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Abstract

Objective—Several neurologic disorders are treated with deep brain stimulation; however, the
mechanism underlying its ability to abolish oscillatory phenomena associated with diseases as
diverse as Parkinson's and epilepsy remain largely unknown. In this study we sought to investigate
the role of specific neurotransmitters in deep brain stimulation (DBS) and determine the role of
non-neuronal cells in its mechanism of action.

Methods—We used the ferret thalamic slice preparation in vitro, which exhibits spontaneous
spindle oscillations, in order to determine the effect of high-frequency stimulation on
neurotransmitter release. We then performed experiments using an in vitro astrocyte culture to
investigate the role of glial transmitter release in HFS-mediated abolishment of spindle
oscillations.

Results—In this series of experiments we demonstrated that glutamate and adenosine release in
ferret slices was able to abolish spontaneous spindle oscillations. The glutamate release was still
evoked in the presence of the Na* channel blocker tetrodotoxin (TTX), but was eliminated with
the vesicular H*-ATPase inhibitor, bafilomycin, and the calcium chelator, BAPTA-AM.
Furthermore, electrical stimulation of purified primary astrocytic cultures was able to evoke
intracellular calcium transients and glutamate release, and bath application of BAPTA-AM
inhibited glutamate release in this setting.

Conclusion—These results suggest that vesicular astrocytic neurotransmitter release may be an
important mechanism by which DBS is able to achieve clinical benefits.
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Introduction

Methods

Deep brain stimulation (DBS) is an effective and increasingly popular treatment for a variety
of disorders including Parkinson's Disease,! dystonia,2 tremor,>:6 epilepsy’:€ and chronic
pain,® as well as psychiatric disorders, like Tourette syndrome,10 obsessive-compulsive
disorder,11-13 and depression.14-16 For the treatment of tremor and epilepsy, specific
thalamic nuclei have been the preferential target for implanted electrodes, while the
subthalamic nucleus (STN) is the favored target for the treatment of Parkinson's disease.l’
Intra-operative recordings from patients have shown that “tremor” neurons in the thalamus
discharge rhythmically, either prior to or in synchrony with the 3-6 Hz oscillatory muscular
tremor.18 High frequency stimulation (HFS) applied to the area of the thalamus containing
tremor cells leads to immediate tremor arrest, and the tremor rapidly returns when
stimulation ceases.1® Absence seizures are also associated with oscillatory phenomena in the
thalamus. They are associated with 3 Hz spike and wave oscillations in the EEG and are
likely to represent a perverse form of thalamo-cortical activity that is related to the normal
generation of spindle waves.2? Spontaneous normal spindle activity and abnormal absence-
seizure-like activity can be recorded even in reduced preparations such as ferret thalamic
brain slices.2! Thus, the ferret thalamic slice is an ideal model for testing the functional
consequences of HFS-mediated neurotransmitter release.

Previously, it has been demonstrated that HFS of the STN22 or the thalamus23:24 results in
neurotransmitter release. Indeed, it has been shown in vitro that the depolarizing effects of
HFS are eliminated by glutamate receptor antagonist drugs,2® supporting the hypothesis that
glutamate release is crucial to HFS function. Furthermore, Bekar et al.28 have also shown
that thalamic DBS is associated with a marked increase in extracellular adenosine and that
adenosinergic mechanisms are important in tremor control.26 Here, we employed an
enzyme-linked glutamate sensor system and fast scan cyclic voltammetry (FSCV) to directly
measure the extracellular glutamate and adenosine levels during HFS, respectively.27-31
There are two potential sources of glutamate and adenosine in the brain: astrocytes32 and
neurons. There are large pools of glutamate and adenosine32:33 stored in astrocytes that can
be released by mechanical stimulation.34:35 In addition, astrocytes release glutamate and
adenosine through a Ca2*-dependent mechanism, establishing an important reciprocal
interaction with neurons.36-38 Despite these results, HFS mediated neurotransmitter release
is assumed to be of neuronal origin, and the possibility that the neurotransmitter may come
from astrocytes has thus far been ignored. Here, we test the hypotheses that HFS results in
glutamate and adenosine release, that this neurotransmitter release has the functional
consequence of abolishing neural network oscillations, and that the neurotransmitter release
may, at least in part, be of astrocytic origin.

