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Abstract

The thalamic reticular nucleus (TRN) modulates activity in the thalamus and controls excitatory input from corticothalamic
and thalamocortical glutamatergic projections. It is made up of GABAergic neurons which project topographically to the
thalamus. The TRN also receives inhibitory projections from the globus pallidus and the substantia nigra pars reticulata.
Photostimulation of the TRN results in local inhibition in rat slice preparations but the effects of local stimulation in vivo
are not known. This study aimed to characterize stimulation-evoked responses in the TRN of non-human primates (NHPs).
Microelectrodes were inserted into the TRN and neurons were stimulated at 5, 10, 15, and 20 pA using 0.5 s trains at 100 Hz
and the subsequent response was recorded from the same electrode. Stimulation in surrounding nuclei and the internal
capsule was used for mapping the anatomical borders of the TRN. Stimulation as low as 10 pA resulted in predominantly
inhibition, recorded in both single units and background unit activity (BUA). The duration of inhibition (~ 1-3 s) increased
with increasing stimulation amplitude and was significantly increased in BUA when single units were present. At 20 uA of
current, 93% of the single units (41/44) and 92% of BUA sites (67/73) were inhibited. Therefore, microstimulation of the
NHP TRN with low currents results in current-dependent inhibition of single units and BUA. This finding may be useful to
further aid in localization of deep thalamic and subthalamic nuclei during brain surgery.

Keywords Thalamic reticular nucleus - Electrical stimulation - Microelectrode recording - Localization
Abbreviations Introduction
BUA Background unit activity
NHP Non-human primate

STN  Subthalamic nucleus
TRN Thalamic reticular nucleus

Electrophysiological mapping is commonly used during
functional neurosurgical procedures to precisely localize
deep brain nuclei (Lozano et al. 1996). Neuronal inhibition
following microstimulation has been shown to be useful in
localizing the GABAergic output nuclei of the basal gan-
glia during functional neurosurgical procedures (Dostrovsky
et al. 2000; Lafreniere-Roula et al. 2009). For procedures
directed at the subthalamic nucleus (STN) (Rev. in Benabid
et al. 2009), thalamic ventralis intermedius nucleus (Ben-
abid et al. 1996), or intervening areas like the posterior sub-
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thalamic area (Blomstedt et al. 2010), electrophysilogical
mapping can improve localization because of suboptimal
direct MRI visualization (Anthofer et al. 2014; Brunenberg
et al. 2011). During these procedures, microelectrode trajec-
tories can pass through the thalamic reticular nucleus (TRN)
(Jones 1975).

The TRN is a thin sheet of cells that envelopes the ante-
rior and lateral surfaces of the dorsal thalamus, and a por-
tion of the ventral surfaces, including the ventral anterior
and ventral lateral nuclei (Jones 1975). The TRN is made
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up of predominantly GABAergic cells, and receives excita-
tory input from both corticothalamic and thalamocortical
glutamatergic projections (rev. in Pinault 2004) from collat-
eral branches of these pathways (Rev. in Gonzalo-Ruiz and
Lieberman 1995). It is involved in modulating input to and
controlling the excitability of the thalamus (rev. in Pinault
2004). TRN neurons project topographically towards many
thalamic nuclei in rat, cat, and monkey brains (Gonzalo-Ruiz
and Lieberman 1995; Kultas-Ilinsky et al. 1995; Steriade
et al. 1984). Additionally, the TRN also receives inhibitory
afferent input. For example, the external pallidum projects
to the TRN (Hazrati and Parent 1991) with axonal termi-
nals that are positive for GABA. These axonal terminals
frequently connect with the soma and proximal dendrites
of TRN neurons in the squirrel monkey (Asanuma 1994).

