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Abstract

For over a century, it has been speculated that the vestibular system transmits information
about self-motion to the striatum. There have been inconsistent reports of such a connec-
tion, and interest in the subject has been increased by the experimental use of galvanic ves-
tibular stimulation in the treatment of Parkinson’s Disease patients. Nonetheless, there are
few data available on the effects of vestibular stimulation on neurochemical changes in the
striatum. We used in vivo microdialysis to analyse changes in the extracellular levels of
amino acids and monoamines in the rat striatum, following electrical vestibular stimulation.
Stimulation caused a significant decrease in serine and threonine, compared to the no-stim-
ulation controls (P < 0.005 and P < 0.01, respectively). The ratio of DOPAC:dopamine,
decreased on the ipsilateral side following stimulation (P < 0.005). There was a significant
treatment x side x intensity interaction for taurine levels (P < 0.002), due to a decrease on
the contralateral side in stimulated animals, which varied as a function of current. These
results show that peripheral vestibular stimulation causes some neurochemical changes in
the striatum and support the view that activaton of the vestibular system exerts effects on
the function of the striatum.

Introduction

Numerous studies dating back to the early 20 century, have suggested that the vestibular sys-
tem might transmit sensory information concerning self-motion to the striatum, given the
importance of the basal ganglia in the control of movement [1-3]. Potential pathways from the
brainstem vestibular nucleus complex (VNC) or cerebellum, which receive primary afferent
vestibular input, to the basal ganglia have been proposed, including via the motor cortex and
the hippocampus [4]. More direct pathways from the VNC to the striatum, via the parafascicu-
lar nucleus (PFN) of the thalamus, have been supported by neurotracer and electrophysiologi-
cal studies [5,6].
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There have also been several electrophysiological studies conducted over the last few
decades, in which electrical stimulation of the peripheral or central vestibular systems has been
demonstrated to evoke field potentials in the striatum [7,8]. Very few single neuron recording
studies have been conducted, and those published have yielded conflicting results, either show-
ing selective responses to electrical vestibular stimulation [9]or not [10]. Nonetheless, Rancz
etal. [11] reported that stimulation of the rat superior vestibular nerve could evoke field poten-
tials and multi-unit activity in the rat striatum, a result that was confirmed using fMRI. In our
recent study, we also found that a small population of striatal neurons responded to electrical
stimulation of the rat peripheral vestibular system, in a phase-locked manner [12].These
electrophysiological results are consistent with the results from PET and fMRI studies in
humans, which have shown increases in activity in the striatum following either caloric or gal-
vanic vestibular stimulation (GVS) [13-15].

Remarkably, there have been few studies of the effects of vestibular stimulation on neuro-
transmitter release in the striatum. Only one microdialysis study has been published, in which
stochastic GV for 30 min was shown to increase the release of GABA in the substantia nigra,
but not in the striatum [16]; no significant changes in dopamine (DA), glutamate, aspartate,
glycine, taurine, serine, alanine, 3,4-dihydroxyphenylacetic acid (DOPAC) or homovanillic
acid (HVA) were observed. The only other published study, which used receptor autoradiogra-
phy, showed that glutamic acid decarboxylase (GAD) levels increased in the striatum at 1
month following bilateral or unilateral vestibular deafferentation, suggesting an increase in
GABA production [17].

In the entire basal ganglia, almost 99% of neurons have been identified as GABAergic [18],
and in the striatum, all medium spiny neurons (MSNs) and all classes of interneuron besides
one (the cholinergic interneurons), contain GABA. Dopaminergic innervation in the basal
ganglia comes from two midbrain nuclei, the substantia nigra pars compacta (SNc¢) and the
ventral tegmental area (VTA) [19,20].Projections from the SNc synapse primarily in the dorsal
striatum [21], mostly on MSNs, where DA acts as a neuromodulator [22]. While DA and
GABA are considered to be the major neurotransmitters in the striatum, a number of other
neurochemicals play a role. Acetylcholine (ACh), from cholinergic interneurons, regulates
MSN function by binding to muscarinic ACh receptors that are expressed extensively through-
out the striatum, including on MSNs [23]. Serotonin [24,25], noradrenaline [26] and glycine
[27], have all been found to play minor roles in striatal activity. Lesser studied amino acids
have also been shown to be significant, including threonine, serine, and taurine [28-30].

Recently, interest in the possible connection between the vestibular system and the striatum
has stimulated attempts to use stochastic GVS to treat the symptoms of Parkinson’s Disease
(PD), where vestibular symptoms such as balance deficits are especially resistant to treatment
[16,31,32]. Although the exact mechanism by which stochastic GVS exerts its effects on PD is
unknown, Kim et al. [33]demonstrated that this form of electrical stimulation altered the beta
and gamma bands of EEG in the brain, and suggested that it modulates the synchrony of mul-
tiple EEG oscillations. How this might specifically affect the striatum is unknown. Therefore, a
better understanding of the potential effects of electrical stimulation of the vestibular system
on neurochemical levels in the striatum, is urgently needed. The aim of this study was to use in
vivo microdialysis to measure changes in the extracellular levels of a range of amino acids and
monoamines in the striatum, in response to electrical stimulation of the rat vestibular system
under anaesthesia. A total of 14 neurochemicals were initially analysed: 8 amino acids and
metabolites (glutamate, serine, glutamine, glycine, threonine, alanine, taurine and GABA) and
6 monoamines and their metabolites (noradrenaline, dopamine, DOPAC, serotonin, 5-hydro-
xyindoleacetic acid (5-HIAA) and HVA). Amongst the amino acids, glutamate, GABA and
glycine were measured because they are important neurotransmitters, and glutamine because
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itis a precursor to glutamate [16,34,35]. Serine can be converted to D-serine, which is regarded
as a gliotransmitter and can modulate the N-methyl-D-aspartate (NMDA) subtype of gluta-
mate receptor [29]. Taurine was measured because it is a neuromodulator that can act on
GABA , and GABAg receptors [28,30,36]. Lastly, increased levels of threonine have been
reported in PD patients [37]; therefore, it was also measured. Amongst the monoamines, nor-
adrenaline, dopamine and serotonin were measured because they are also important neuro-
transmitters, and 5-HIAA and HVA/DOPAC are metabolites of serotonin and dopamine,
respectively [16,17,19,20,22,25,26]. Based on previous electrophysiological studies in particu-
lar, it was predicted that there would be changes in the release of some of these neurochemicals
in response to electrical stimulation of the vestibular system. Many of the neurochemicals
investigated in this study are of direct relevance to PD. DA is, of course, the major neurotrans-
mitter that is depleted in PD, and, as a result of this disinhibition, ACh levels are increased.
Glutamate levels have been reported to increase in the striatum in PD [34], and GABAergic
function becomes severely dysregulated with both an increase in the release of GABA and an
increase in GABA 4 receptor currents [35]. Glutamine would be expected to change also since
it is a metabolite of glutamate, as would DOPAC and HVA, since they are metabolites of DA.
There is very little evidence available on the relationship between taurine and PD; however,
taurine levels have been reported to be correlated with the loss DA markers [36] and there has
been unsubstantiated speculation that taurine may help to prevent the development of PD.
Alanine and threonine levels have been reported to be higher in patients with PD compared to
controls [37]. Finally, total D-serine content in the striatum has been shown to be increased in
the 6-OHDA animal model of PD [38].

Materials and methods
Animals

Twenty male Wistar rats weighing between 250 and 350g were used for the microdialysis
experiments. The animals were randomly divided into 3 groups: animals in which the striatum
was sampled ipsilaterally to the electrical vestibular stimulation (n = 7), animals which were
sampled contralaterally to the stimulation (n = 7), and a no stimulation control group (n = 6).
Prior to the experiment animals were maintained on a 12 h light-dark cycle with free access to
food and water. All procedures were approved by the University of Otago Animal Ethics Com-
mittee. All experiments were performed in accordance with relevant guidelines and
regulations.

Stimulating electrode implantation

The animals were anaesthetised with urethane (1.5 g/kg, i.p) and were considered ready for
surgery when the pedal-withdrawal reflex was absent. During surgery, the animals’ body tem-
peratures were monitored using a rectal probe (Harvard Apparatus) and maintained at 37°C.
Xylocaine (with 1:10,000 adrenaline; 0.05 ml, s.c) was injected around the wound margins
before any incisions were made.