In vitro thalamic slice preparation

The following experiments were approved by Institutional Animal Care and Use
Committees in accordance with National Institute of Health guidelines for use of animals in
teaching and research. For the preparation of slices, 3-4 month old male ferrets (Mustela
putorious furo; Marshall Farms; North Rose, New York) were deeply anesthetized with
sodium pentobarbital (30-40mg/kg) and killed by decapitation. The forebrain was rapidly
removed, and the hemispheres were separated with a midline incision. Four hundred micron
thick slices were cut using a vibratome (Ted Pella, Inc.) in the sagittal plane. During the
preparation of slices, the tissue was placed in a solution (5° C) in which NaCl was replaced
with sucrose while maintaining an osmolarity of 307mOsm to increase tissue viability.3°
Slices were placed in an interface style recording chamber (Fine Sciences Tools) maintained
at 34 £ 1° C and allowed at least two hours to recover. The bath was perfused with artificial
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cerebrospinal fluid (aCSF) which contained (126mM NaCl; 2.5mM KCI; 1.2mM MgSOy;
1.25mM NaH,POg4; 2mM CaCl,; 26mM NaHCO3; 10mM dextrose and was aerated with
95% 05, 5% CO,, to a final pH of 7.4. For the first 20 minutes of perfusion, the bathing
medium contained an equal mixture of aCSF and the sucrose-substituted solution. Glutamate
electrochemistry in slices were performed using glutamate biosensors (Pinnacle Technology
Inc., Lawrence, KS), as described below.

Electrophysiology

Electrical stimulation was achieved through placement of a bipolar stimulating electrode
(FHC, Inc., Bowdoinham, ME, USA) that delivered the stimulation (100us duration;
10-500pA amplitude; 100 - 120Hz frequency). Multi-unit extracellular neuronal action
potential activity was obtained using tungsten micro electrodes (FHC, Inc., Bowdoinham,
ME, USA). High frequency stimulation (10s duration, 100Hz, 100us pulse width, 300uA) of
the purified astrocytes was also performed with the stimulating and recording electrodes
within ~100 uM of each other. Mean values are given = SEM. The data were analyzed using
Chart (eDaq) on a Pentium style computer and figures were drawn using CoreIDRAW
(Corel).

Glutamate electrochemistry

Glutamate biosensors (Pinnacle Technology Inc., Lawrence, KS) were made of lengths of
Teflon-coated platinum iridium (7%) wire (Pt-Ir, 0.250.d., Medwire, Mount Vernon, NY).40
An anodized 0.05 mm Ag wire was wrapped on the Teflon coated Pt-Ir electrode to create
an Ag/AgCl reference counter electrode. The sensing cavity was formed by stripping the
Teflon coating from one end, revealing the bare Pt-1r electrode (0.35mm and 1.0mm
lengths). An interferent screening inner-membrane coated the bare Pt-1r electrode, and the
enzyme layer was formed over the inner-membrane by co-immobilizing glutamate oxidase
and ascorbate oxidase with glutaraldehyde and bovine serum albumin (BSA). Glutamate
biosensors were tested in 0.1M phosphate-buffered saline (PBS pH=7.4) for a minimum
glutamate sensitivity of 300pA/uM and for insensitivity to ascorbate (response to 250uM
ascorbate less than 0.5nA). Sensors that did not meet these criteria were rejected. Sensor
length used with brain slices had a sensing region of ~350um.

Adenosine Electrochemistry

Adenosine measurements were made using Wireless Instantaneous Neurotransmitter
Concentration System (WINCS) which utilize fast-scan cyclic voltammetry (FSCV) at a
polyacrylonitrile-based (T-650) carbon-fiber microelectrode (CFM).3! The method for using
FSCV for adenosine measurement has previously been described in detail.2 The pseudo-
color plot exhibits three-dimensional information; each x-, y-axis, and color gradient
indicates time, potential waveform applied at the CFM and currents detected from the CFM,
respectively. The potential waveform applied was from -0.4V to +1.5V and back at 400V/s
every 100ms.

