities between one recording channel and
another in physiological solution and during drug treatment.
The main joint PSTH matrix shows the correlations between
electric activities of two channels. The middle histogram

A Control B APV
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FIGURE 4 PSTH (n = 36 experiments in six cultures) within 80 ms after
stimulus during learning training in cultured hippocampal neuronal net-
works without treatment (A), and after treatment with 50 uM APV (B), 50 uM
CNQX (C), and 2 mM Mg>* (D).
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shows the near-coincident correlations. Where the diagonal
alignment is clearer, the synchrony is better. The far-right
histogram shows the correlations of electric activities of two
channels around reference events.

In the case of addition of APV, the disordered status occurred
in the neuronal network, as evidenced by an immediate
decrease in correlations of response activities (correlation
coefficient = 0.111) (Fig. 5). Application of CNQX de-
creased the correlations (correlation coefficient = 0.251) of
neuronal response activities to a certain extent, along with
the synchrony. Since all postsynaptic responses were abol-
ished by subsequent application of 50 uM APV and 50 uM
CNQX, we didn’t evaluate the correlations under such cir-
cumstances. In the case of 2 mM Mg2+ treatment, the corre-
lations (correlation coefficient = 0.312) remained quite
similar with respect to the basal value (Fig. 5). In fact, we
found a very high variability for Mg " experiments in terms
of correlation analysis and synchrony analysis, including
prosperity and decadence. But the general trend seems to be
an immediate depressed response. This high variability of
results should be further investigated with respect to the
initial activity of the neuronal network.

TABLE 1 CV of early postsynaptic responses during learning
training in cultured hippocampal neuronal networks in the
absence and presence of pharmacological inhibitors

Control APV CNQX Mg**
or (ms) 4.64 £0.19 1340 =064 31.70 = 1.74 14.96 = 0.73
ur (ms) 29.08 £ 1.22 36.23 = 1.63 125.09 = 6.88 75.09 = 3.68
CcVv 0.16 = 0.01  0.37 £ 0.02 0.25 = 0.01  0.20 = 0.01

Values given are for untreated cells (Control) and cells treated with 50 uM
APV, 50 uM CNQX, or 2 mM Mg>" (n = 28 experiments in six cultures).
CV, coefficient of variation.
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Statistically (Fig. 6), the correlation and synchrony of re-
sponse activities within 80 ms after stimulus in the neuronal
network were both decreased by 72% with 50 uM APV and
by 48% with 50 uM CNQX. However, interestingly, the cor-
relation and synchrony of response activities were increased
by 6% and 1%, respectively, with 2 mM Mg>*. In brief,
spatial configurations of neuronal response activities in the
networks, including regularity, correlation, and synchrony,
are modulated primarily by NMDA receptors.

In addition, power spectral density (PSD) of early post-
synaptic responses at different characteristic frequencies
during learning training was changed distinctly with 50 uM
CNQX. However, it was not changed much by treatment
with 50 uM APV or 2 mM Mg** (Fig. 7). The result showed
that energy distribution of neuronal response activities in the
network was modulated primarily by AMPA receptors.
Moreover, the power of low-frequency elements (<10 Hz)
clearly decreased with 50 uM CNQZX, which indicated that
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FIGURE 6 (A) Correlations of response activities within 80 ms after
stimulus in cultured hippocampal neuronal networks during learning train-
ing, with or without antagonists of iGluRs (n = 36 experiments in six
cultures). (B) The synchrony of response activities within 80 ms after stimulus
in cultured hippocampal neuronal networks during learning training with
or without antagonists of iGluRs (n = 36 experiments in six cultures).
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FIGURE 5 Correlations and synchrony of response
activities within 80 ms after stimulus in cultured hippo-
campal neuronal networks during learning training without
treatment (A), and after treatment with 50 uM APV (B),
0344, 50 uM CNQX (C), and 2 mM Mg>* (D).
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the fast response component of postsynaptic responses dur-
ing learning training was controlled primarily by AMPA
receptors.