The vestibular stimulating electrode was bipolar and was implanted into the round window,
under an otolaryngological microscope (OPMI Pico, Zeiss, Hamburg, Germany). The tym-
panic bulla was exposed using a retro-auricular surgical approach and a dental drill used to
open the bulla to expose the round window. A stainless-steel bipolar electrode (MS303/1-B/
SPC, Plastics One Inc.), insulated except at the tip, was placed into the round window as the
stimulating electrode. It was secured in place using dental cement once the location of the
electrode placement was confirmed via visualisation of vestibular nystagmus in response to
stimulation, which was considered evidence that the peripheral vestibular system was being
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Fig 1. (A) Location of microdialysis probe tips the in striatum. Microdialysis probe locations (red symbols signify tip
location) were seen between 0.50 mm and 1.20 mm from bregma based on Paxinos and Watson*’. Probe membranes
measure 2 mm upward from the tip of the probe. (B) Cresyl violet-stained tissue showing a microdialysis probe track
through the cortex and into the striatum. Scale bar represents 1000 pm. (C) Timeline of microdialysis sampling. A

2 um microdialysis probe was inserted into the striatum of urethane-anaesthetised rats. The timeline shows min
following probe insertion. Artificial cerebrospinal fluid was perfused through the probe at a rate of 1.5 pl/min for the
entirety of the sampling time. After 2 h of equilibration samples were collected every 20 min under different
conditions.

https://doi.org/10.1371/journal.pone.0205869.9001

adequately activated [12,39] (Fig 1C). The surgical site was then sutured closed. Eye move-
ments were recorded using a Dino-Lite microscopic video camera focused on the rat’s eye
[12,39], images from which were displayed on a PC monitor. The threshold for nystagmus was
defined as the lowest current at which eye movement was visible (Fig 2). Analysis of the video
files of the animals’ eye movements was performed using eye tracking software (AET Tracker,
STARNAYV, France). Electrical stimulation was controlled using the Spike-2 software package
and the stimulation current was produced using an analogue stimulation isolator (Model

Number of animals
O P NN W b noO N

100 150 200

250 300
Nystagmus threshold (nA)

Fig 2. Thresholds of nystagmus for the animals used in the microdialysis study. Data are shown as number of
animals (n = 14) with thresholds as specific amplitudes (pA).

https://doi.org/10.1371/journal.pone.0205869.g002
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2200: A-M systems). No stimulation animals received the same surgery but without an elec-
trode implanted. The stimulation was applied for 20 min in each case, based on the results we
obtained in our previous study using single neuron recording and c-Fos expression in the stri-
atum [12]. Microdialysis probe implantation occurred within 1 h of implanting the stimulating
electrodes, in order to ensure that the stimulating electrode placement did not change.

Microdialysis probe preparation and implantation

New microdialysis probes (CMA 12 Elite probe, 2 mm, CMA microdialysis) were primed for
use by running filtered (22 pm, durapore PVDF syringe filter, Millipore) artificial cerebrospi-
nal fluid (aCSF; 125 mM NaCl, 3 mM KCl, 1.2 mM MgSO,-7H,0, 1.2 mM CaCl,-2H,0, 0.5
mM NaH,PO,-H,0, 5 mM Na,HPO,, pH 7.4) through the probe at 12 pl/min for 5 min, in
order to remove any air bubbles from the probe. After priming, as well as after each microdia-
lysis experiment, a recovery assay was performed to determine the recovery rate of the probe
for each chemical by immersing the probe in a medium solution containing known concentra-
tions of each of the neurochemicals to be analysed and comparing the concentration of the
neurochemicals in the microdialysate with that in the medium solution.

The animal was transferred to a stereotaxic frame with ear bars for the microdialysis probe
implantation. Xylocaine (with 1:10,000 adrenaline; 0.05 ml, s.c) was injected along the midline
of the head before an incision was made. Using a dental drill, a small hole was made in the
skull to unilaterally expose the area of the brain containing the striatum, either the ipsilateral
or contralateral hemisphere to the vestibular stimulating electrode (0.5 mm from bregma and
2-3 mm lateral to the midline) [12,40]; the dura was pierced. A guide cannula (CMA 12 Guide
Cannula, CMA microdialysis) was inserted into the brain 6 mm from the top of the skull at a
rate of 4 pm/sec. The cannula was then retracted to a depth of 4 mm; this was to allow for the 2
mm membrane of the probe to extend from the end of the cannula. Previous studies have
shown that the implantation of a microdialysis probe can result in the release of neurotrans-
mitters that is not dependent on neuronal activation [41,42]. However, Borland et al [43] dem-
onstrated that by implanting at a rate of approximately 4 um/sec, DA levels in the dialysate
were stable almost immediately after implantation. Furthermore, 2 h after implantation, Bor-
land et al. [43] found that the release was largely tetrodotoxin-sensitive, implying that any DA
release was due to synaptic release and not tissue damage. The probe was connected to a 1 ml
Hamilton syringe containing filtered aCSF in a syringe pump and then inserted into the guide
cannula. The syringe pump was set to a flow rate of 1.5 ul/min and the probe was equilibrated
in place in the brain for 2 h before samples were collected.

Microdialysis sampling protocol

Following equilibration, 30 pl of dialysate was collected on ice for each sample collection (20
min per sample), which was then stored at -80°C for further analysis. Three initial baseline
samples were collected and then a non-stimulation sample was collected between each stimula-
tion sample. Stimulation was delivered at 4 current intensities (0.5x, 1x, 2x, and 3x the thresh-
old of nystagmus). Time was allowed for the clearance of the outflow tube in between samples
to ensure that the sample collected contained only fluid sampled during either the stimulation
or non-stimulation periods and there was no cross-over between samples. To avoid any kind
of order effect, the 4 intensities of stimulation were delivered in a random order and that order
was repeated twice. This resulted in a total of 8 stimulation samples collected and 11 non-stim-
ulation samples collected (Fig 1C). The objective of delivering the same 4 stimulus currents to
each animal was to make it possible to compare the effects of the current amplitudes within
the same animals, taking advantage of the smaller variability within a particular animal,
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compared to between animals. The use of a random order was intended to control for the pos-
sibility of order effects caused by the same order of currents in each case. It is conceivable that
the use of multiple currents obscured the effects of the proceeding current; however, the only
alternative to this would have been to use separate groups of animals for every current, requir-
ing 4 times the number of animals. The fact that the responses to the different currents were
comparable does not prove, but suggests to us, that there might have been minimal effect of
the previous current on the following current in each set of 4 currents. An indication that the
effects of the vestibular stimulation did not saturate, was that nystagmus could still be evoked
at the end of the complete stimulation protocol [12]. The same kinds of samples were collected
for the no stimulation animals; however, no stimulation was given. Although 20 min sampling
periods would not be sufficient to detect instantaneous changes, we reasoned that they should
detect cumulative changes, and previous studies using 20 min sampling periods support this
[44]. It is also possible that the process of implanting the microdialysis probes into the striatum
resulted in non-specific effects on neurotransmitter release. However, the purpose of the non-
stimulation controls, which also had the microdialysis probes implanted into the striatum, was
to control for this. It is possible that some of the variability in neurochemical release prior to
stimulation was due to such non-specific effects. However, such effects were considered to be
controlled for in the design of the experiment by both normalizing the post-stimulation neuro-
chemical levels to baseline and by comparing the stimulation animals with the no stimulation
animals.

Histological analysis for probe placement

At the completion of the experiment the animal was sacrificed via cervical dislocation and the
whole brain was removed and placed in 10% formalin solution. Two days before sectioning, the
brain was transferred to a 30% sucrose in phosphate buffer (PB) solution. The brains were refrig-
erated at 4°C prior to sectioning. The tissue was cut into 40 pm sections using a freezing micro-
tome. Sections were collected in 0.01 M phosphate buffered saline (PBS) in 24 well plates. Cresyl
violet staining was used to identify brain structures and aid in the visualization of the location of
probe tracks in the striatum (Fig 1). Sections were incubated with 0.0015% cresyl violet diluted in
acetic acid for 30 min and were transferred to slides and dried. Sections were then dehydrated in
increasing concentrations of ethanol: (50% - 100%), cleared in xylene and coverslipped.