Primary astrocyte culture

Astrocyte cultures were prepared from the cortices of neonatal rats (1-3 day old) using the
Worthington Papain Dissociation System (Worthington Biochemical Corporation,
Lakewood, NJ) as per the method of Huettner and Baughman.*! Briefly, cortices of neonatal
rats were dissected, treated with papain (20U/ml), dissociated by trituration and plated in
75cm? flasks in Dulbecco's modified Eagle's medium supplemented with 10% charcoal-
stripped FBS and 1% penicillin/streptomycin (100U/ml penicillin, 100ug/ml streptomycin).
Cells were fed twice weekly until they reached confluence (Day 10-12 in vitro) at which
point they were mechanically shaken for 1 hr on an orbital shaker to remove any remaining
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oligodendrocytes and microglia. Subsequently, cultures were treated with trypsin for 30 min
at 37°C and re-plated into 24-well culture dishes. Resultant cultures were greater than 98%
astrocytic as determined previously by flow cytometry.42 The cells were washed twice in
PBS prior to inserting the stimulating and glutamate recording electrodes into the well
containing ~1.0 x 10° cells. Glutamate electrochemistry in astrocyte cultures were
performed using glutamate biosensors (Pinnacle Technology Inc., Lawrence, KS), as
described above.

Immunocytochemistry

Astrocytes on coverslips were washed three times in PBS and then fixed in 4%
paraformaldehyde for 10min at room temperature. After rinsing again in PBS, coverslips
were blocked in 10% normal goat serum for 30min followed by overnight incubation at 4°C
with primary antibody (mouse anti-rat GFAP, 1:500, GAS5 clone, Sigma). The following
day, slides were washed in PBS and secondary antibody was applied for 2 hours (goat anti-
mouse Alexa Fluor 555, 1:250, Molecular Probes). After a final wash, cells were post-fixed
in acid-alcohol (95% ethanol, 5% glacial acetic acid) for 10 min, rinsed and mounted with
VectaShield (Vector Laboratories), examined with an Olympus fluorescence microscope,
and images were captured with a Q-Fire cooled camera.

Measurement of intracellular Ca2*

Calcium measurements were performed in order to monitor the ability of the electrical
stimulation to evoke a wave of elevated calcium in astrocytes. [Ca2*] was measured by
monitoring the fluorescence of the Ca2* indicator fluo-4. This indicator was loaded into cells
by incubation for 30min at room temperature in the AM ester derivative of the dye.
Fluorescent excitation was provided using a 480DF10 band-pass filter (Omega Optical). For
time-lapse image acquisition, the epifluorescence microscope was equipped with a cooled
digital camera. For quantitative studies, the temporal dynamics in fluorescence were
expressed as background-subtracted dF/F,. Images presented in the figures have been
spatially filtered with a low-pass filter.

Statistical analysis

Results

Glutamate release data in Figure 6 is represented as mean + SEM. Data was analyzed by
one-way analysis of variance as appropriate. Individual group differences were ascertained
by Tukey's Multiple Comparison Test. In all cases, p < 0.05 was considered significant.

High Frequency Stimulation Abolishes Network Oscillations

Extracellular recordings were made in the ferret perigeniculate nucleus (PGN) in vitro slice
preparation, which generates spontaneous spindle waves (Figure 1; n=21). As demonstrated
previously,23 extracellular recording revealed spontaneous activity (Figure 1A) due to
spindle wave generation. HFS was applied by a stimulating electrode positioned within
~100um of the extracellular recording electrode (Figure 1B). In the immediate post-
stimulation period, spindle wave activity was abolished as noted by the lack of neuronal
activity (Figure 1a and b). The spindling returned in 20-25s, indicating that the neurons were
not lesioned or damaged. Taken together, these results confirm that HFS abolishes
spontaneous network oscillations in a reduced preparation such as the ferret thalamic slice.

High Frequency Stimulation Results in Glutamate and Adenosine Release

In order to determine the temporal relationship between the suppression of spindle waves
and glutamate release, we measured extracellular activity and glutamate levels concurrently
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in ferret thalamic slices in vitro. As shown in Figure 2A, HFS (100Hz, 100us pulse width,
300pA) abolished spontaneous spindle oscillations. Simultaneously, an increase in
extracellular glutamate levels was measured (Figure 2A, lower trace; n=10). In order to
determine if the glutamate release was of neuronal origin, we treated slices with the Na*
channel blocker tetrodotoxin, which abolished spindle waves in the extracellular recording
as would be expected (Figure 2B, upper trace). Tetrodotoxin inhibits sodium channel-
dependent axonal activity and should inhibit axonal-dependent exocytosis at the synapse,
but TTX failed to block the majority of glutamate release induced by HFS (Figure 2B, lower
trace), suggesting that either the glutamate is derived from a non-neuronal source (i.e.
astrocytes) or glutamate is released independently of axonally driven synaptic glutamate
release.