The effects of local electrical stimulation of the TRN
in vivo, including non-human primate or humans, have not
been described. The effects of electrical and pharmacologi-
cal local stimulation of the TRN have been described in
rat brain slice preparations. Electrical stimulation of TRN
neurons results in an inhibitory response (Landisman et al.
2002; Ulrich and Huguenard 1995). This local inhibition
seems to be mediated by GABA , as both spontaneous and
electrically evoked inhibitory responses were abolished with
the application of a GABA , antagonist to rat brain slices
(Ulrich and Huguenard 1995; Zhang et al. 1997). In addi-
tion to GABA, uncaging of glutamate via photostimulation
was shown to result in a short-lasting inhibitory response
in the rat TRN (Lam et al. 2006). Similarly, in ferret brain
slices, application of glutamate to the TRN or perigenicu-
late nucleus (thought to be a portion of the TRN) results
in a localized inhibitory response, once again mediated by
GABA (Sanchez-Vives et al. 1997; Shu and McCormick
2002), suggesting that GABA mediates much of the electri-
cal activity in the rat and ferret TRN.

The TRN is strongly modulated by afferent input from
many brain regions. Electrical stimulation in the globus
pallidus or substantia nigra pars reticulata has been shown
to inhibit~75% of TRN neurons in anesthetised rats with
a minority of neurons displaying excitation following the
inhibition (Pare et al. 1990; Pazo et al. 2013). Local infusion
of glutamate and GABA into globus pallidus in anesthe-
tised rats (analogue of the globus pallidus externus in pri-
mates) results in inhibition and excitation of TRN neurons,
respectively (Villalobos et al. 2016). Electrical stimulation
of layer VI cortex neurons in post-natal day 2 mice brain
slices results in a predominantly inhibitory response when
recorded in the TRN, mediated by GABA ,, and sometimes
with an excitatory component (Zhang and Jones 2004). Con-
versely, stimulation of the layer VI cortex neurons in juve-
nile rat brain slices results in only an excitatory response
(Gentet and Ulrich 2004). Electrical stimulation of neurons
in the ventrobasal thalamus results in an NMDA-mediated
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excitatory response in the TRN (Gentet and Ulrich 2003),
while stimulation of the ventrolateral thalamic nucleus in
the anesthetized cat elicits an excitatory followed by inhibi-
tory response in the TRN (Bazhenov et al. 1999). Further-
more, in ferret brain slices, it was shown that stimulation
of perigeniculate nucleus with acetylcholine produces a
rapid excitatory response followed by a slower inhibitory
response, mediated by nicotinic and muscarinic receptors,
respectively (Lee and McCormick 1995).

Given that inhibition is observed after microstimula-
tion in the globus pallidus internus or substantia nigra pars
reticulata in patients (Dostrovsky et al. 2000; Lafreniere-
Roula et al. 2009), we hypothesized that the GABAergic
TRN would display predominantly local neuronal inhibi-
tion following microstimulation. An in vivo preparation was
used because the effects of local stimulation of the TRN may
differ from slice preparations due to the effects of afferent
modulation of the TRN in intact animals. We tested micro-
stimulation in awake non-human primates (NHP) undergo-
ing electrophysiological mapping of the basal ganglia for a
previous study (Prescott et al. 2017) because of their ana-
tomic similarity to patients and to facilitate comparisons
between microstimulation parameters.