High-performance liquid chromatography (HPLC) and electrochemical
detection (ECD)

Microdialysis samples were analysed using HPLC (Hewlett Packard 1100 series) with ECD
(ECD-3000RS Electrochemical Detector, Thermo Scientific). Amino acids in the standards
and microdialysis samples were derivatised pre-column with an o-phthaldialdehyde (OPA)/B-
mecaptoethanol (BME) reagent. Briefly, 5 ul of each standard solution or microdialysis sample
was mixed with 10 ul of internal standard, homoserine, and 40 ul OPA/BME reagent by the
autosampler and the derivatisation reaction allowed to occur for 2 min at 8°C before sample
injection. Amino acids were separated on a Luna C18(2) column (3 pm, 100 A, 100 x 4.6 mm,
Phenomenex Inc.) using a mobile phase containing 0.1 M Na,HPO,, 23% methanol and 7%
acetonitrile (pH 6.75) with a flow rate of 0.85 mL/min. The amino acids’ detection was carried
out by the ECD using the settings of E1: 650 mV, 100 nA; E2: 200 mV, 100 pA; and E3: 600
mV, 500 nA. As baseline levels of GABA are very low, attempts were made to increase the sen-
sitivity of GABA detection by reducing the retention time for GABA through optimising the
mobile phase. The final mobile phase composition used for the detection of GABA was 0.1 M
Na,HPO,, 12% methanol and 18% ACN (pH 6.25).
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Monoamines were separated on a Luna C18(2) column (3 um, 100 A, 150 x 4.6 mm, Phe-
nomenex Inc.) using a mobile phase containing 31 mM citric acid monohydrate, 50 mM
Na,HPO,, 0.13 mM ethylenediaminetetraacetic acid (EDTA), 0.576 mM 1-octane sulphonic
acid, 0.001% triethyamine and 15% methanol at pH 3.0 with a flow rate of 1.0 mL/min. The
detection conditions for the ECD were set at E1: 400 mV, 1 pA; E2: -150 mV, 100 nA; and E3:
350 mV, 100 nA. N“-methylserotonin was used as the internal standard. Briefly, each standard
solution or microdialysis sample was mixed with an equal volume of internal standard at 4°C
and 15 pl of the mixture was injected onto the column by the autosampler.

Data analysis and statistical analyses

Neurochemicals were identified based on their retention times, and the concentrations of the
neurochemicals in the dialysates were calculated based on the analyte:internal standard peak
area ratios, using the calibration curves established with the standards used for each individual
neurochemical that were included in each assay using the Chromeleon software (Thermo Sci-
entific). The recovery rate of the microdialysis probe was obtained for each neurochemical by
calculating the ratio between the concentration measured in the recovery dialysate and the
concentration in the medium solution, and expressed as a percentage. To calculate the amount
of each individual neurochemical in the brain during each sampling period, the concentrations
obtained from the HPLC analysis were divided by the recovery rate of the probe prior to the
microdialysis, as described in the following equation:

Concentration in the brain = (dialysate concentration / recovery rate) x 100

The data were analysed statistically in 2 different ways. First, levels of the neurochemicals
during the non-stimulation periods (see Fig 1C) were compared between the stimulation and
no stimulation groups in order to determine whether the level of neurochemical release
changed over time. Second, the levels of the neurochemicals during the stimulation periods
were analysed as a % of the initial baseline for the no stimulation and stimulation animals in
order to determine whether neurochemical release changed as a result of the stimulation.
Since each sequence of stimulations was run twice, the results of both stimulation sequences
were expressed as a % of the initial baseline. Normalising the data to the baseline allowed for a
comparison of responses to the stimulation that controlled for variations in the neurochemical
levels between individual animals. The initial baseline was calculated by averaging the 3 base-
line samples. Percentages were then calculated as a percentage of this average baseline.

Further analysis was performed to compare the ratios of the neurotransmitters to their
metabolites in order to find out whether the metabolism of any of the neurotransmitters had
changed in response to the stimulation. This included the ratios of: glutamine to glutamate,
DOPAC to DA, and HVA to DA. These data were also analysed the same way as the individual
neurochemicals.

Analysis of the non-stimulation raw data, as well as the non-stimulation metabolite ratios,
was performed using a 2 factor Linear Mixed Model (LMM) analysis in SPSS 24, in order to
control for the extensive correlation in repeated measures data [45]. The data were tested for
normality and transformed when necessary. The Akaike’s Information Criterion (AIC) was
used to select the optimal covariance matrix structure. Bonferroni post-hoc tests were used in
the case of significant factors in the LMM. The stimulation data were analysed using general-
ized estimating equations (GEE) within the generalized linear mixed model (GLMM) analysis
option in SPSS 24, with the stimulation and side as between-group factors and intensity as a
repeated measure [45]. The GEE-GLMM was used in preference to LMM analysis because the
data were found to be extremely non-normally distributed and this could not be corrected
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with data transformation. The Corrected Quasi-Likelihood Criterion (QICC) was used to
determine the goodness of fit of the covariance matrix structures*’. Where there were signifi-
cant effects, Bonferroni post-hoc tests were carried out [45].

Results

The experiments were designed so that baseline measurements (i.e., non-stimulation periods)
were made first, and then 4 different current amplitudes, defined in relation to their ability to
activate the vestibular system (Fig 1C; Fig 2), were used to determine whether vestibular stimu-
lation altered neurochemical release (i.e., stimulation periods). In each case the order of the
different current amplitudes was pseudo-randomised in order to avoid order effects, and the
change in neurochemical level was expressed as a % of the initial baseline, in order to control
for fluctuating baselines (Fig 1C). Microdialysis sampling was conducted on the same side as
the vestibular stimulation (ipsilateral), or the opposite side (contralateral), and compared to
ipsilateral and contralateral no stimulation control groups. The metabolism of the neurochem-
icals was also investigated by determining the ratios of the neurochemicals to their metabolites,
e.g. DOPAC:DA.

Location of microdialysis probes

The microdialysis probes were located mostly in the medial striatum (Fig 1A and 1B). The tip
of one probe was found to be located in the lateral ventricle and therefore this animal (ipsilat-
eral stimulation group) was excluded from further analysis.

HPLC-ECD output

HPLC-ECD analysis produced clear detection peaks and consistent retention times for each of
the neurochemicals (Fig 3). Recovery analysis showed that the recovery rates of serotonin and
5-HIAA in the stock solution (200 pg/ul) were negligible. Recovery at a higher concentration
(20 ng/pl) did reveal the neurochemicals at measurable concentrations, suggesting that while
the probes were able to collect those neurochemicals, in the diasylate samples they were too
low to be detected. Levels of noradrenaline in the diasylate samples were also too low to be
detected by the HPLC-ECD method used. Glycine levels in the diasylate were contaminated by
another peak of an unknown chemical. Due to the issues with these neurochemicals, they were
excluded from further analysis.

Extracellular levels of neurochemicals in the striatum during the non-
stimulation periods

Alanine (F(2) = 4.58, P < 0.05) was the only neurochemical to show a significant group differ-
ence during the non-stimulation periods, with alanine release on the side that would be ipsilat-
eral to stimulation, higher than that seen on the contralateral side or in the no-stimulation
animals (pairwise comparison: P < 0.05) (Fig 4). With respect to time, there were changes in
the neurochemical levels of non-stimulation samples for glutamate (F(10) = 3.41, P < 0.005),
taurine (F(10) = 4.34, P < 0.0001), alanine (F(10) = 3.79, P < 0.005) and GABA (F(10) = 2.83,
P <0.01; Fig 4). It appeared that the changes over time were due to higher levels of the neuro-
chemicals at the beginning of the sampling period, possibly due to variations in the exact
probe placement. A time x treatment group interaction was seen in relation to GABA release
(F(2,10) = 2.08, P < 0.02), showing that GABA levels in both the ipsilateral and contralateral
stimulation groups were higher at the start than those in the no-stimulation animals. There
were no other significant interactions seen in the levels of the non-stimulation samples.
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Fig 3. Example traces of HPLC-ECD output. Traces show peaks for standards and samples for amino acid (top), GABA (middle), and
monoamine (bottom) analysis. Retention times for peaks were consistent between samples and experiments. Insets show analysable peaks of low
concentration neurochemicals. Glu-glutamate; Ser—serine; Gln-glutamine; HS-homoserine; Gly-glycine; Thr-threonine; Tau-taurine; Ala-
alanine; NA-noradrenaline; DA-dopamine; DOPAC- 3,4-dihydroxyphenylacetic acid; 5-HT-serotonin, 5-HIAA- 5-hydroxyindoleacetic acid;
Nw-5HT-Nw-methylserotonin; HVA-homovanillic acid.