To test whether electrical stimulation could also result in adenosine efflux, we placed a
stimulating electrode (125Hz, 100-200uA, 100us pulse width) and the carbon-fiber
microelectrode (CFM) within 200um of the stimulating electrode in the ferret thalamic slice
(n=3). Figure 3A demonstrates the voltage waveform for measuring adenosine, where the
potential waveform applied was from -0.4V to +1.5V and back at 400V/s every 100ms. As
seen in Figure 3B, the electrical stimulation-induced adenosine efflux was measurable using
FSCV. The pseudo-color plot shows adenosine efflux results by HFS delivered for 5s.
During FSCV, a large background current is present at the CFM by the rapid scanning of the
potential (Figure 3B). Black and red solid vertical lines in Figure 3D demonstrate to the
relationship between background charging currents (before and after HFS, respectively) and
applied voltages. HFS increased this background current only slightly (red solid line, see
also inset). The HFS evoked adenosine efflux exhibited unique voltammetric oxidation
peaks, where the green oval surrounded by the purple ring (at approximately +1.5V) and the
purple oval (at approximately +1.0V) represent the 15t and 2" oxidation peaks of adenosine,
respectively (Figures 3C and 3E). Cyclic-voltammograms were obtained by the background
subtraction. As seen in Figure 3E, a representative cyclic voltammogram shows the 15t and
2"d oxidation peaks of adenosine at +1.5 and +1.0V, respectively.

Possible astrocytic origin of HFS-induced neurotransmitter release

In order to determine if the HFS-induced glutamate release was originating from astrocytes,
we treated slices simultaneously with TTX (to block neuronal activity, Figure 4A, n=6) and
several compounds previously shown to inhibit astrocytic glutamate release. In addition, to
establish whether the observed vesicular glutamate release was calcium-dependent, slices
were treated with the calcium chelator 1,2-bis(2-aminophenoxy)-ethane-N,N,N’,N’-
tetraacetic acid tetrakis acetoxymethyl ester (BAPTA-AM, 50uM, 1h). When slices were
perfused with BAPTA-AM and TTX, HFS-induced glutamate release was completely
eliminated suggesting a calcium-dependent mechanism (Figure 4B, n=5). Next, we
employed Bafilomycin A1 (1uM, 45min), an inhibitor of vesicular glutamate transport, in
the ferret slice. Figure 4C shows that Bafilomycin Al also abolished glutamate release
following HFS (n=5). Finally, in order to establish whether glutamate release may also occur
through volume sensitive ion channels, we treated slices with NPPB (100uM, 10min). This
treatment did not block HFS-induced glutamate release in our paradigm (Figure 4D, n=3).
Overall, these results suggest that astocytes may contribute significantly to vesicular
glutamate release following HFS in thalamic slices through a calcium-dependent
mechanism.

Response of Primary Astrocytes to HFS

In order to determine if HFS leads to astrocytic glutamate release, we utilized a primary
astrocytic culture that we have previously characterized by flow cytometry to show > 98%
purity.#2 Staining for glial fibrillary acidic protein (GFAP), a marker for astrocytes, is shown
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in Figure 5A. High frequency stimulation (10s duration, 100Hz, 100us pulse width, 300uA)
of the purified astrocytes increased extracellular glutamate (Figure 5B, n=5) and the
glutamate level decreased to baseline upon cessation of stimulation. Of note, the HFS
evoked glutamate release profile was similar to the glutamate release profile observed in the
rat in vivo*3 and in the ferret thalamic slices in vitro. Furthermore, this glutamate release
was frequency (Figure 5C) and intensity-dependent (Figure 5D) suggesting it could be
specifically modulated by varying stimulation parameters.

To determine if HFS led to calcium-dependent glutamate release in astrocytic cultures, we
monitored [Ca2*];. As shown in Figure 6A, HFS led to a rise in astrocytic [Ca%*];, that was
stimulus-time locked. Figure 6B depicts individual cell alterations in intracellular calcium
and highlights the fact that each astrocyte responds in a unique fashion to the electrical
stimulation. While each cell displayed a specific temporal and maximal response, there was
a time-dependent generalized increase in astrocytic intracellular calcium after HFS applied
to the culture (Figure 6C). Finally, while TTX treatment had no effect on HFS-induced
glutamate release in astrocytes (Figure 6D), BAPTA-AM (50uM, 45min) completely
abolished it (n=7; **P<0.01 vs. control), suggesting that HFS induces glutamate release in a
calcium-dependent fashion.