Methods
Animal subjects and surgery

All animal care and experimental procedures were approved
by the Queen’s University Animal Care Committee and con-
ducted in accordance with the Canadian Council on Animal
Care Guidelines on the care and use of laboratory animals.
Two male rhesus NHPs were used for the study (Macaca
mulatta; NHP 1, 15-year-old and 6.9 kg and NHP 2, 5-year-
old and 10.2 kg). After they were trained to sit quietly in
a NHP chair, they underwent implantation with recording
chambers (Christ Instruments, Crist et al. 1988) over the
left hemisphere to target the TRN, internal capsule, and
the deep nuclei of the basal ganglia. In NHP 1, standard
coordinates from Paxinos’ atlas were employed (Paxinos
et al. 1999) because pre-operative imaging was not avail-
able. Electrode trajectories were oriented at 15° from the
vertical midline in the coronal plane to facilitate mapping
landmarks such as the internal capsule and the globus pal-
lidus. In NHP 2, a pre-operative MRI was used to identify
the TRN (T1 sequence, 0.6 mm isotropic pixels, 3.0 T Sie-
mens TimTrio). To mimic the electrode trajectories to the
STN that are commonly used by functional neurosurgeons
and facilitate mapping of the internal capsule (Lozano et al.
1996), the recording chamber in NHP 2 was oriented from
a more anterior direction (32° anterior from the coronal
plane in a parasagittal plane; 14° from the vertical midline
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in the coronal plane). In NHP 1, head fixation during elec-
trophysiological recording and stimulation was implemented
via a stainless steel head post which was anchored to the
skull via a traditional acrylic cap (Marino et al. 2008). In
NHP 2, head fixation was implemented with the halo fixa-
tion method (Azimi et al. 2016), which was anchored to
the skull independently from the recording chamber. Both
animals were head-fixed, awake without anesthetics, and not
performing any behavioural tasks during electrophysiologi-
cal recording and microstimulation. The animals were not
sleeping, drowsy, or stressed. They were trained to sit quietly
and received intermittent water reward while electrophysi-
ological mapping was performed.

Microelectrode setup and stimulation parameters

Electrophysiological recording and stimulation were
performed with single low impedance microelectrodes
(15-25 pm tip length, 0.1-02 MQ impedance at 1000 Hz)
to record background unit activity and allow the discrimi-
nation of single units. The recording chamber had holes
separated by 1 mm to hold a guide tube that spanned the
dura. The microelectrode was manipulated using a modular
microdrive system (NAN-XY, NAN Instruments, Israel).
Microelectrode data were sampled and digitized at 10 kHz
(Cerebus, Blackrock Microsystems). Well-discriminated
and stable extracellular single units (over at least 1 min)
and/or non-discriminated multi-units were stimulated at 5,
10, 15 and 20 pA using 0.5 s trains at 100 Hz (50 pulses/
train, 300 ps pulse width). Biphasic cathode-first stimulation
was performed using a Cerestim R96 stimulator (Blackrock
microsystems) and the subsequent response was recorded
from the same electrode. Stimulation at each current inten-
sity was performed 2—4 times and was only repeated when
a stable single firing rate or background unit activity was
present. The average time between stimulation trains of the
same intensity was 3.4 s in NHP 1 and 4.0 s in NHP 2. The
minimum time between stimulus trains of differing intensity
was 10s.

Electrophysiological localization

The location of the TRN was determined by its relationship
to the internal capsule. The internal capsule was identified
by an audible decrease in neuronal activity at the lateral
and anterior borders of the thalamus. Low intensity stimu-
lation (5 pA, 0.5 s trains of 100 Hz, 300 us pulse width)
was initially used in these quiet regions to test for stimu-
lation evoked responses (monitored with a video camera).
Stimulation intensity was increased until time-locked, con-
tralateral, mild muscle contraction or reactive movement
were observed or, in the absence of an evoked response,
when 100 pA was reached. In addition, electrophysiological

mapping of the surrounding nuclei (globus pallidus, STN,
substantia nigra pars reticulata, and third nerve) was per-
formed to determine anterior—posterior location of the TRN
(Prescott et al. 2017). In NHP 1, histological verification
of the microelectrode tracks was available. Paraffin embed-
ded blocks were cut in 8—10 um thick coronal sections and
stained with Luxol Fast Blue and hematoxylin and eosin.