https://doi.org/10.1371/journal.pone.0205869.9003

Extracellular levels of neurochemicals in the striatum during the
stimulation periods

Changes in the stimulus-dependent release of the neurochemicals were analysed as a % of the
averaged initial baseline for the no-stimulation and stimulation animals. Electrical stimulation
was found to cause statistically significant changes in the neurochemical levels of serine (Wald
x2 (1) = 9.14, P < 0.005) and threonine (Wald %2 (1) = 6.73, P < 0.01). Both neurochemicals
exhibited decreases in the stimulated samples versus the no-stimulation samples (Fig 5). The
levels of DA were found to be significantly higher on the ipsilateral side of no-stimulation ani-
mals compared to the other groups (treatment x side interaction: Wald x2 (1,1) =4.94, P <
0.05); however, the post-hoc tests showed that there were no significant pairwise differences.
There was also a significant side x intensity interaction for DA (Wald %2 (1,3) = 8.23, P < 0.05)
(Fig 5).

The intensity of the stimulation was found to have a significant effect on the levels of gluta-
mate (Wald x2 (3) = 10.32, P < 0.02), glutamine (Wald %2 (3) = 9.14, P < 0.05), taurine (Wald
%2 (3) = 13.98, P < 0.05), and alanine (Wald %2 (3) = 11.59, P < 0.01). Significant side differ-
ences were found in the levels of glutamate (Wald %2 (1) = 4.93, P< 0.05), taurine (Wald y2
(1) =5.04,P<0.05), and HVA (Wald %2 (1) = 6.92, P< 0.01). However, only taurine levels were
found to have significant side x intensity (Wald %2 (1,3) = 13.13, P < 0.005) and treatment x
side x intensity interactions (Wald %2 (1,1,3) = 14.47, P < 0.002). Post-hoc tests revealed signifi-
cant pairwise differences for the ipsilateral no-stimulation group compared to the contralateral
stimulated groups at intensities of 0.5, 1, 2 and 3x the nystagmus threshold, with taurine levels
decreasing following stimulation (P < 0.001 for 0.5, 1x, 2x and P < 0.0001 for 3x). A significant
interaction was also found for side x intensity for alanine (Wald 2 (1,3) = 9.61, P < 0.05; Fig 5);
however, the only significant pairwise post-hoc comparison was between the contralateral side
at the 1x intensity and the contralateral side at the 3x intensity (P < 0.0001).

Metabolism of neurochemicals in the striatum during the non-stimulation
periods

The ratios of the neurotransmitters to their metabolites were analysed in order to see how neu-
rotransmitter turnover might have changed in response to electrical vestibular stimulation.
During the non-stimulation period, the ratios of glutamine:glutamate (F(10) = 3.10, P <
0.005) and HVA:DA (F(10) = 2.04, P < 0.05; Fig 6) changed significantly with time. The ratio
between glutamine:glutamate also showed a significant interaction between stimulation and
time (F(2,10) = 1.94, P < 0.05; Fig 6). The ratio between HVA:DA showed no significant
changes in the pairwise comparisons.

Metabolism of neurochemicals in the striatum during the stimulation
periods

Percentage changes were calculated for the stimulus-dependent release of the neurochemicals
normalised as the % of the initial baseline for the no-stimulation and stimulation animals and
then the metabolic ratios were calculated. Electrical stimulation of the vestibular system
resulted in significant changes in the DOPAC:DA ratio (Wald %2 (1) = 8.644, P < 0.005; Fig
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Fig 4. Changes in the levels of neurochemicals of non-stimulation samples in the striatum of rats that were allocated to either
the electrical vestibular stimulation or no stimulation treatment groups. Glu-glutamate; Ser-serine; GIn-glutamine; Thr-
threonine; Tau-taurine; Ala—alanine; DA-dopamine; DOPAC- 3,4-dihydroxyphenylacetic acid; HVA-homovanillic acid. Stim—
Ipsi-samples collected on the side ipsilateral to stimulation; Stim—Con-samples collected on the side contralateral to stimulation.
Data points are represented as mean + SEM. Only significant main treatment effects, i.e. due to stimulation alone, are shown for
clarity (i.e. no interactions). * = P < 0.05.

https://doi.org/10.1371/journal.pone.0205869.9004

7). This appeared to be due to a decrease in the ratio on the side ipsilateral to the stimulation
versus the ipsilateral no-stimulation group. The intensity of the stimulation was found to have
a significant effect on the ratio of glutamine:glutamate (Wald x2 (3) = 10.46, P < 0.02), due to
an increase in the ratio at the 0.5x intensity compared to the other stimulation levels. A signifi-
cant side difference was found for the ratio of HVA:DA, with the ratio on the contralateral
side higher than that on the ipsilateral side for both the no-stimulation and stimulation groups
(Wald 2 (1) =4.73, P< 0.05).

Discussion

To the best of our knowledge, this is only the second study to use in vivo microdialysis to mea-
sure the effects of electrical stimulation of the peripheral vestibular system in rat on neuro-
transmitter release in the striatum. The first one was by Samoudi et al. [16], who investigated
the effects of stochastic GVS for 30 min on GABA and DA release in the striatum and SN.
However, stochastic GVS, which superimposes a Gaussian noise signal over the stimulus, is
quite a different method of electrical stimulation, intended to mimic the effects of similar stim-
ulation in PD patients, rather than as a means of mapping the effects of activation of the vestib-
ular system on the basal ganglia.

We found limited changes in the neurochemicals we investigated in the striatum, in
response to vestibular stimulation which evoked vestibular nystagmus. Changes in the stimu-
lus-dependent release of the neurochemicals were analysed as a % of the averaged initial base-
line for each of the no-stimulation and stimulation animals. Only serine and threonine
showed significant decreases in the stimulated animals, compared to the no-stimulation con-
trols, that were independent of side and/or current intensity. DA was found to show a small
but significant decrease in release, on the side ipsilateral to stimulation compared to the ipsilat-
eral no-stimulation control group. However, the levels of DA in the contralateral no-stimula-
tion and contralateral stimulated groups, were also lower than in the ipsilateral no-stimulation
control group and there were no significant post-hoc pairwise comparisons. Therefore, there
was no clear evidence that the decrease in DA in the ipsilateral stimulated animals was specific
to that group. However, further analysis of the ratio of DOPAC to DA revealed a significant
decrease in the ipsilateral striatum following stimulation. The DOPAC to DA ratio has been
used as a measurement of DA metabolism [46,47]. The decreased DOPAC/DA ratio in the
present study may suggest a reduced DA metabolism following vestibular stimulation. It has
been shown that stimulation of the subthalamic nucleus (STN) increases DA metabolism, as
indicated by an increase in both the HVA/DA and DOPAC/DA ratios [48]. However, the
same stimulation caused a decrease in DA metabolism in 6-OHDA-lesioned rats [48]. It was
speculated that this decrease in DA metabolism following stimulation might have served as a
mechanism to maintain DA levels in 6-OHDA lesioned rats. In addition, activation of DA D,
receptors increases the DOPAC to DA ratio, while activation of the D, receptor decreases it
[46]. Therefore, a reduced DA metabolism could be a result of reduced activation of the DA
system or a response to maintain DA activity. Further studies to correlate DA metabolism with
neuronal activity may provide insight into how the DA system is affected by vestibular stimula-
tion. It is of interest to note that Samoudi et al. [16], using stochastic GVS, found no significant
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Fig 5. Changes in neurochemical levels in the striatum of rats that received either electrical vestibular stimulation or no stimulation
treatment, normalised to the average of the initial baseline. Glu-glutamate; Ser—serine; Gln-glutamine; Thr-threonine; Tau-taurine; Ala-
alanine; DA-dopamine; DOPAC- 3,4-dihydroxyphenylacetic acid; HV A-homovanillic acid. Stim—Ipsi-samples collected on the side ipsilateral
to stimulation; Stim - Contra—-samples collected on the side contralateral to stimulation. Data points are represented as mean + SEM. Only
significant main treatment effects, i.e. due to stimulation alone, are shown for clarity (i.e. no interactions). ** = P < 0.01; *** = P < 0.005.

https://doi.org/10.1371/journal.pone.0205869.g005

effects on DOPAC in the striatum. However, as mentioned earlier, stochastic GVS is a very dif-
ferent stimulus to the one used here.

