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Differential effects of long and short train theta burst stimulation on LTP
induction in rat anterior cingulate cortex slices: Multi-electrode array
recordings
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Abstract: Objective There is substantial evidence supporting the notion that the anterior cingulate cortex (ACC) is an
important limbic structure involved in multiple brain functions such as sensory perception, motor conflict monitoring, memory,
emotion and cognition. It has been shown that long term potentiation (LTP) is an important synaptic model of neural plasticity
in the ACC, however, little is known about the spatiotemporal properties of ACC at network level. The present study was
designed to see the LTP induction effects across different layers of the ACC by using different conditioning stimuli (CS)
protocols. Methods A unique multi-electrode array recording technique was used in the acutely-dissociated ACC slices of
rats. Long and short train theta burst stimulation (TBS) paradigms were applied in layer V-VI as the CS and the LTP induction
effects were compared across different layers of the ACC. Briefly, both long and short train TBS are composed of bursts (4
pulses at 100 Hz) with a 200 ms interval, however, the former (TBS1) was with 10 trains and the latter (TBS2) was with 5 trains.
After test stimulation at layer V-VI in the ACC, network field potentials (FPs) could be simultaneously recorded across all
layers of the ACC. Results The waveforms of FPs were different across different layers. Namely, positive-going waveforms
were recorded in layer I and negative-going waveforms were recorded in layers V-VI, in contrast, complex waveforms were
localized mainly in layers II-I11. Following application of two CS protocols, the induction rate of LTP was significantly different
between TBS1 and TBS2 regardless of the spatial properties. TBS1 had more than 60% success, while TBS2 was less than 25%
in induction of LTP. Moreover, both the 2 CS protocols could induce LTP in layers II-1II and layers V-VI without layer-related
difference. However, no LTP was inducible in layer I. Conclusion The present findings indicate that stimulation protocols
may, at least in part, account for a large portion of variations among previous LTP studies, and hence highlight the importance
of selecting the best LTP induction protocol when designing such experiments. Moreover, the present results demonstrate the
prominent superiority of multi-electrode array recording in revealing the network properties of synaptic activities in the ACC,

especially in comparing the spatiotemporal characteristics between different layers of this structure.
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other brain structures?®?!. Especially, several lines of evidence
from animals to human studies have suggested that the ACC
serves as an important limbic structure for the central pro-
cess of pain’®7l. Stimulation of ACC neurons by delivering
electrical currents or local glutamate microinjection causes
fear memory or triggers aversive behaviors®?, whereas le-
sions of the ACC could significantly reduce animals’ sensi-
tivity to noxious heat in the hot-plate test as well as persis-
tent nociception and hypersensitivity induced by bee venom
injection®!, Disruption of the ACC could also prevent the
formalin-induced aversive memory behaviors!'%. In addition,
electrophysiological recordings and neuroimaging studies
also show that neurons within the ACC respond to noxious
stimuli'*'81, Importantly, neuronal and synaptic plasticity
occurring within the ACC after injury has been recently pro-
posed to contribute substantially to the pathophysiogenesis
of chronic pain[’-'*2,

With regard to the plasticity in the ACC, synaptic and
cellular mechanisms of long-term potentiation (LTP), a widely
used synaptic model for learning and memory?'2?, have been
widely studied using brain slice preparations. Here, it is worth-
while to note that different conditioning stimuli (CS) proto-
cols have been used for inducing LTP of synaptic responses
in the ACC™., LTP of excitatory synaptic responses could be
recorded in the ACC using both field potential recording and
whole-cell patch-clamp recording techniques®*24. For field
potential recording from adult mouse ACC slices,
glutamatergic synapses in the ACC can undergo LTP in re-
sponse to theta burst stimulation (TBS, 5 trains of burst with
4 pulses at 100 Hz, 200 ms interval), a paradigm more closely
mimicking the activity of ACC neurons under in vivo condi-
tions!?*?%, Unlike that in the hippocampus, strong tetanic
stimulation in the ACC does not cause reliable LTP induc-
tion??¢1, On the other hand, whole-cell patch-clamp record-
ings allow a better investigation of synaptic mechanisms for
LTP in the ACCP*?"], In this case, LTP can be induced using
3 different CS protocols, including the pairing training proto-
col?+27281 the EPSPs-APs (excitatory postsynaptic poten-
tials-action potentials) protocol*?7#1 and the strong TBS 5
trains of burst with 4 pulses at 100 Hz, 200 ms interval, re-