Single unit and background unit analysis

Single units recorded from the microelectrode were ampli-
fied, high-pass filtered at 250 Hz, and monitored in real-time
on a loudspeaker and oscilloscope. Action potentials were
initially sorted in real-time online using the Cerebus system.
Offline, only well-isolated single units (signal to noise > 3)
were discriminated using Spike2 template matching (Ver-
sion 7.01, Cambridge Electronic Design, Cambridge, Eng-
land). Neuronal firing rate was calculated for 100 ms bins.
Analysis of background unit activity (BUA) was performed
to describe the activity of the local neuronal population sur-
rounding the microelectrode (Moran and Bar-Gad 2010).
Rather than analyze coherence (Moran and Bar-Gad 2010),
we examined changes in activity levels due to microstimula-
tion. The utility of this analysis is that it facilitates the detec-
tion of neuronal activity that is excited due to stimulation
and is not active before stimulation. Extracellular record-
ings were high-pass filtered (300 Hz), rectified, smoothed
(0.01 s), and down-sampled to 1000 Hz using functions
within Spike2. Multiunit activity that had no discriminable
single-unit spikes were included in the BUA analysis with-
out removing individual action potentials because our analy-
sis did not require assessing phase relationships between
recording sites.

Qualitative responses to stimulation were characterized
as inhibitory, excitatory, or no response, based on visual
inspection of the raw recording traces before and after indi-
vidual trains. For both single unit and BUA data, post-stim-
ulus time histograms for each stimulation amplitude were
produced by averaging values from 1.1 to 0.1 s before the
stimulation (baseline) and in 100 ms bins starting 100 ms
after the stimulation ended (to ensure there were no stimu-
lation artifacts represented in the response data). For single
unit data we calculated the mean firing rate per 100 ms bin.
For BUA data, the mean voltage over each 100 ms bin was
used. Data segments after stimulation during which record-
ings were obscured due to recovery of the preamplifier were
excluded from all analysis. This only occurred following
the 20 pA stimulation and was 340 ms long after the end of
the stimulation train seen in 11/18 sites in NHP 1 and 3/31
sites in NHP 2.

Bursting discharge was quantified using the Poisson
“surprise” method of burst detection (Legendy and Salc-
man 1985) to detect burst discharges with a Poisson surprise
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«Fig. 1 Localization of inhibitory responses and example of inhibition.
a Coronal schematic of single microelectrode tracks (dashed lines)
with single unit and BUA responses to 20 pA stimulation in NHP
1 (left, reconstructed using histological section) and NHP 2 (right,
reconstructed using oblique coronal T1 weighted MRI) demonstrate
a clustering of inhibitory responses at the lateral and anterior borders
of the thalamus, respectively. Individual microelectrode tracks 1 mm
posterior (labelled #P where # is the corresponding track number)
and 1 mm anterior (labelled #A) to these demonstrated similar inhibi-
tion with 20 pA stimulation. These responses were bordered by quiet
areas of low cellular activity (white bars) and IC stimulation evoked
responses (grey bars). TRN single unit and BUA are grouped together
and shown as red circles. The inset is a coronal histological section
in NHP 1 demonstrating a microelectrode track through the lateral
border of the thalamus (white arrow). b Examples of post-stimu-
lation inhibition of a TRN site in NHP 1 and NHP 2 demonstrating
single unit and BUA inhibition with increasing current intensity. The
open arrow heads denote the start of the 0.5 s stimulation trains. ¢
Expanded time scale for NHP 1 unit stimulated at 15 pA at the fourth
trial. The BUA arrow denotes the return of BUA after stimulus-
induced inhibition. The SU arrow denotes the return of single unit
activity after inhibition. BUA background unit activity, Caud caudate,
GPe external segment of the globus pallidus, GPi internal segment of
the globus pallidus, /C internal capsule, SU single units, SNr substan-
tia nigra pars reticulata, STN subthalamic nucleus, Thal thalamus

value of greater than 5. The proportion of spikes in burst
discharges compared to the total number of spikes sampled
for each cell was determined. This gave a measure of the
“burstiness” of each neuron since irregularly discharging
neurons will have a greater proportion of spikes that par-
ticipate in bursts when compared to regularly discharging
neurons.