Taurine levels also exhibited a significant decrease on the contralateral side in stimulated
animals. Taurine is an aminosulfonic acid, which is considered to be a neuromodulator and is
known to mediate some of its effects via GABA 4 and GABAg receptors [49]. As with serine
and DOPAC, Samoudi et al. [16] found no significant effects on taurine in the striatum using
stochastic GVS.

It was interesting that the levels of serine and threonine were found to be lower in the stim-
ulated animals than the no-stimulation animals. Serine is a neuroactive chemical when found
in the dextrorotation (D-serine) form. While L-serine is the predominant form in the body, it
can be converted to D-serine by serine racemase in astrocytes [50,51]. D-serine is classed as a
gliotransmitter, as it is released from astrocytes in a calcium-dependent manner [52]. It binds
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Fig 6. Changes in non-stimulation levels of neurochemical metabolite ratios in the rat striatum following electrical vestibular stimulation. Glu-glutamate; Gln—
glutamine; DA-dopamine; DOPAC- 3,4-dihydroxyphenylacetic acid; HVA-homovanillic acid. Stim—Ipsi-samples collected on the side ipsilateral to stimulation; Stim
—Con-samples collected on the side contralateral to stimulation. Data points are represented as mean + SEM.

https://doi.org/10.1371/journal.pone.0205869.g006
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represented as mean + SEM. Only significant main treatment effects, i.e. due to stimulation alone, are shown for clarity (i.e. no interactions). *** =
P <0.005.

https://doi.org/10.1371/journal.pone.0205869.g007

to the glycine binding site on NMDA receptors and causes receptor activation [52] While the
role of serine in the striatum is unknown, it has been demonstrated that serine is necessary for
the development of long-term potentiation [53,54]. From this it can be hypothesised that ser-
ine may play a role in movement initiation and motor learning [53,54,55]. While the isomers
were not analysed here, it can be assumed that at least some of the serine measured was D-ser-
ine and may therefore have affected NMDA receptor activity. Threonine has been assumed to
be a non-neuroactive amino acid; however, increased levels of threonine have been reported in
PD patients [37].

Most of the microdialysis probes were positioned quite ventrally in the striatum (see Fig
1B), and therefore most of the DA in this area would probably arise from the VTA. The
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nucleus accumbens and the olfactory tubercle comprise the ventral striatum, which has spe-
cific roles in cognitive functions related to motivation, aversion and reward [56]. Conse-
quently, the effects of vestibular stimulation on neurochemical release in this particular area of
the striatum could be quite different from other areas such as the dorsal striatum.

It is critical in microdialysis studies to normalise the effects of any stimulation on neuro-
chemical release, to a pre-stimulation baseline, and in this case all of the data collected in
response to stimulation (or no-stimulation) were expressed as a % of these baselines. However,
in addition, we also analysed the stability of the neurochemical levels before stimulation, in
order to determine whether they changed spontaneously as a result of time. Indeed, we did
find significant changes in the non-stimulation samples for alanine, GABA, glutamate, and
taurine, which appeared to be due to changes in the baseline levels in the animals allocated to
the stimulation group, but before the stimulation. For GABA, there was a significant interac-
tion between group allocation and time, which might have been due to the electrical stimula-
tion that the animals received during the placement of the stimulating electrode, prior to
microdialysis. It is important to keep in mind, when interpreting the effects of the vestibular
stimulation, that neurochemical levels may change over time anyway, even without interven-
tion, simply as a result of changes in the animal’s brain activity over time. Such stimulation-
independent changes can occur for the neurochemical-metabolite ratios as well, and we also
found that time was a significant factor for the glutamine-glutamate ratio. It is for this reason
that we expressed all of the stimulation data as a % of the baseline data, in order to control for
differences in baseline levels. While some baselines did vary over time, the differences that we
detected as a result of vestibular stimulation should have been superimposed on those
differences.

In general, it would be expected that the intensity of the stimulation current would have a
significant effect on neurochemical release, and this was the case for glutamate, glutamine, tau-
rine, and alanine, with alanine also showing a significant intensity effect in interaction with
side and taurine levels, and a significant treatment x side x intensity interaction. It was notable,
however, that for most of the neurochemicals for which changes were detected as a result of
the stimulation, these changes did not vary much as a function of the different currents used
and in most cases the differences could be seen even at 0.5x the threshold for nystagmus. This
suggests to us that these effects could be produced even at low current amplitudes that were
likely to be very selective for vestibular activation, given the use of bipolar electrodes in the
round window.

It is possible that the implantation of the microdialysis probes and the stimulation prior to
microdialysis sampling may have had an effect on the non-stimulation samples taken. This
could be a major explanation of the inter-animal variability observed prior to stimulation.
Despite accurate stereotaxic coordinates, it was inevitable that the microdialysis probes would
be located in slightly different positions in the striatum. It was expected from the results of our
electrophysiological studies [12] that following the end of the stimulation, the stimulated neu-
rons would cease firing and the extracellular neurochemicals would be then rapidly taken up
by neurons and glia. Therefore, the neurochemical levels would return to baseline rapidly fol-
lowing stimulation. In order to control for any type of order effect that the different stimula-
tion intensities might have, they were applied in a pseudo-random order. However, while this
meant that the order of the stimulations was controlled for, it limited the ability to analyse the
effects of the different stimulation intensities on the subsequent non-stimulation samples. It is
also possible that the implantation of the microdialysis probes caused an immunological reac-
tion that confounded the results. For example, Woodroofe et al. [57] demonstrated that micro-
dialysis probe implantation in the brain resulted in the increased production of interleukins -1
and -6 by macrophages during a 24 to 48 h period following probe implantation. However, the
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timescale of our experiments after implantation was approximately 10 hs, long before this kind
of immune response would have occurred. Nonetheless, other rapidly occurring immune
responses cannot be excluded, and neither can plasticity mechanisms that might have been
stimulated by the trauma caused by the probe implantation. However, since similar probe
implantation occurred in both the stimulation and no stimulation groups, it is difficult to
ascribe any effects of the stimulation to the probe placement in the stimulation group alone.

ACh is a significant neurotransmitter in the striatum, which was not analysed in the present
study due to the difficulty in collecting enough sample volume for all of the analyses. ACh
analysis via HPLC requires a unique protocol in addition to those performed above [58].
Therefore, to acquire enough sample volume to analyse ACh, in addition to the other neuro-
chemicals, would have either required a stimulation period long enough to potentially cause
sensitisation, or a higher microdialysis flow rate, which would have significantly decreased the
neurochemical recovery rate. As there are known changes in the cholinergic system in the stri-
atum following vestibular loss [59], this will be an important avenue for further study.

It is conceivable that the sampling paradigm used in this experiment was not sensitive
enough to measure rapid changes in the electrical stimulation-evoked release of some neuro-
transmitters. Microdialysis required the collection of samples over min and therefore it is pos-
sible that rapid changes in neurochemical levels were masked by the average neurochemical
levels over time. In the future, the use of a more time-specific sampling method would be bene-
ficial. However, it should be noted that previous studies using 20 min sampling periods have
successfully detected changes in neurotransmitter release in the brain following electrical stim-
ulation of the vestibular system [44] and although this temporal resolution may not detect
instantaneous changes, it should detect cumulative changes. For example, Horii et al. [44]
detected significant changes in ACh release in the hippocampus following electrical stimula-
tion of the round window.

In conclusion, this study presents the first analysis of amino acid and monoamine levels in
the striatum, using microdialysis, following electrical stimulation of the rat peripheral vestibu-
lar system, designed to evoke vestibular nystagmus. The results show that the main effects of
such stimulation were a decrease in serine and threonine levels, independently of the side of
analysis, and a decrease in the DOPAC/DA ratio that was specific to the ipsilateral side of stim-
ulation. Furthermore, taurine showed a complex decrease on the contralateral side in stimu-
lated animals, that varied according to the current intensity. These results are consistent with
the view that the vestibular system exerts significant effects on the function of the striatum,
albeit in a complex way [3].