From an informatics point of view, we showed that rate,
one of the temporal configurations, was modulated primarily
by AMPA receptors; spatial configurations, including reg-
ularity, correlation, and synchrony, were modulated primar-
ily by NMDA receptors. Furthermore, we identified that the
fast-response component of response activities was produced
primarily by AMPA receptors during learning training.

DISCUSSION

Based on the selective learning model of cultured hippo-
campal neuronal networks, we analyzed dynamics adopted
in spatiotemporal encoding of early postsynaptic response
activities in cultured hippocampal neuronal networks during
learning training under normal and abnormal levels of
iGluRs, respectively. From an informatics standpoint, we
determined that rate, one of the temporal pattern encoders,
was modulated primarily by AMPA receptors; spatial pattern
encoding, including regularity, correlation, and synchrony,
was modulated primarily by NMDA receptors. Moreover,
we observed that the fast-response component of neuronal
activities in the network was produced primarily by AMPA
receptors during learning training. Our results are consistent
with simulation results, which will help the study of infor-
mation encoding of neuronal response activities in the net-
works during learning (27,28).

Understanding learning in real neural networks is one of
the central challenges in neuroscience. In an attempt to under-
stand learning dynamics at the network level, we constructed

Biophysical Journal 93(12) 4151-4158
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a learning model in cultured hippocampal neuronal networks
(21,22), and based on this learning model, we studied dy-
namics characteristic of response activities during learning
under normal and abnormal levels of ionotropic glutamate
receptors. We know that activity varies among individual
neurons and is not precise. The accurate activities of the
neural system require integration of neuronal activities in the
network. The integrated neuronal activities of the network
are determined by neuronal intrinsic properties, including
structural and functional properties, and extrinsic properties,
including simultaneous electrical and chemical stimulation
(8,29-31). In this study, we used low-frequency stimulation
to induce stable system-level response activities, and used
antagonists to inhibit the function of glutamate receptors in
the whole network, thus changing the intrinsic properties and
system-level activities of neurons in the network.

Although the learning phenomenon induced in cultured
neuronal networks was not in agreement with the views of
some researchers, one of our results, long-term potentiation
of spontaneous activities in the neuronal network, could
illuminate how learning occurs (21). As we know, long-term
potentiation is one of the important mechanisms of learning
(32,33). Based on the evidence, we considered that some
kind of learning was induced in cultured neuronal networks,
and that the low-frequency stimulation used here was similar
to conditioned stimulation. Moreover, we found that syn-
chronized oscillation in cultured realistic neuronal networks
occurred after successful selective learning (21), which sug-
gests that synchronized oscillation was associated closely
with learning. Many current studies report that synchronized
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oscillation is vital to the survival of animals, and plays an
especially important role in higher functions of the brain,
such as learning, memory, and attention, as well (14,34-37).
Many simulation studies of neuronal models support the
above-mentioned results (38—41). Although the mechanisms
of synchronized oscillation in the central neural system are
still unclear, a molecular model has been presented that
accounts for the main properties resulting from the coupling
of a population of circadian oscillators (38).

In this study, one of the purposes was to indicate new
possible parameters related to the associated strength and
synchrony level among neuronal units, showing that joint
PSTH can be utilized in conjunction with more standard
parameters for evaluating electrophysiological activities of
neuronal networks induced by pharmacological treatment. In
fact, the issue of correlation has been deeply investigated to
reveal the dynamics of cultured neuronal networks (42—44)
and has been found to be related to external stimuli (45).
These preliminary results suggest that parameters related to
the associated strength and level of synchrony among neu-
ronal units could reveal subtle changes in the network dy-
namics, thus indicating its promising application as a highly
sensitive biosensing tool for learning study (46).