Statistical analysis

Statistical comparisons were performed using Sigmaplot
(Version 11.0, Systat Software Inc.) and Matlab (version
R2015b, MathWorks). Normality was determined with Sha-
piro—Wilk test and comparisons between non-normal distri-
butions were performed with the Mann—Whitney rank-sum
test (two tailed, a=0.01). Post-stimulus time histograms
were normalized by their baseline values and displayed as
a percentage of the baseline. The effect of stimulation was
assessed by calculating 95% confidence intervals about the
means of the 100 ms bins. Differences in the proportions
of inhibitory response observed following stimulation and
spontaneous bursting activity were tested with a Fisher’s
exact test (two tailed, a=0.01).

Results

Localization of inhibitory RTN responses

Reconstructed electrophysiological maps for each NHP are
shown in Fig. 1a. Low amplitude (20 pA) single unit and the

BUA inhibitory responses were localized within a 1-2 mm
thick shell at the latero-anterior thalamus, the presumed
location of the TRN. In NHP 1, the eight microelectrode
tracks were more vertical in the sagittal plane and were able
to define the lateral border of the TRN and the globus pal-
lidus. In contrast, the five microelectrode track trajectories
in NHP 2 were directed from anterior to posterior and were
able to define the anterior aspect of the TRN and the STN.

In both NHPs, the border of the thalamus was demar-
cated by a decrease in background cellular noise as the
microelectrodes exited the TRN and entered the internal
capsule. At the transition between cellular and non-cellular
activity, stimulation at 100 pA occasionally elicited con-
tralateral motor responses indicating that the microelec-
trode was near the internal capsule. Stimulation to evoke
internal capsule responses (up to 100 pA) was performed
every 0.5 mm in the quiet areas. The median threshold
amplitude to evoke a motor response in areas with cel-
lular activity (median=100 pA, 1st quartile=75 pA, 3rd
quartile =100 pA, n=38) was significantly higher than in
quiet areas (median =15 pA, 1st quartile=5 pA, 3rd quar-
tile=50 pA, n=47; p=0.0004, Mann—Whitney rank sum
test). In the lateral microelectrode tracks, the locations of
the external and internal segments of the globus pallidus
were identified by their characteristic electrophysiological
activity (Prescott et al. 2017). This was noted on the coronal
section in NHP 1 (Fig. 1a, left). In contrast, the laterally situ-
ated globus pallidus in NHP 2 was 2 mm more anterior to
the displayed section. Additionally, in NHP 2, the STN and
substantia nigra pars reticulata were identified and a 3rd cra-
nial nerve response to 10 pA stimulation was also observed
7 mm deep to the ventral border of the STN (2 mm anterior
to the displayed reconstruction)

Neuronal responses to microstimulation

Examples of stimulation-evoked inhibition of TRN sites
in both animals are shown in Fig. 1b. For NHP 1, the sin-
gle unit was inhibited for~1 s and the BUA was inhibited
for~0.5 s following 10 pA stimulation. In NHP 2, single-
unit inhibition was also observed at 10 pA. Although the
unit from NHP 1 had a more regular tonic activity than the
unit from NHP 2, the response after stimulation was similar.
Figure 1c shows an expanded time view of the single unit
from NHP 1 stimulated at 15 pA at the fourth trial. BUA is
seen to recover before the single unit. The firing rate of this
unit was 67 Hz and the proportion of spikes in bursts was
0.46. In comparison, the firing rate of the single unit shown
for NHP 2 in Fig. 1b was 38 Hz and the proportion of spikes
in bursts was 0.23.

A total of 44 single units were stimulated at 20 A (18 in
NHP 1, 26 in NHP 2). In both NHPs these were clustered
in an area immediately medio-posterior to low background
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noise and low current intensity responses of the internal cap-
sule. Between the first and last single units with inhibitory
responses along each microelectrode track, single unit inhi-
bition following 20 pA stimulation was observed in 93% of
sites (18/18 in NHP 1, 23/26 in NHP 2). Significant inhibi-
tion was observed as low as 10 A in both NHPs (Fig. 2a). In
NHP 2, a nonsignificant short latency increase in the firing
rate of 3/26 single units was observed before inhibition.