peated 4 times at intervals of 10 s) protocol®-7. It is impor-

tant to keep in mind that LTP recorded through field record-
ing or whole-cell patch-clamp recording may employ differ-
ent intracellular signaling pathways for induction and ex-
pressiont?l. Furthermore, not every CS protocol is suitable
for inducing sustained LTP in a certain brain region®®. The
magnitude of LTP induced by different protocols also varies
a lotBl. Thus, it seems quite necessary to compare the ef-
fects of different CS protocols on LTP induction and mainte-
nance in the ACC area. Furthermore, previous anatomical
and cytoarchitectural studies have suggested that different
layers of the ACC contain distinct cell types and projecting
fibers, probably resulting in layer-related difference in ACC
function®*2331, Unfortunately, fewer reports have been con-
ducted to examine in detail this layer difference within the
ACC slices.

Given the above statements, the aim of the present study
was to evaluate potential differences in the induction rate
and magnitude of LTP across the 3 major layers (layer I, layer
II-I11, layer V-VI) of ACC slices by different CS protocols,
emphasizing the effect of length of TBS trains. Specifically, 2
types of LTP induction protocols were compared (see Fig. 1
for the schematic illustration): long train TBS (TBS1), 10 trains
of burst with 4 pulses at 100 Hz (200 ms interval); short train
TBS (TBS2), 5 trains of burst with 4 pulses at 100 Hz (200 ms
interval). The field potential recording on ACC slices was
accomplished by a state-of-the-art multi-electrode array
(MEA) recording technique, namely the Panasonic’s MED64
systemB*+37] with the following advantages: (1) detect the
activity of neuronal networks in both space and timet***!;
(2) record and stimulate the electrophysiological activity of
many sites simultaneously®-4%4243; (3) stable recordings that

are less sensitive to factors such as mechanical vibrations-11,
2 Materials and methods

2.1 Animals Experiments were carried out on male albino
Sprague-Dawley rats provided by Laboratory Animal facili-
ties of both Capital Medical University (CCMU) and the
Fourth Military Medical University (FMMU). The rats were
3-4 weeks old and fed in standard laboratory condition (12 h
light/12 h dark, temperature 22-26 °C, air humidity 55-60%)

with ad libitum water and rat chow. The experimental proce-
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Fig. 1 The 2 TBS protocols for induction of LTP in the ACC. A: Protocol 1 (TBS1) is composed of long train of burst stimulation (4 pulses, 100 Hz)

repeated 10 times with an interval of 200 ms. B: Protocol 2 (TBS2) consisted of short train stimulation that contains 4-pulses burst (100 Hz) repeated

5 times with an interval of 200 ms. Each single pulse is a pair of 0.1 ms negative-positive square waveforms.

dures were approved by the Institutional Animal Care and
Use Committee at both CCMU and FMMU. All animals were
maintained and cared for according to the guidelines set forth
by the International Association for the Study of Pain*4,
The number of animals used and their suffering were greatly
minimized.

2.2 Slice preparation The general procedures for preparing
acute ACC slices were similar to those described previously
for hippocampal slices*3¢], Rats were decapitated after an-
esthesia with 4% sodium pentobarbital (0.1 mL/100 g, i.p.).
Subsequently, the whole brain was quickly removed and
placed into a cold bath of oxygenated (95% O, and 5% CO,)
artificial cerebrospinal fluid (ACSF) containing (in mmol/L):
NaCl124,KCl13.3,KH,PO, 1.2,MgS0,2.4,CaCl,2.5,NaHCO,
26 and glucose 10 (pH 7.35-7.45). After cooling for about 1-2
min, appropriate portions of the brain were then trimmed and
the remaining brain block was glued onto the stage of a vi-
brating tissue slicer (Dosaka, DTK-1000), where coronal ACC

slices (350 um) were obtained and transferred to a chamber
continuously perfused with oxygenated ACSF at room
temperature. Slices were allowed to recover for at least 2 h
before electrophysiological recording was attempted.