As widely demonstrated, mainly by Gross and co-workers
(47,48), in vitro neuronal networks coupled to MEA-based
devices constitute a suitable experimental model for phar-
macological investigation. These systems show both a good
sensitivity to neuroactive toxic compounds and reproducible
results. Most of the works refer to spinal cord neurons that
represent a more robust model in terms of network dynamics.
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However, hippocampal neurons represent a more interesting
and delicate model, likely to be the more advanced adaptive
and sensitive system, which could be used for such appli-
cations.

In addition, as already stated, hippocampal neurons are
less often utilized coupled to MEA-based devices, and
therefore, detailed studies of the modulation of electrophys-
iological activity induced by chemical stimulation still need
to be extensively and systematically performed at the net-
work level. However, as foreseen by other investigators,
application of MEA-based biosensors in the field of drug
discovery seems to hold much future promise (49).

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
article, visit www.biophysj.org.

We thank Weihua Luo, Lin Chen, and Yu Huang for helpful comments on
the manuscript.

This work was supported by the National Natural Science Foundation of
China (grant No. 60478016), the Major Program of Science and Technology
Research of Ministry of Education (grant No.10420), and the Joint Research
Fund for Overseas Chinese Young Scholars (grant No. 30328014).

REFERENCES

1. Freedman, R. 2003. Schizophrenia. N. Engl. J. Med. 349:1738-1749.

2. Lewis, D. A., and G. Gonzalez-Burgos. 2006. Pathophysiologically
based treatment interventions in schizophrenia. Nat. Med. 12:1016—
1022.

3. Kosik, K. S. 1992. Alzheimer’s disease: a cell biological perspective.
Science. 256:780-783.

4. Francis, P. T. 1996. Pyramidal neurone modulation: a therapeutic target
for Alzheimer’s disease. Neurodegeneration. 5:461—465.

5. Shimizu, E., K. Hashimoto, S. Ochi, G. Fukami, M. Fujisaki, K. Koike,
N. Okamura, S. Ohgake, H. Koizumi, D. Matsuzawa, L. Zhang, H.
‘Watanabe, M. Nakazato, N. Shinoda, N. Komatsu, F. Morita, and M.
Iyo. 2007. Posterior cingulate gyrus metabolic changes in chronic
schizophrenia with generalized cognitive deficits. J. Psychiatr. Res.
41:49-56.

6. Siekmeier, P. J., M. E. Hasselmo, M. W. Howard, and J. Coyle. 2007.
Modeling of context-dependent retrieval in hippocampal region CA1:
implications for cognitive function in schizophrenia. Schizophr. Res.
89:177-190.

7. Daoudal, G., and D. Debanne. 2003. Long-term plasticity of intrinsic
excitability: learning rules and mechanisms. Learn. Mem. 10:456—465.

8. Baruchi, I, Ben-Jacob, E. 2007. Towards neuro-memory-chip:
imprinting multiple memories in cultured neural networks. Phys. Rev.
E. 75:050901-050904.

9. Eytan, D., N. Brenner, and S. Marom. 2003. Selective adaptation in
networks of cortical neurons. J. Neurosci. 23:9349-9356.

10. Koch, P., and G. Leisman. 2006. Typology of nonlinear activity waves
in a layered neural continuum. /nt. J. Neurosci. 116:381-405.

11. Aihara, K., and M. Adachi. 1997. Associative dynamics in a chaotic
neural network. Neural Netw. 10:83-98.

12. Chiappalone, M., A. Novellino, I. Vajda, A. Vato, S. Martinoia, and
J. van Pelt. 2005. Burst detection algorithms for the analysis of spatio-

temporal patterns in cortical networks of neurons. Neurocomputing.
65-66:653-662.

13.

14.

15.

16.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

4157

Wallenstein, G. V., and M. E. Hasselmo. 1997. GABAergic modula-
tion of hippocampal population activity: sequence learning, place field
development, and the phase precession effect. J. Neurophysiol. 78:
393-408.