A total of 73 sites with BUA were studied (27 in NHP 1,
46 in NHP 2) in the same region as the single units (Fig. 1,
red circles). Between the first and last sites with inhibitory
responses, BUA inhibition following 20 pA stimulation was
observed in 92% of sites (27/27 in NHP 1, 40/46 in NHP 2).
Sites with BUA above these areas in the thalamus or below
in areas of quiet background activity did not exhibit inhibi-
tion after stimulation at 20 pA (Fig. 1, black circles). At
sites with discriminable single units, there was a correspond-
ence of observed inhibitory activity between the single units
and the background activity. In NHP 1, all 18 sites showed
inhibition of both BUA and single units. In NHP 2, 23 sites
showed inhibition of both BUA and single units and the
other 3 sites showed no change in both. In both NHPs, the
degree of inhibition of the BUA recorded in the presence of
single units (Fig. 2b) was similar to that observed with the
corresponding single units alone (see Fig. 2a). In contrast,
the amount of inhibition was less at BUA sites without dis-
criminable single units (NHP 1=9; NHP 2=17) (Fig. 2c¢).
The duration of inhibition (defined as the time after stimulus
ends until the statistical end of inhibition) of single units or
BUA was increased with higher stimulation intensity (Fig. 2,
horizontal colored bars). The duration of inhibition at BUA
sites without single units was at least 0.5 s less than single
units or BUA with single unit sites in both NHPs. Similar to
the single units observed in NHP 2, a nonsignificant short
latency increase > 20% above baseline at 4/23 BUA (pre-
dominantly at 10 uA,) was observed before the inhibitory
response.

The proportion of all background units inhibited at
20 uA that could be inhibited at 5, 10, and 15 pA is shown
in Fig. 3a and was used to determine a threshold current
required to inhibit more than 50% of the sites. In NHP 1,
10 pA of current inhibited a significantly higher proportion
of sites than 5 pA (Fisher exact test, p <0.001). In NHP 2,
greater than 50% of the sites were inhibited when 15 uA was
used in comparison to 10 pA (Fisher exact test, p <0.001).

Spontaneous neuronal activity

Spontaneous activity was characterized in neurons that
demonstrated inhibition following 20 pA stimulation. The
median firing rate of the 18 single units in NHP 1 was sig-
nificantly different from the 23 single units recorded in NHP
2 (NHP 1=10.3 Hz, NHP 2 =44.6 Hz; Mann—Whitney rank
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sum test, U=45, p<0.001). Similarly, the median inter-
spike interval differed between the NHPs (NHP 1 =38 ms,
NHP 2 =15 ms; Mann—Whitney rank sum test, U=97,
p<0.05). A plot of percent spikes per burst versus firing
rate is shown in Fig. 3b. The proportion of neurons with
significant bursting was different between the NHPs (NHP
1=6/18 units, NHP 2 =16/23, Fisher exact test, p <0.05).
There was not a clear separation between multiple discrete
groups of neurons with irregular discharge, rhythmic burst
and long-duration high-frequency bursts (Raeva et al. 1991).