Financial Disclosure: This research was supported by grants from the University of Otago
Research Committee (9076 to PFS*) and the Maurice and Phyllis Paykel Trust (1954 to PFS*).
LS was supported by a University of Otago PhD Scholarship and YZ by a Jean Cathie Estate
Senior Research Fellowship administered by the Auckland Medical Research Foundation.

Acknowledgments

We thank Dr. Stephane Besnard of the University of Caen for access to the AET Tracker,
STARNAYV eye tracking software, and the Dept. of Anatomy for the use of its microscope
facilities.

Author Contributions
Conceptualization: Lucy Stiles, Yiwen Zheng, Paul F. Smith.

Data curation: Paul F. Smith.

PLOS ONE | https://doi.org/10.1371/journal.pone.0205869 October 29, 2018 17/21


https://doi.org/10.1371/journal.pone.0205869

®PLOS | one

Vestibular system and striatal neurochemistry

Formal analysis: Paul F. Smith.

Funding acquisition: Yiwen Zheng, Paul F. Smith.
Investigation: Lucy Stiles, Yiwen Zheng.
Methodology: Lucy Stiles, Yiwen Zheng.

Project administration: Yiwen Zheng, Paul F. Smith.
Resources: Paul F. Smith.

Supervision: Yiwen Zheng, Paul F. Smith.
Validation: Yiwen Zheng.

Writing - original draft: Paul F. Smith.

Writing - review & editing: Lucy Stiles, Yiwen Zheng.

References

1. Muskens L. An anatomico-physiological study of the posterior longitudinal bundle in its relation to forced
movements. Brain 1914; 36: 352—426.

2. Muskens L. The central connections of the vestibular nuclei with the corpus striatum, and their signifi-
cance for ocular movements and for locomotion. Brain 1922; 45: 454-478.

3. Stiles L, Smith PF. The vestibular-basal ganglia connection: Balancing motor control. Brain Res. 2015;
1597: 180-188. https://doi.org/10.1016/j.brainres.2014.11.063 PMID: 25498858

4. Kelley A, Domesick V. The distribution of the projection from the hippocampal formation to the nucleus
accumbens in the rat: an anterograde and retrograde-horseradish peroxidase study. Neurosci. 1982; 7:
2321-2335.

5. LaiH, Tsumori T, Shiroyama T, Yokota S, Nakano K, Yasui Y. Morphological evidence for a vestibulo-
thalamo-striatal pathway via the parafascicular nucleus in the rat. Brain Res. 2000; 872: 208—214.
PMID: 10924695

6. Kim N, Choi MA, Koo H, Park BR, Han SW, Cheong C, et al. Activation of the thalamic parafascicular
nucleus by electrical stimulation of the peripheral vestibular nerve in rats. Exp. Brain Res. 2017; 235:
1617—-1625. https://doi.org/10.1007/s00221-016-4864-5 PMID: 28265687

7. Liedgren S, Schwarz D. Vestibular evoked potentials in thalamus and basal ganglia of the squirrel mon-
key (Saimiri sciureus). Acta Otolaryngol. 1976; 81: 73-82. PMID: 814779

8. Spiegel EA, Szekely EG, Gildenberg PL. Vestibular responses in midbrain, thalamus, and basal gan-
glia. Arch. Neurol. 1965; 12: 258-269. PMID: 14247384

9. Segundo J, Machne X. Unitary responses to afferent volleys in lenticular nucleus and claustrum. J. Neu-
rophysiol. 1956; 19: 325-339. https://doi.org/10.1152/jn.1956.19.4.325 PMID: 13332440

10. Matsunami K, Cohen B. Afferent modulation of unit activity in globus pallidus and caudate nucleus:
changes induced by vestibular nucleus and pyramidal tract stimulation. Brain Res. 1975; 91: 140-146.
PMID: 1131694

11. Rancz EA, Moya J, Drawitsch F, Brichta AM, Canals S, Margrie TW. Widespread vestibular activation
of the rodent cortex. J Neurosci. 2015; 35: 5926—34. https://doi.org/10.1523/JNEUROSCI.1869-14.
2015 PMID: 25878265

12. Stiles L, Reynolds JN, Napper R, Zheng Y, Smith PF. Single neuron activity and c-Fos expression in the
rat striatum following electrical stimulation of the peripheral vestibular system. Physiol. Rep. 2018; 6
(13): e13791. https://doi.org/10.14814/phy2.13791 PMID: 30003674

13. Bottini G, Sterzi R, Paulesu E, Vallar G, Cappa SF, Erminio F, et al. Identification of the central vestibu-
lar projections in man: a positron emission tomography activation study. Exp. Brain Res. 1994; 99:
164-169. PMID: 7925790

14. Della-Justina HM, Gamba HR, Lukasova K, Nucci-da-Silva MP, Winkler AM, Amaro E Jr. Interaction of
brain areas of visual and vestibular simultaneous activity with fMRI. Exp. Brain Res. 2014; 233: 1-16.
https://doi.org/10.1007/s00221-014-4034-6

15. Vitte E, Derosier C, Caritu Y, Berthoz A, Hasboun D, Soulié D. Activation of the hippocampal formation
by vestibular stimulation: a functional magnetic resonance imaging study. Exp. Brain Res. 1996; 112:
523-526. PMID: 9007554

PLOS ONE | https://doi.org/10.1371/journal.pone.0205869 October 29, 2018 18/21


https://doi.org/10.1016/j.brainres.2014.11.063
http://www.ncbi.nlm.nih.gov/pubmed/25498858
http://www.ncbi.nlm.nih.gov/pubmed/10924695
https://doi.org/10.1007/s00221-016-4864-5
http://www.ncbi.nlm.nih.gov/pubmed/28265687
http://www.ncbi.nlm.nih.gov/pubmed/814779
http://www.ncbi.nlm.nih.gov/pubmed/14247384
https://doi.org/10.1152/jn.1956.19.4.325
http://www.ncbi.nlm.nih.gov/pubmed/13332440
http://www.ncbi.nlm.nih.gov/pubmed/1131694
https://doi.org/10.1523/JNEUROSCI.1869-14.2015
https://doi.org/10.1523/JNEUROSCI.1869-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25878265
https://doi.org/10.14814/phy2.13791
http://www.ncbi.nlm.nih.gov/pubmed/30003674
http://www.ncbi.nlm.nih.gov/pubmed/7925790
https://doi.org/10.1007/s00221-014-4034-6
http://www.ncbi.nlm.nih.gov/pubmed/9007554
https://doi.org/10.1371/journal.pone.0205869

®PLOS | one

Vestibular system and striatal neurochemistry

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Samoudi G, Nissbrandt H, Dutia MB, Bergquist F. Noisy galvanic vestibular stimulation promotes
GABA release in the substantia nigra and improves locomotion in hemiparkinsonian rats. PLoS One
2012; 7:e29308. https://doi.org/10.1371/journal.pone.0029308 PMID: 22238601

Giardino L, Zanni M, Pignataro O. DA1 and DA2 receptor regulation in the striatum of young and old
rats after peripheral vestibular lesion. Brain Res. 1996; 736: 111-117. PMID: 8930315

Tepper JM, Bolam JP. Functional diversity and specificity of neostriatal interneurons. Curr. Opin. Neuro-
biol. 2004; 14: 685-692. https://doi.org/10.1016/j.conb.2004.10.003 PMID: 15582369

Fallon JH, Moore RY. Catecholamine innervation of the basal forebrain IV. Topography of the dopamine
projection to the basal forebrain and neostriatum. J. Comp. Neurol. 1978; 180: 545-579. https://doi.org/
10.1002/cne.901800310 PMID: 659674

Moore R, Bloom F. Central catecholamine neuron systems: anatomy and physiology of the dopamine
systems. Annu. Rev. Neurosci. 1978; 1: 129—169. https://doi.org/10.1146/annurev.ne.01.030178.
001021 PMID: 756202

Beckstead RM, Domesick VB, Nauta WJ. Efferent connections of the substantia nigra and ventral teg-
mental area in the rat. In. Neuroanatomy, edn: Springer. 1993; pp 449—475.