2.3 Preparation of the multi-electrode array A commercial
64-channel multi-electrode dish system (MED64, Panasonic,
Japan) was used for extracellular field recordings in this study.
Procedures for the preparation of the Multi-Electrode Dish
(Panasonic, MED probe) were almost the same as described
previously®. The size of each electrode in the array was 50 pm
x 50 pum, and all the 64 electrodes were arranged in an 8 x §
square pattern with an inter-electrode distance of 300 um to
cover a total area of 4.4 mm?. For detailed composistion and
manufacture of the MED64 probe, please refer to Oka et al.**.
Before use, the surface of the MED64 probe was treated with
0.1% polyethyleneimine (Sigma, St. Louis, MO; P-3143) in 25
mmol/L borate buffer (pH 8.4) overnight at room temperature.

This coating helped establish sufficient adhesion of the slice
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to the probe surface, resulting in enough perfusion by the
recording buffer (2-3 mL/min) to keep the slice healthy for
more than 6 h of fEPSP recording. The probe surface was
rinsed 3-5 times with sterile distilled water before immediate
use in each experiment. In general, the MED64 probes could
be re-used for approximately 30-40 recording sessions with a
mean duration of 4-6 h. Electrode properties could be main-
tained constant by carefully cleaning the probe with deion-
ized water following each recording session.

2.4 Electrophysiological recordings After incubation, one
slice was positioned on the MED64 probe in such a way that
the right ACC was in the center of the recording dish mounted
on the stage of an inverted microscope (IX71, Olympus,

Japan). The anatomic locations of those recorded slices were

equivalent to AP: +2.28 to -1.56 mm, ML: 0.0 to 0.9 mm, and
DV: 1 to 4 mm, according to the rat atlas of Paxinos and
Watson™!, Once the slice was settled, a fine mesh anchor
(SHD-22L, Harvard, USA) was carefully disposed to ensure
stabilization of the slice during recording. A microphotograph
of one ACC slice positioned on the MED64 probe was shown
in Fig. 2A.

For the electrophysiological recordings, the probe with
immobilized slices was connected to the stimulation/record-
ing component of MED64. The slice was continuously per-
fused with oxygenated, fresh ACSF at the rate of 2-3 mL/min
with the aid of a peristaltic pump (PERI-STAR™, WPI, USA).
After a 20-min recovery of the slice, one of the 64 available

planar microelectrodes was selected from the 64-switch box
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Fig. 2 Network responses in the ACC recorded with a MED-64 probe. A: A photomicrograph shows the relative position of one ACC slice on the MED-64

electrode (inter-electrode distance, 300 pm). cc, corpus callosum. Scale bar: 600 pm. B: A typical 2 dimensional map of evoked field potentials and

multiunit activities in the ACC slice shown in A. Generally, 3 types of field potentials could be recorded across all layers of ACC slices by the MED64

probe. Scale bar represents 25 ms, 0.5 mV. For both A and B, the red circle indicates the stimulus site and the red square represents the recording

area on the ACC slice.
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for stimulation following visual observation, through a
charge-coupled device camera connected to the inverted
microscope. When one of the 64 planar microelectrodes was
selected as the stimulating electrode, the remaining 63 sites
were used for recording the extracellular field potentials. If
not specified, monopolar, biphasic constant current pulses
(70 pA, 0.1 ms) generated by the data acquisition software
were applied to the layer V-VI of the ACC at 0.1 Hz. The layer
V-VI was chosen to be stimulated for the reason that neurons
within this layer receive sensory inputs from the thalamus
and also send fibers to the superficial layers?®324¢], The
evoked potentials were amplified by a 64-channel amplifier
and then digitized at a 20 kHz sampling rate. The digitized
data were displayed on the monitor screen and stored on the
hard disk of a micro-computer. To improve the signal-to-noise
ratio, 5 successive responses were averaged automatically
in real time by the recording system.

For the LTP induction, stable baseline responses were
first recorded for at least 30 min before delivering the condi-
tioning stimulus to ACC area. The test stimulation intensity
(70 pA) used in the present study had been proved in our
pilot experiments to be able to evoke about 50% of the maxi-
mum amplitude of field potentials. As for the LTP induction
protocol, it is widely accepted that the TBS paradigm re-
sembles the in vivo conditions and has been suggested as a
method to establish a link between artificial and natural
synaptic activities®”. In addition, LTP induced by TBS
appears to be more robust and stable than that induced
by other means*’*%l. In our experiments, 2 TBS were adopted
protocols to induce the LTP in ACC area. The long train pro-
tocol (TBS1) consisted of 10 trains of burst with 4 pulses at
100 Hz, 200 ms interval (Fig. 1A), while the short train proto-
col (TBS2) had the same settings of the train, but the number
of trains was decreased to 5 (Fig. 1B). To standardize teta-
nization strength in different experiments, the TBS intensity
was identical to that of the test stimulation. After TBS, the
test stimulus was repeatedly delivered once every 10 min for
more than 2 h to allow for the observation of any changes in
LTP magnitude and duration.