Discussion

Our findings demonstrate that in vivo local microstimulation
at relatively low currents results in a long-lasting inhibition
of neuronal activity in the TRN of NHPs. At the highest
current intensity of 20 pA, nearly all TRN sites exhibited
inhibition lasting for approximately 1-3 s. The threshold
current intensity to inhibit a majority of sites in both ani-
mals was 10—15 pA. It confirms similar findings using direct
stimulation of in vitro slice preparations (Landisman et al.
2002; Ulrich and Huguenard 1995; Zhang et al. 1997) and is
consistent with afferent stimulation experiments in anesthe-
tized rats (Pazo et al. 2013; Villalobos et al. 2016). Our study
demonstrates a methodology to directly identify the TRN by
its unique long-lasting inhibitory response of single units to
microstimulation. During electrophysiological mapping, the
borders around the basal ganglia and thalamic structures are
generally discerned by the higher background noise in these
structures compared to the lower level of activity of white
matter. In some cases, these borders are difficult to iden-
tify (Lafreniere-Roula et al. 2009). Similar to localization
of the dorsal border of the substantia nigra pars reticulata
(Lafreniere-Roula et al. 2009), inhibitory TRN responses
can be used to identify the lateral and ventral borders of the
thalamus. For the treatment of essential tremor, this tech-
nique could aid in the targeting of the thalamic ventralis
intermedius nucleus which is difficult to identify on conven-
tional MRI (Anthofer et al. 2014). An important finding is
that TRN can also be identified by recording the response of
multi-unit or background unit activity similar to the use of
low impedance microelectrodes for STN localization (Novak
et al. 2007). It has been shown that spontaneous activity
of TRN neurons in these patients may be very similar to
the adjacent nucleus ventralis oralis posterior and nucleus
ventralis intermedius making differentiation based solely on
firing rate and pattern classification difficult (Raeva et al.
1991). Given the heterogeneous spontaneous activity pat-
terns of TRN neurons as observed in our NHPs, our results
indicate that the vast majority of cells in TRN, regardless of
spontaneous activity, can be readily identified by their char-
acteristic long-lasting inhibition to local microstimulation.
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Our results are different from in vitro data where local
electrical stimulation of the TRN in rat brain slice prepa-
rations resulted in inhibitory responses with durations in
the order of milliseconds (Landisman et al. 2002; Ulrich
and Huguenard 1995; Zhang et al. 1997). The inhibition of
TRN activity with local microstimulation observed in the
present study is also longer in comparison to local micro-
stimulation effects in other deep brain nuclei in patients.
For example, in patients with Parkinson’s disease micro-
stimulation results in inhibition with a duration of 25-50 ms
(25 pA, 5 Hz) in the internal segment of the globus pallidus
(Dostrovsky et al. 2000) and about 750 ms (5 pA, 200 Hz,
0.5 s stimulation train duration) in the substantia nigra pars
reticulata (Lafreniere-Roula et al. 2009). For comparison,
direct microstimulation of the STN at low currents (<50 pA)

@ Springer

does not result in post-stimulus inhibition or excitation
(Lafreniere-Roula et al. 2009). The longer duration of inhi-
bition in the TRN compared with other deep brain nuclei is
related to the slower decay time constant of TRN GABA ,
receptors (Zhang et al. 1997). The decrease in background
unit activity observed in the present study also suggests that
microstimulation resulted in a strong inhibition of the sur-
rounding local network activity, especially when single units
were present. It is likely that electrical stimulation near a cell
that activates its afferent inhibitory synapses would anti-
dromically stimulate a higher relative density of GABAer-
gic collaterals to the local surrounding neuronal population
and result in a greater inhibition of the background units.
According to Ranck (1975), 20 uA current would stimulate
cell bodies at most 100 um away from the recording elec-
trode but the same 20 pA current can activate myelinated
fibers passing through <500 um around the electrode. The
GABAergic collaterals likely arise from afferent input due to
the lack of intrinsic GABAergic connections within the TRN
(Hou et al. 2016; Landisman et al. 2002). Electrical coupling
between TRN neurons would also contribute to inhibition in
the local TRN population (Landisman et al. 2002).
Stimulation of the afferent input is a plausible mechanism
by which local microstimulation in the TRN results in inhi-
bition. Electrical stimulation (250-500 pA, 0.2-0.25 Hz) in
the globus pallidus or the substantia nigra pars reticulata in
anesthetized rats resulted in TRN inhibition lasting 180 ms
(Pazo et al. 2013). In contrast to Pazo et al. (2013), we did
not observe an excitatory discharge following inhibition in
all of the sites tested. An excitatory burst of ~200 ms after
stimulation, predominantly at 10 pA, was observed in some
of the single units and BUA sites only in NHP 2. The dif-
ferences between the results from Pazo et al. (2013) and the
study presented here may be due to differences in afferent
versus local stimulation and in the stimulation protocols
used (single pulses in Pazo et al. versus 100 Hz trains here).
Lam et al. (2006) have shown a biphasic response to glu-
tamate stimulation within rat TRN slice preparations, with
a depolarization followed by hyperpolarization response
and Lee and McCormick (1995) showed a similar depo-
larization followed by hyperpolarization in ferret brain slice
preparations following acetylcholine stimulation. Zhang and
Jones (2004) have concluded that more powerful activation
of the TRN cells (in this case via electrical stimulation of
the cortex) causes the excitatory response to be overcome
by an inhibitory response. In the present study, the initial
short-lasting excitation may also be due to stimulation of
glutamatergic afferents at a low enough current that does
not cause significant inhibition by GABAergic synapses and
electrical coupling may contribute to the initial short-lasting
excitation (Landisman et al. 2002). This difference between
test animals may be related to the dissimilar trajectories
used, the functional segments explored, which neuronal
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fibers were stimulated, animal age, and to levels of atten-
tion or behavioral states between the two (unanesthetized)
animals influencing glutamatergic side branches to the TRN
from thalamocortical pathways (McAlonan et al. 2006;
Halassa et al. 2014).