Discussion

The results of these experiments demonstrate that HFS elevates extracellular glutamate and
adenosine levels in the ferret thalamic slice that was not inhibited by treatments that block
axonally dependent exocytotic release of neurotransmitter from neurons. These results
indicate that the neurotransmitter release evoked by DBS may be derived in part from a non-
neuronal source. HFS of isolated astrocytes resulted in glutamate release that was similar to
the profiles observed in vitro and in vivo previously,*3 suggesting that astrocytic release may
contribute to the increase in extracellular glutamate levels seen in these settings.
Furthermore, the inhibition of HFS mediated glutamate release by BAPTA and Bafilomycin
Al in the presence of TTX suggests that the release of glutamate occurred from astrocytes
through a Ca%*-dependent vesicular mechanism as suggested in previous studies.** Whether
similar mechanisms exist for release of adenosine from astrocytes requires further study.
Functionally, HFS increased glutamate and adenosine and abolished synchronized
oscillations in the ferret thalamic slices. Taken together, these results suggest that astrocytes
may be an important target for the therapeutic effect of deep brain stimulation.

Functional consequences of HFS-mediated neurotransmitter release

We demonstrated that HFS applied to the thalamus results in both glutamate and adenosine
release. Our results suggest that a component of the neurotransmitter release is of non-
neuronal origin and is capable of abolishing spindle oscillations. Both tremor and absence
seizures appear to involve abnormal oscillatory activity in the thalamus. The frequency of
tremor in Parkinson's disease is 3-6Hz18 and the frequency of spike-wave discharges in
absence seizures is 3Hz. Interestingly, HFS applied to the area containing tremor cells leads
to immediate tremor arrest and a rapid reversal when stimulation ceases.1? Similarly, HFS
applied to the thalamus in our experiments led to immediate glutamate and adenosine
release, which decreased to pre-stimulation levels when stimulation ceased. Thus, the HFS-
mediated glutamate and adenosine release may be important in the ability of DBS to abolish
synchronized neural network oscillations such as those seen in tremor and seizures.
Importantly, Bekar et al.2% have previously shown that thalamic DBS is associated with a
marked increase in the local efflux of adenosine triphosphate (ATP) and extracellular
accumulation of the neuromodulator catabolic product, adenosine. According to previous
work,% adenosine inhibits neuronal activities in the LGN and PGN thalamus by
hyperpolarizing the thalamic neurons through the activation of potassium channels. In
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contrast to this, our previous workZ® showed that glutamate antagonists reversed the HFS-
induced reduction of spindles. This means glutamate, an excitatory neurotransmitter, reduces
the spindles. These things strongly suggest that even though adenosine co-releases with
glutamate, the adenosine effect would be masked by the glutamate effect. Overall, this
implies that glutamate plays a more prominent role than adenosine in reducing spindles in
this system. As a result, we further focused our studies on the characterization of glutamate
release from astrocytes. It should be note, however, that the role of each of these
neurotransmitter systems in the clinical efficacy of DBS in human patients still requires
further investigation.