Freund TF, Bolam JP, Bjérklund A, Stenevi U, Dunnett SB, Powell JF, et al. Efferent synaptic connec-
tions of grafted dopaminergic neurons reinnervating the host neostriatum: a tyrosine hydroxylase immu-
nocytochemical study. J. Neurosci. 1985; 5: 603—-616. PMID: 2857778

Weiner DM, Levey Al, Brann MR. Expression of muscarinic acetylcholine and dopamine receptor
mRNAs in rat basal ganglia. Proc. Natl. Acad. Sci. U.S.A. 1990; 87: 7050-7054. PMID: 2402490

Geyer MA, Puerto A, Dawsey WJ, Knapp S, Bullard WP, Mandell AJ. Histologic and enzymatic studies
of the mesolimbic and mesostriatal serotonergic pathways. Brain Res. 1976; 106: 241-256. PMID:
6112

Ward RP, Dorsa DM. Colocalization of serotonin receptor subtypes 5-HT2A, 5-HT2C, and 5-HT6 with
neuropeptides in rat striatum. J. Comp. Neurol. 1996; 370: 405—414. https://doi.org/10.1002/(SICI)
1096-9861(19960701)370:3&lt;405::AID-CNE10&gt;3.0.CO;2-R PMID: 8799865

Versteeg DH, Van der Gugten J, De Jong W. Regional concentrations of noradrenaline and dopamine
in rat brain. Brain Res. 1976; 113: 563-574. PMID: 953752

Sergeeva O, Haas H. Expression and function of glycine receptors in striatal cholinergic interneurons
from rat and mouse. Neurosci. 2001; 104: 1043—-1055.

Clarke D, Smith A, Bolam J. Uptake of [3H] taurine into medium-size neurons and into identified striato-
nigral neurons in the rat neostriatum. Brain Res. 1983; 289: 342—-348. PMID: 6318902

Schell MJ, Molliver ME, Snyder SH. D-serine, an endogenous synaptic modulator: localization to astro-
cytes and glutamate-stimulated release. Proc. Natl. Acad. Sci. U.S.A. 1995; 92: 3948-3952. PMID:
7732010

Molchanova S, Oja SS, Saransaari P. Characteristics of basal taurine release in the rat striatum mea-
sured by microdialysis. Amino Acids 2004; 27: 261-268. https://doi.org/10.1007/s00726-004-0139-8
PMID: 15549491

Yamamoto Y, Struzik ZR, Soma R, Ohashi K, Kwak S. Noisy vestibular stimulation improves autonomic
and motor responsiveness in central neurodegenerative disorders. Ann. Neurol. 2005; 58: 175—-181.
https://doi.org/10.1002/ana.20574 PMID: 16049932

Pan W, Soma R, Kwak S, Yamamoto Y. Improvement of motor functions by noisy vestibular stimulation
in central neurodegenerative disorders. J. Neurol. 2008; 255: 1657-1661. https://doi.org/10.1007/
s00415-008-0950-3 PMID: 18677633

Kim DJ, Yogendrakumar V, Chiang J, Ty E, Wang ZJ, McKeown MJ. Noisy galvanic vestibular stimula-
tion modulates the amplitude of EEG synchrony patterns. PLOS One. 2013; 8(7): €69055. https://doi.
org/10.1371/journal.pone.0069055 PMID: 23874865

Blandini F, Porter RHP, Greenamyre JT. Glutamate and Parkinson’s disease. Mol. Neurobiol. 1996; 12
(1): 73-94. hitps://doi.org/10.1007/BF02740748 PMID: 8732541

Dehorter N, Hammond C. Giant GABAA receptor mediated currents in the striatum, a common signa-
ture of Parkinson’s disease in pharmacological and genetic rodent models. Basal Ganglia. 2013; 3(4):
https://doi.org/10.1016/j.baga.2013.10.001

Dawson R, Pelleymounter AP, Cullen MJ, Gollub M, Liu S. An age-related decline in striatal taurine is
correlated with a loss of dopaminergic markers. Brain Res. Bull. 1999; 48(3): 319-324. PMID:
10229341

Arfani AEI, Albertini G, Bentea E, Demuyser T, Eeckhaut AV, Smolders |, et al. Serum metabolomics
study in a group of Parkinson’s disease patients from northern India. Clinica Chimica Acta. 2018; 480:
214-219.

PLOS ONE | https://doi.org/10.1371/journal.pone.0205869 October 29, 2018 19/21


https://doi.org/10.1371/journal.pone.0029308
http://www.ncbi.nlm.nih.gov/pubmed/22238601
http://www.ncbi.nlm.nih.gov/pubmed/8930315
https://doi.org/10.1016/j.conb.2004.10.003
http://www.ncbi.nlm.nih.gov/pubmed/15582369
https://doi.org/10.1002/cne.901800310
https://doi.org/10.1002/cne.901800310
http://www.ncbi.nlm.nih.gov/pubmed/659674
https://doi.org/10.1146/annurev.ne.01.030178.001021
https://doi.org/10.1146/annurev.ne.01.030178.001021
http://www.ncbi.nlm.nih.gov/pubmed/756202
http://www.ncbi.nlm.nih.gov/pubmed/2857778
http://www.ncbi.nlm.nih.gov/pubmed/2402490
http://www.ncbi.nlm.nih.gov/pubmed/6112
https://doi.org/10.1002/(SICI)1096-9861(19960701)370:3&lt;405::AID-CNE10&gt;3.0.CO;2-R
https://doi.org/10.1002/(SICI)1096-9861(19960701)370:3&lt;405::AID-CNE10&gt;3.0.CO;2-R
http://www.ncbi.nlm.nih.gov/pubmed/8799865
http://www.ncbi.nlm.nih.gov/pubmed/953752
http://www.ncbi.nlm.nih.gov/pubmed/6318902
http://www.ncbi.nlm.nih.gov/pubmed/7732010
https://doi.org/10.1007/s00726-004-0139-8
http://www.ncbi.nlm.nih.gov/pubmed/15549491
https://doi.org/10.1002/ana.20574
http://www.ncbi.nlm.nih.gov/pubmed/16049932
https://doi.org/10.1007/s00415-008-0950-3
https://doi.org/10.1007/s00415-008-0950-3
http://www.ncbi.nlm.nih.gov/pubmed/18677633
https://doi.org/10.1371/journal.pone.0069055
https://doi.org/10.1371/journal.pone.0069055
http://www.ncbi.nlm.nih.gov/pubmed/23874865
https://doi.org/10.1007/BF02740748
http://www.ncbi.nlm.nih.gov/pubmed/8732541
https://doi.org/10.1016/j.baga.2013.10.001
http://www.ncbi.nlm.nih.gov/pubmed/10229341
https://doi.org/10.1371/journal.pone.0205869

®PLOS | one

Vestibular system and striatal neurochemistry

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Babu GN, Gupta M, Paliwal VK, Singh S, Chatteriji T, Roy R. Alterations in the motor cortical and striatal
glutamatergic system and p-serine levels in the bilateral 6-hydroxydopamine rat model for Parkinson’s
disease. Neurochem. Int. 2015; 88: 88-96. https://doi.org/10.1016/j.neuint.2015.07.005 PMID:
26172319

Zheng Y, Geddes L, Sato G, Stiles L, Darlington CL, Smith PF. Galvanic vestibular stimulation impairs
cell proliferation and neurogenesis in the rat hippocampus but not spatial memory. Hippocampus. 2014;
24:541-552. https://doi.org/10.1002/hipo.22247 PMID: 24449222

Paxinos G, Watson C. The Rat Brain in Stereotaxic Coordinates. 6th edn. Elsevier Academic Press:
San Diego. 2007.