There are limitations to the presented study. First, dif-
ferent trajectories to the TRN were used in each NHP
and may have contributed to differences in the duration
of inhibition between the two animals. The heterogeneity
of the TRN has been well described (rev. in Pinault 2004)
and specifically, in the cat, it has been shown that the
dorsolateral aspect has densely packed dendritic bundles
that are not present in the anterior aspect (Scheibel and
Scheibel 1972). The electrodes in NHP 1 were placed
in the lateral TRN while in NHP 2, the electrodes were
more anterior. It has been shown that the globus pallidus
and substantia nigra pars reticulata projects predomi-
nantly to the anterior TRN in the rat, squirrel monkey,
and macaque (Pare et al. 1990; Asanuma 1994; Buford
et al. 1996; Hazrati and Parent 1991; Pazo et al. 2013),
and thus inhibition in NHP 2 may have been more from
basal ganglia afferent stimulation. Second, we cannot
exclude the possibility of superimposed, inhibitory effects
of previous stimulations on subsequent effects at higher
currents (i.e. additive inhibition from multiple stimula-
tions). However, this may not have been a significant
factor given that the single unit activity and BUA hav-
ing returned to 95% of baseline reliably following 5 and
10 pA stimulation for both NHP 1 and 2, and following
15 and 20 pA for NHP 1. Third, in vivo local stimulation
with electricity is non-specific and the exact mechanism
of inhibition with small current intensities has not been
determined. The suppression of TRN activity following
microstimulation may be related to direct effects on TRN
cell bodies (e.g. depolarization followed by hyperpolar-
izing conductances) and indirect effects due to multiple
excitatory, inhibitory and modulatory (e.g. cholinergic)
fibers. Our stimulation parameters were chosen similarly
to what is used in human (and NHP) operating rooms to
map deep brain areas. They are non-physiological and
close to tetanus, therefore, stimulation with different fre-
quencies or patterns may yield different results. Lastly,
we did not characterize the responses to somatic stimula-
tion. Pollin and Rokyta (1982) recorded cell responses
from the dorsal part of the TRN in Macaca cynomol-
gus monkeys and demonstrated that approximately 60%
responded to various modalities (e.g. articulation, pres-
sure, hair movement) however, a topographic organization
was not determined. In patients with movement disorders
evoked activity to verbal commands was observed in 60%
of neurons with irregular discharge or rhythmic bursts
but not neurons with long-duration high-frequency bursts
(Raeva and Lukashev 1993).

Conclusion

Local electrical stimulation at low currents in the TRN of
NHPs results in a long inhibitory response. This inhibi-
tion is likely the result of stimulation of GABAergic affer-
ent input to the TRN. This response could be used during
functional neurosurgery to aid in the localization of nuclei
within and surrounding the thalamus.
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