The Role of Astrocytic Neurotransmitter Release

Recent studies from various fields have highlighted the theory that astrocytes are active
participants in synaptic communication.*® In order for efficient excitatory signaling to take
place in the nervous system, the levels of synaptic glutamate need to be exquisitely
controlled. Astrocytes are thought to perform the majority of this function by clearing
synaptic glutamate via specific sodium-dependent glutamate transporters.4’ Astrocytes play
a more extensive and integral role in the regulation of glutamate than previously suspected.
48 Most importantly, astrocytes respond to neuronal activity by exhibiting calcium waves,
40,49 \which have been shown to further lead to glutamate release.38 In addition, several
studies have now established that astrocytes contain vesicular glutamate stores that can be
triggered to undergo exocytosis by mechanical stimulation,>° activation of ionotropic
glutamate receptors** or activation metabotropic glutamate receptors.®! Finally, previous
studies have also demonstrated that high frequency stimulation of hippocampal slices or
astrocyte cultures can elicit astrocytic calcium waves.52:33 Of note, earlier work by
Hassinger et al.#® showed that calcium responses to mechanical and electrical stimulation
were not abolished by tetrodotoxin treatment suggesting that activation of neuronal Na*
channels was not required for astrocytic calcium responses. Similarly, in the current study
TTX did not attenuate glutamate release in the ferret thalamic slice or in astrocyte cultures.
These findings suggest that inhibition of neuronal activity alone was not sufficient to block
astrocytic responses; however, treatment with the calcium chelator BAPTA or the vesicular
pump inhibitor Bafilomycin was. In addition to a vesicular mechanism, astrocytes also
release glutamate through volume sensitive channels after ATP stimulation.>* We did not
observe an effect of the anion channel blocker, NPPB, on glutamate levels in thalamic slices
after HFS. Therefore, we attribute the persistence of glutamate release during HFS after
TTX treatment to a direct effect of HFS on astrocytes. It is, however, possible that HFS
directly depolarizes axonal terminals and elicits neuronal vesicular release of glutamate even
when axonal transmission has been inhibited by TTX. Were this the case, we would have
expected much reduced glutamate release during HFS with TTX present (the more local
effect of HFS directly on synaptic release of glutamate should be smaller than this local
effect plus axonally driven vesicular release of glutamate). The persistence of almost
identical patterns of glutamate release in the thalamic slice before and after TTX treatment
favors a non-neuronal source for glutamate, and the bafilomycin sensitivity of HFS-
dependent glutamate release from cultured astrocytes is consistent with this interpretation.
Overall, we infer from these results that specific stimuli may recruit different gliotransmitter
release mechanisms that may modify the spatio-temporal characteristics of subsequent
neuronal responses.

Through the coordinated release of molecules such as glutamate and ATP, astrocytes
orchestrate the excitation and inhibition of synaptic networks®® and therefore play a key role
in neurological pathophysiology. For example, astrocytes are implicated in the excitation
underlying seizures.?8 In an elegant study by Tian et al.>” astrocytic calcium waves and
glutamate release were linked to the neuronal depolarization underlying epileptic discharges
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and several classic antiepileptic agents were shown to directly inhibit astrocytic calcium
signaling. Previous work by the same laboratory®8 demonstrated an activity-dependent
potentiation of inhibitory synaptic transmission that was dependent on astrocytic calcium
signaling. In addition, Newman and Zahs>? determined, in a retinal eyecup preparation, that
neuronal spike frequency decreased in a manner dependent on astrocytic calcium because
the effect was blocked when intracellular calcium stores were depleted with thapsigargin.
These authors further hypothesized that calcium-induced glial glutamate excited inhibitory
interneurons to decrease ganglion cell firing via GABA and glycine release. Similarly, in the
rat thalamus, glutamate antagonists blocked the ability of HFS to modulate spindle
oscillations.2* The prime location of astrocytes at the tripartite synapse allows them to
synchronize neuronal responses, an effect which has been linked to activation of
extrasynaptic NMDA receptors.50 Taken together, these studies suggest that glutamate
release from astrocytes can modulate synaptic transmission in a variety of ways that are
likely dependent on the nature and intensity of the inducing stimulus as well as CNS
location, among other factors.

The potential mechanism of deep brain stimulation in the treatment of various disorders
remains an area of active research. Herein, we present evidence consistent with a role of
astrocytic glutamate release in the modulation of neuronal responses important to the
cessation of abnormal oscillatory activity. These findings are important because they
underscore the role of bi-directional glial-synaptic signaling in the central nervous system
during normal and pathological conditions. Future therapies aimed specifically at glia in
addition to neurons, may therefore be useful in the treatment of complex neurological
diseases.
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5s Anterior

Figure 1.

High Frequency Stimulation (HFS) abolishes network oscillations in the ferret thalamus (A)
Spontaneous spindle oscillations in a ferret thalamic slice preparation. Boxed areas indicate
segments during which HFS was applied (a,b). Enlargements of segments from the top trace
during HFS (duration ~3s, frequency 100Hz, intensity 300uA, pulse width 100us) showing
absence of spindle wave following HFS. Spontaneous spindle waves return 20-25s
following HFS. (B) Schema of thalamic slice preparation demonstrating placement of
stimulating and extracellular recording electrodes in the ferret lateral geniculate nucleus
(LGN), within ~100um of each other.
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Figure 2.