Westerink B, Vries J. Characterization of in vivo dopamine release as determined by brain microdialysis
after acute and subchronic implantations: methodological aspects. J. Neurochem. 1988; 51: 683-687.
PMID: 3411321

Timmerman W, Westerink BH. Brain microdialysis of GABA and glutamate: what does it signify? Syn-
apse 1997; 27: 242-261. https://doi.org/10.1002/(SIC1)1098-2396(199711)27:3<242:: AID-SYN9>3.0.
CO;2-D PMID: 9329159

Borland LM, Shi G, Yang H, Michael AC. Voltammetric study of extracellular dopamine near microdialy-
sis probes acutely implanted in the striatum of the anesthetized rat. J. Neurosci. Methods 2005; 146:
149-158. https://doi.org/10.1016/j.jneumeth.2005.02.002 PMID: 15975664

Horii A, Takeda N, Mochizuki T, Okakura-Mochizuki K, Yamamoto Y, Yamatodani A. Effects of vestibu-
lar stimulation on acetylcholine release from rat hippocampus: an in vivo microdialysis study. J Neuro-
physiol. 1994; 72(2): 605—11. https://doi.org/10.1152/jn.1994.72.2.605 PMID: 7983522

McCulloch CE, Searle SR, Neuhaus JM. Generalized, Linear, and Mixed Models. Hoboken, New Jer-
sey: John Wiley & Sons, Inc. 2008.

Avila-Luna A, Prieto-Leyva J, Galvez-Rosas A, Alfaro-Rodriguez A, Gonzalez-Pina R, Bueno-Nava A.
D1 Antagonists and D2 agonists have opposite effects on the metabolism of dopamine in the rat stria-
tum. Neurochem Res. 2015; 40(7): 1431-7. https://doi.org/10.1007/s11064-015-1611-4 PMID:
25981954

Khlebnikova NN, Orshanskaya EV, Narkevich VB, Kudrin VS, Krupina NA. Dipeptidyl peptidase 4 inhib-
itors diprotin A and sitagliptin administered on weeks 2—3 of postnatal development modulate mono-
amine metabolism in the striatum of adult rats. Bull Exp Biol Med. 2017; 163(2): 190—-194. https://doi.
org/10.1007/s10517-017-3763-5 PMID: 28726205

Walker RH, Koch RJ, Moore C, Meshul CK. Subthalamic nucleus stimulation and lesioning have distinct
state-dependent effects upon striatal dopamine metabolism. Synapse. 2009; 63(2): 136—46. https://
doi.org/10.1002/syn.20592 PMID: 19021215

Kilb W, Fukuda A. Taurine as an essential neuromodulator during perinatal cortical development. Front
Cell Neurosci. 2017; 11: 328. https://doi.org/10.3389/fncel.2017.00328 PMID: 29123472

Wolosker H, Blackshaw S, Snyder SH. Serine racemase: a glial enzyme synthesizing D-serine to regu-
late glutamate-N-methyl-D-aspartate neurotransmission. Proc. Natl. Acad. Sci. U.S.A. 1999; 96:
13409-13414. PMID: 10557334

Stevens ER, Esguerra M, Kim PM, Newman EA, Snyder SH, Zahs KR, et al. D-serine and serine race-
mase are present in the vertebrate retina and contribute to the physiological activation of NMDA recep-
tors. Proc. Natl. Acad. Sci. U.S.A. 2003; 100: 6789-6794. https://doi.org/10.1073/pnas.1237052100
PMID: 12750462

Mothet JP, Parent AT, Wolosker H, Brady RO Jr, Linden DJ, Ferris CD. D-serine is an endogenous
ligand for the glycine site of the N-methyl-D-aspartate receptor. Proc. Natl. Acad. Sci. U.S.A. 2000; 97:
4926-4931. PMID: 10781100

Pisani A, Centonze D, Bernardi G, Calabresi P. Striatal synaptic plasticity: implications for motor learn-
ing and Parkinson’s disease. Mov. Disord. 2005; 20: 395—-402. https://doi.org/10.1002/mds.20394
PMID: 15719415

Henneberger C, Papouin T, Oliet SH, Rusakov DA. Long-term potentiation depends on release of D-
serine from astrocytes. Nature 2010; 463: 232. hitps://doi.org/10.1038/nature08673 PMID: 20075918

Charpier S, Deniau J. In vivo activity-dependent plasticity at cortico-striatal connections: evidence for
physiological long-term potentiation. Proc. Natl. Acad. Sci. U.S.A. 1997; 94: 7036-7040. PMID:
9192687

Saddoris MP, Cacciapaglia F, Wightman RM, Carelli RM. Differential dopamine release dynamics in
the nucleus accumbens core and shell reveal complementary signals for error prediction and incentive
motivation. J. Neurosci. 2015; 35 (33): 11572-82. https://doi.org/10.1523/JNEUROSCI.2344-15.2015
PMID: 26290234

PLOS ONE | https://doi.org/10.1371/journal.pone.0205869 October 29, 2018 20/21


https://doi.org/10.1016/j.neuint.2015.07.005
http://www.ncbi.nlm.nih.gov/pubmed/26172319
https://doi.org/10.1002/hipo.22247
http://www.ncbi.nlm.nih.gov/pubmed/24449222
http://www.ncbi.nlm.nih.gov/pubmed/3411321
https://doi.org/10.1002/(SICI)1098-2396(199711)27:3<242::AID-SYN9>3.0.CO;2-D
https://doi.org/10.1002/(SICI)1098-2396(199711)27:3<242::AID-SYN9>3.0.CO;2-D
http://www.ncbi.nlm.nih.gov/pubmed/9329159
https://doi.org/10.1016/j.jneumeth.2005.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15975664
https://doi.org/10.1152/jn.1994.72.2.605
http://www.ncbi.nlm.nih.gov/pubmed/7983522
https://doi.org/10.1007/s11064-015-1611-4
http://www.ncbi.nlm.nih.gov/pubmed/25981954
https://doi.org/10.1007/s10517-017-3763-5
https://doi.org/10.1007/s10517-017-3763-5
http://www.ncbi.nlm.nih.gov/pubmed/28726205
https://doi.org/10.1002/syn.20592
https://doi.org/10.1002/syn.20592
http://www.ncbi.nlm.nih.gov/pubmed/19021215
https://doi.org/10.3389/fncel.2017.00328
http://www.ncbi.nlm.nih.gov/pubmed/29123472
http://www.ncbi.nlm.nih.gov/pubmed/10557334
https://doi.org/10.1073/pnas.1237052100
http://www.ncbi.nlm.nih.gov/pubmed/12750462
http://www.ncbi.nlm.nih.gov/pubmed/10781100
https://doi.org/10.1002/mds.20394
http://www.ncbi.nlm.nih.gov/pubmed/15719415
https://doi.org/10.1038/nature08673
http://www.ncbi.nlm.nih.gov/pubmed/20075918
http://www.ncbi.nlm.nih.gov/pubmed/9192687
https://doi.org/10.1523/JNEUROSCI.2344-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26290234
https://doi.org/10.1371/journal.pone.0205869

o @
@ : PLOS | ONE Vestibular system and striatal neurochemistry

57. Woodroofe MN, Sarna GS, Wadhwa M, Hayes GM, Loughlin AJ, Tinker A, et al. Detection of interleu-
kin-1 and interleukin-6 in adult rat brain, following mechanical injury, by in vivo microdialysis: evidence
of a role for microglia in cytokine production. J. Neuroimmunol. 1991; 33(3): 227-236. PMID: 1874973

58. Aitken P, ZhengY, Smith PF. Effects of bilateral vestibular deafferentation in rat on hippocampal theta
response to somatosensory stimulation, acetylcholine release and cholinergic neurons in the peduncu-
lopontine tegmental nucleus. Brain Struct. Funct. 2017; 222: 3319-3332. https://doi.org/10.1007/
s00429-017-1407-1 PMID: 28349227

59. Aitken P, Benoit A, Zheng Y, Philoxene B, Le Gall A, Denise P, et al. Hippocampal and striatal M1-mus-
carinic acetylcholine receptors are down-regulated following bilateral vestibular loss in rats. Hippocam-
pus. 2016; 26: 1509-1514. https://doi.org/10.1002/hipo.22651 PMID: 27569857

PLOS ONE | https://doi.org/10.1371/journal.pone.0205869 October 29, 2018 21/21


http://www.ncbi.nlm.nih.gov/pubmed/1874973
https://doi.org/10.1007/s00429-017-1407-1
https://doi.org/10.1007/s00429-017-1407-1
http://www.ncbi.nlm.nih.gov/pubmed/28349227
https://doi.org/10.1002/hipo.22651
http://www.ncbi.nlm.nih.gov/pubmed/27569857
https://doi.org/10.1371/journal.pone.0205869