Kleinfeld, D., and H. Sompolinsky. 1988. Associative neural network
model for the generation of temporal patterns. Theory and application
to central pattern generators. Biophys. J. 54:1039-1051.

Bhalla, U. S. 2002. Mechanisms for temporal tuning and filtering by
postsynaptic signaling pathways. Biophys. J. 83:740-752.

Milton, S. L., and P. L. Lutz. 2005. Adenosine and ATP-sensitive
potassium channels modulate dopamine release in the anoxic turtle

(Trachemys scripta) striatum. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 289:R77-R83.

. Shahaf, G., and S. Marom. 2001. Learning in networks of cortical

neurons. J. Neurosci. 21:8782-8788.

. Marom, S., and G. Shahaf. 2002. Development, learning and memory

in large random networks of cortical neurons: lessons beyond anatomy.
Q. Rev. Biophys. 35:63-87.

. Marom, S., and D. Eytan. 2005. Learning in ex-vivo developing

networks of cortical neurons. Prog. Brain Res. 147:189-199.

Novellino, A., M. Chiappalone, A. Vato, M. Bove, M. B. Tedesco, and
S. Martionia. 2003. Behaviors from an electrically stimulated spinal
cord neuronal network cultured on microelectrode arrays. Neuro-
computing. 52-54:661-669.

Li, Y., W. Zhou, X. Li, S. Zeng, M. Liu, and Q. Luo. 2007. Charac-
terization of synchronized bursts in cultured hippocampal neuronal
networks with learning training on microelectrode arrays. Biosens.
Bioelectron. 22:2976-2982.

Li, Y., X. Li, W. Zhou, S. Zeng, M. Liu, and Q. Luo. 2007. The
learning model in cultured hippocampal neuronal networks. Prog.
Biochem. Biophys. 34:169-175.

Young, E. D., J. M. Robert, and W. P. Shofner. 1988. Regularity and
latency of units in ventral cochlear nucleus: implications for unit
classification and generation of response properties. J. Neurophysiol.
60:1-29.

Gerstein, G. L., and D. H. Perkel. 1969. Simultaneously recorded trains
of action potentials: analysis and functional interpretation. Science.
164:828-830.

Gerstein, G. L., and D. H. Perkel. 1972. Mutual temporal relationships
among neuronal spike trains. Statistical techniques for display and
analysis. Biophys. J. 12:453-473.

Ventura, V., C. Cai, and R. E. Kass. 2005. Trial-to-trial variability and
its effect on time-varying dependency between two neurons. J.
Neurophysiol. 94:2928-2939.

Robbins, K. A., and D. M. Senseman. 2004. Extracting wave structure
from biological data with application to responses in turtle visual
cortex. J. Comput. Neurosci. 16:267-298.

Wong, K. F., and X. J. Wang. 2006. A recurrent network mechanism of
time integration in perceptual decisions. J. Neurosci. 26:1314—1328.
Sylvestre, P. A., and K. E. Cullen. 2006. Premotor correlates of inte-
grated feedback control for eye-head gaze shifts. J. Neurosci. 26:4922—
4929.

Segev, R., M. Benveniste, Y. Shapira, and E. Ben-Jacob. 2003.
Formation of electrically active clusterized neural networks. Phys. Rev.
Lett. 90:168101.

Volman, V., 1. Baruchi, and E. Ben-Jacob. 2005. Manifestation of
function-follow-form in cultured neuronal networks. Phys. Biol. 2:
98-110.

Xu, J., and J. Kang. 2005. The mechanisms and functions of activity-
dependent long-term potentiation of intrinsic excitability. Rev. Neuro-
sci. 16:311-323.

Monfort, P., M. D. Munoz, and V. Felipo. 2005. Molecular mecha-
nisms of the alterations in NMDA receptor-dependent long-term
potentiation in hyperammonemia. Metab. Brain Dis. 20:265-274.
Vertes, R. P. 2005. Hippocampal theta rhythm: a tag for short-term
memory. Hippocampus. 15:923-935.