HFS in the ferret thalamic slice results in glutamate release that is not blocked by the classic
neuronal exocytosis inhibitor tetrodotoxin. HFS of the LGN (100Hz, 100us pulse width,
300pA) for 10s in the in vitro ferret thalamic slice abolished spindles waves in the post-
stimulation period (A, upper trace) and resulted in a concurrent increase in extracellular
glutamate as measured by an enzyme-linked glutamate sensor (A, lower trace). After
tetrodotoxin (TTX, 2uM) was applied to the bath, neuronal activity was abolished (B, upper
trace); however, an increase in extracellular glutamate was still recorded by the glutamate
sensor (B, lower trace). The stimulating electrode and the glutamate sensor electrode were
positioned within ~100um of each other.
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Figure 3.

HFS induces adenosine efflux in the in vitro ferret thalamic slice. (A) Voltage waveform for
measuring adenosine. (B) The pseudo-color plot shows adenosine efflux by HFS (125Hz,
200pA, for 5s, 100ps pulse width), detected with WINCS-based FSCV at a CFM. The axes
and color gradient indicate the time, the potential waveform applied at the CFM, and the
currents detected from the CFM, respectively. Adenosine exhibits unique voltammetric
oxidation peaks; the green oval surrounded by the purple ring (at approximately +1.5V) and
the purple oval (at approximately +1.0V) represent the 15t and 2" oxidation peaks of
adenosine, respectively. (C) Black and green dotted horizontal lines in (B) indicate 15t and
2"d adenosine oxidation peak currents versus time. This current-time plot clearly shows
adenosine efflux induced by HFS. (D) Black and red solid vertical lines in (B) refer to the
relationship between background charging currents (before and after HFS, respectively) and
applied voltages. A large background current is present at the CFM (Black solid line, see
also inset). HFS increased this background current only slightly (red solid line, see also
inset). Black-lined box indicates the source of the data shown in the expanded area. (E) A
cyclic-voltammogram was obtained by background subtraction (subtracted black line-
indicated currents from red line-indicated currents in (D)). A representative cyclic
voltammogram shows the 15t and 2" oxidation peaks at +1.5 and +1.0V, respectively. The
green line indicates the differential oxidation peak obtained by forward-going potential from
-0.4 to +1.5V, and black line by reverse-going potential from +1.5 to -0.4V.
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Figure 4.

Glutamate measurements made in the in vitro ferret thalamic slice demonstrate that HFS-
induced glutamate release is vesicular and calcium-dependent. (A) Tetrodotoxin (TTX)
treatment has no effect on glutamate release. (B) HFS-induced glutamate release is
suppressed by treatment with the calcium chelator, BAPTA-AM (50uM, 1h; n=3). (C) Bath
application of Bafilomycin (1uM, 45min; n=9), an inhibitor of vacuolar type H*-ATPase, in
addition to TTX, resulted in inhibition of glutamate release. (D) The anion-channel blocker
NPPB (100pM, 10min), does not inhibit HFS-induced glutamate release in the thalamic
slice. The stimulating electrode and the glutamate sensor electrode were positioned within
~100um of each other.
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Figure 5.

HFS induces glutamate release in primary astrocyte cultures. (A) Immunocytochemistry of a
primary astrocytic culture revealed that > 98% of the cells were astrocytes as shown by
GFAP staining. (B) High frequency stimulation (HFS) of the astrocytic culture (100Hz,
100us pulse width, 300pA) for 10 seconds resulted in an increase in extracellular glutamate
as measured by an enzyme-linked glutamate sensor. Astrocytic glutamate release was both
frequency (C) and intensity (D) dependent. The stimulating electrode and the glutamate
sensor electrode were positioned within ~100um of each other.
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Figure 6.

High frequency stimulation induces Ca2* release from cultures astrocytes. (A) High
frequency stimulation induced calcium increases as indicated by the fluorescent dye, fluo-4.
(B) The fluorescence intensity for several individual cells, designated in (A), was monitored
following HFS and demonstrates transient increases in a unique cell-specific pattern. (C)
Mean calcium increase monitored from multiple cells. Note HFS was applied for 10s
beginning at 15s with the following parameters: 100Hz, 100us pulse width, 300uA. (D)
HFS-induced glutamate release was significantly decreased (**P<0.01 vs. control)
following chelation of calcium with BAPTA-AM (50uM, 45min) suggesting a calcium-
dependent mechanism of release.
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