2.5 Data analysis Data were analyzed off line by the MED64

Conductor. For quantification of the LTP induction, the am-

plitude of field potentials was normalized and expressed as a
percentage of the averaged baseline value. Data sets included
results from only one slice per rat (» = number of slices) and
were presented as the mean+SEM. When necessary, the sta-
tistical significance was determined by one-way ANOVA,
followed by the appropriate post hoc tests using Statistical
software. Paired or two-sample Student’s ¢ test was used
when comparisons were restricted to two means. P < 0.05

was considered as statistically significant.
3 Results

Generally, there were 3 types of field potentials recorded
in different layers of the ACC area by the MED-64 probe
following electrical test stimulation of layer V-VI: positive-
going in layer I, dual-going (or complex) in layer II-IIT and
negative-going in layer V-VI, respectively (Fig. 2B).

In the case of LTP induction, the long train protocol
(TBS1) elicited a clear LTP after its application onto the layer
V-VIin ACC slices (Fig. 3A, upper panel). The success rate of
LTP induction averaged 61.54 % (8/13) in either layer II-11I or
layer V-VI (Table 1). However, the TBS2 protocol could only
induce LTP in 1-2 of the total 8 slices, with an induction rate
being 25 % and 12.50 % in layer II-III and layer V-VI, respec-
tively (TBS2 vs TBS1, P<0.01; Fig. 3A, lower panel, Table 1).
But both of these 2 CS protocols failed to produce LTP in
layer I (Fig. 3, Table 1). Moreover, the induction probability
of LTP, by either protocol, did not differ between layer I1-11I
and layer V-VI (P> 0.05, Table 1).

During maintenance of LTP in layer II-III, the mean am-
plitudes of field potentials normalized to the baseline mea-
sured at 30 min and 120 min post-TBS1were (125.38 +5.42) %
and (146.89 + 7.64) %, respectively (n = 8, Fig. 3B). The val-
ues in layer V-VI were (123.36 +3.44 )% and (151.34+5.64) %
(n =8, Fig. 3B). Furthermore, the LTP induced by TBS1 oc-
curred from post-TBS1 30 min and lasted up to 120 min in
these layers. There was no significant difference in the time
course or magnitude of LTP between layer II-11I and layer V-
VI (P>0.05, Fig. 3B). Notably, due to the small induction rate
of LTP with the short train protocol (TBS2), quantification of
the LTP data by TBS2 could not be obtained.
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Fig. 3 Effects of 2 theta burst stimulation (TBS1 and TBS2) protocols on LTP induction in the ACC. A: Upper panels show trace examples of field
potential responses within layer I (left), II-III (middle) and V-VI (right) of the ACC prior to (Pre-TBS1) or 120 min after TBS1 (Post-TBS1 120 min),
respectively. Lower panels show trace examples of field potential responses within the 3 layers prior to (Pre-TBS2) or 120 min after TBS2 (Post-
TBS2 120 min), respectively. It is clear that TBS1 induced a marked LTP at 120 min while TBS2 failed to produce LTP. B: Time course of cingulate
LTP induced by TBS1 in the 3 layers of the ACC slices. There was no apparent difference in the magnitude and duration of LTP induced between
layer II-IIT and layer V-VI, while no significant LTP was induced in layer I.

Table 1. Comparative analysis of LTP induction rate in layer I,
layer II-1II and layer V-VI of rat ACC slices between short and
long train TBS

Layer I Layer II-III Layer V-VI
TBS 1 0% (0/13) 61.54% (8/13) 61.54% (8/13)
TBS 2 0% (0/8) 25.00% (2/8) 12.50% (1/8)

Notes: ACC, anterior cingulate cortex; TBS1, theta burst stimulation 1; TBS2,
theta burst stimulation 2; LTP, long-term potentiation. Number in parenthesis
indicates successful induction of LTP from the number of slices used in the

experiments.