Biophysical Journal 93(12) 4151-4158



4158

35.

36.

37.

38.

39.

40.

41.

42.

Tang, H. J., K. C. Tan, and W. Zhang. 2005. Analysis of cyclic dynamics
for networks of linear threshold neurons. Neural Comput. 17:97-114.

Wehr, M., and G. Laurent. 1996. Odour encoding by temporal se-
quences of firing in oscillating neural assemblies. Nature. 384:162—-166.

Kahn, D., E. F. Pace-Schott, and J. A. Hobson. 1997. Consciousness in
waking and dreaming: the roles of neuronal oscillation and neuro-
modulation in determining similarities and differences. Neuroscience.
78:13-38.

Gonze, D., S. Bernard, C. Waltermann, A. Kramer, and H. Herzel.
2005. Spontaneous synchronization of coupled circadian oscillators.
Biophys. J. 89:120-129.

Demir, S. S., R. J. Butera, Jr., A. A. DeFranceschi, J. W. Clark, Jr., and
J. H. Byrne. 1997. Phase sensitivity and entrainment in a modeled
bursting neuron. Biophys. J. 72:579-594.

Markin, V. S., and A. J. Hudspeth. 1995. Modeling the active process
of the cochlea: phase relations, amplification, and spontaneous
oscillation. Biophys. J. 69:138-147.

Destexhe, A., A. Babloyantz, and T. J. Sejnowski. 1993. Ionic mech-
anisms for intrinsic slow oscillations in thalamic relay neurons.
Biophys. J. 65:1538-1552.

Segev, R., M. Benveniste, E. Hulata, N. Cohen, A. Palevski, E. Kapon,
Y. Shapira, and E. Ben-Jacob. 2002. Long term behavior of litho-

Biophysical Journal 93(12) 4151-4158

43.

44,

45.

46.

47.

48.

49.

Li et al.

graphically prepared in vitro neuronal networks. Phys. Rev. Lett.
88:118102.

Schneidman, E., M. J. Berry II, R. Segev, and W. Bialek. 2006. Weak
pairwise correlations imply strongly correlated network states in a
neural population. Nature. 440:1007-1012.

Segev, R., I. Baruchi, E. Hulata, and E. Ben-Jacob. 2004. Hidden
neuronal correlations in cultured networks. Phys. Rev. Lett. 92:118102.
Salinas, E., and T. J. Sejnowski. 2001. Correlated neuronal activity and
the flow of neural information. Nat. Rev. Neurosci. 2:539-550.
Selinger, J. V., J. J. Pancrazio, and G. W. Gross. 2004. Measuring
synchronization in neuronal networks for biosensor applications.
Biosens. Bioelectron. 19:675-683.

Gross, G. W., B. K. Rhoades, H. M. Azzazy, and M. C. Wu. 1995. The
use of neuronal networks on multielectrode arrays as biosensors.
Biosens. Bioelectron. 10:553-567.

Keefer, E. W., A. Gramowski, and G. W. Gross. 2001. NMDA receptor-
dependent periodic oscillations in cultured spinal cord networks.
J. Neurophysiol. 86:3030-3042.

Stett, A., U. Egert, E. Guenther, F. Hofmann, T. Meyer, W. Nisch, and
H. Haemmerle. 2003. Biological application of microelectrode arrays
in drug discovery and basic research. Anal. Bioanal. Chem. 377:486—
495.



	Dynamics of Learning in Cultured Neuronal Networks with Antagonists of Glutamate Receptors
	Introduction
	Materials and methods
	Cell culture
	Electrophysiological analysis
	Data analysis

	Results
	Cultured hippocampal neuronal networks and spontaneous burst activities
	Dynamic characteristics of response activities during learning training with antagonists of iGluRs

	Discussion
	SUPPLEMENTARY MATERIAL
	REFERENCES