4 Discussion

The planar multi-electrode array (pMEA) is a unique

and well-established tool for investigating at a macroscopic
level the electrophysiological properties of living brain slices
containing intact networks of neurons, providing a bridge
between single cell testing and behavioral studies***). Com-
pared to traditional electrophysiology, the advantages of
pMEA include: (1) gathering large amounts of otherwise un-
detectable spatial information on the internal dynamics of
networks with multisite recordings®***!; (2) long-term analy-
sis of the spatiotemporal distribution of network level electri-
cal activityP**4°42; (3) stimulating and recording the electro-
physiological activity of many sites within a slicel**#%; (4)
steady recordings that are less sensitive to factors such as
mechanical vibrations?®**!, Altogether, the pMEA technol-

ogy represents a valuable tool for stably recording electro-
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physiological data from multiple sites over extended periods
of time from a variety of biological preparations?®>3642],
Therefore, in the present study, we chose this pMEA record-
ing technique to evaluate changes in LTP induction rate and
magnitude in the ACC slices by 2 different stimulation
protocols.

The MED64 produced by Panasonic has 64 electrodes
in total, with the covered area of the array being about 4.4
mm?, which is wide enough to cover the whole ACC region
from layer I to layer V-VI (Fig. 2). One of the most remarkable
characteristics of using the MED64 to record electrical activ-
ity in ACC slices is that the neuronal activity of every layer of
ACC cells could be simultaneously obtained when one layer
is stimulated. As delineated in Fig. 2, three types of field
potentials could be instantaneously recorded across differ-
ent layers of the ACC slices when stimulating the layer V-VI.
Previous anatomical studies have revealed that the ACC area
has different projecting fibers and cell types within different
layers®*!. Additionally, the inter-layer connections have also
been well investigated®>33), The defined relationship between
these layer distinction and linkage in anatomy and 3 types of
field potentials shown in the present study remains to be
further elucidated. Interestingly, after TBS application onto
the ACC slices, there was no dramatic difference in the LTP
induction rate and magnitude of LTP between layer II-11I and
layer V-VI (Table 1, Fig. 3), implicating that the 2 layers of
cells may receive the same source of inputs and thus func-
tion synchronously during synaptic plasticity. This unique
advantage of MED64 recording in revealing fruitful spatial
information is also embodied in other brain areas, such as the
somatosensory cortex and the hippocampal formation
(unpublished data).

In spite of huge numbers of previous studies on the LTP
phenomenon in various brain structures, such as the
hippocampus, ACC, and amygdala, one critical but largely
overlooked point is that different LTP induction protocols
might exert significant influences not only on the induction
probability of LTP, but also on the duration and magnitude
of established LTP2427303147) "I fact, an induction proto-
col-dependent difference has been reported in the involve-

ment of NR2B-containing N-methyl-D-aspartic acid recep-

tors in the hippocampal CA1 LTP™!. When it comes to the
LTP in the ACC, Zhuo and his colleagues have used the CS
protocol of TBS2 in this study to successfully induce LTP in
the field potential recordings on mouse ACC slices!?*2530:31,
However, the data presented here showed that TBS1 elicited
cingulate LTP more frequently and robustly than the TBS2 in
layer II-IIT or layer V-VI except in layer I in rat ACC slices
(Table 1, Fig. 3). A possible reason for this apparent discrep-
ancy is the experimental animal species (mouse vs rat).
Alternatively, these comparison data indicate that the num-
ber of bursts or the duration of train in TBS may indeed
account greatly for the resultant LTP, in terms of either in-
duction rate or the magnitude and duration. Therefore, it
seems likely that long train of TBS (10 bursts) may be more
appropriate to facilitate the LTP induction in the ACC area.
In summary, these observations strongly reinforce the
assertion that different stimulation protocols may have pro-
found effects on the LTP induction rate and magnitude, thus
affecting final interpretation of the electrophysiological data
regarding the LTP phenomenon in brain slices. Since LTP is
believed to be the mostly accepted synaptic plasticity un-
derlying information processing and storage, and even patho-
logical pain hypersensitivity®>*}], these data emphasize the
necessity of considering protocol-related variations when

designing such experiments in future.
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