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Introduction: Benzodiazepines (BDZs) are commonly used to treat the symptoms of movement disorders; however, deep brain stimulation (DBS) has become a popular treatment for these disorders. Previous studies have investigated the effects of BDZ on cortical activity, no data are currently available on their effects on deep brain regions, nor on these regions’ responses to DBS. How the BDZ affects the thalamus and basal ganglia in dystonia patients remains unknown.

Methods: DBS recordings were performed in ventral oralis anterior/posterior (VoaVop), ventral intermediate (VIM) and ventral anterior (VA) thalamic subnuclei, as well as globus pallidus interna (GPi) and subthalamic nucleus (STN). Evoked potentials (EP) and frequency domain analysis were performed to determine the BDZ effect on neural activities compared to the control condition (off-BDZ). Three male pediatric patients with dystonia treated with BDZ and undergoing depth electrode evaluation for clinical targeting were recruited for the study. Stimulation was administered at 25 and 55 Hz frequencies and recordings were simultaneously gathered through pairs of externalized stereoelectroencephalography (sEEG) electrodes. EP amplitude and the effect of stimulation on the frequency spectrum of activity were compared at baseline and following clinical administration of BDZ.

Results: Frequency analysis showed consistent reductions in activity during BDZ treatment in all studied brain regions for all patients. Evoked potential (EP) analysis showed increased subthalamic nucleus (STN) EP amplitude and decreased ventral intermediate (VIM) and STN EP amplitude during BDZ treatment.

Interpretation: BDZs reduce thalamic and basal ganglia activity in multiple regions and alter the efficacy of transmission between these regions. While the mechanism is unknown our results confirm the known widespread effects of this class of medications and identify specific areas within the motor system that are directly affected.
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1. Introduction

Dystonia is defined as a movement disorder in which involuntary sustained or intermittent muscle contractions cause twisting and repetitive movements, abnormal postures, or both (1). The mechanism underlying childhood dystonia is not fully understood but may include abnormal patterns of subcortical activity, excessive basal ganglia or peripheral loop gain, or decreased focusing of intended patterns of muscle activity (2, 3). Hyperkinetic movement disorders are a group of neurological disorders that involve abnormal involuntary movements, such as chorea, athetosis, ballismus, myoclonus, and tics, among others. These disorders can be caused by a variety of factors, including genetic mutations, medication side effects, brain injury, and neurodegenerative conditions (4). The treatment of dystonia and other hyperkinetic movement disorders is complex and individualized. It may involve physical therapy, botulinum toxin injections, deep brain stimulation or medications such as benzodiazepines (BDZs) (5). BDZs are a commonly used class of medication frequently used in the treatment of hyperkinetic movement disorders, including the hyperkinetic components of dystonia (4).

BDZs act as direct gamma-aminobutyric acid (GABA) receptor agonists, whose effect is at least partially mediated by GABA receptor activation (6). They bind to and activate GABA receptors, which are the main inhibitory neurotransmitter receptors in the brain, and their activation results in a reduction in neuronal excitability and anxiolytic, sedative, hypnotic, and anticonvulsant effects (7). BDZs modulate the activity of GABAergic neurons through the link to two types of GABA receptors, GABAa and GABAb (8). Overall, BDZs affect the background spontaneous firing and the neuronal spike activity patterns of basal ganglia nuclei (9), mainly through activation of GABA that is the major inhibitory neurotransmitter within the basal ganglia (10). GABA receptors are also present in the thalamus, which mainly contains GABAb receptors that play a crucial role in the regulation of sensory information processing (11). The activation of GABAb receptors in the thalamus inhibits the release of excitatory neurotransmitters, which reduces the excitability of thalamic neurons and therefore the transmission of information to the cortex (12). In both human and animal studies, it has been shown that enhancement of GABAergic input alters the level and pattern of firing activity of pallidal neurons in normal and pathological conditions (13).

Nevertheless, the action mechanisms of BDZs are not understood, but they seem to act at pharmacologically specific binding sites by linking to the GABA receptors. While many studies have investigated the effects of BDZs on cortical activity, such as increased beta band power (14–16), no data are currently available on their effects on globus pallidus interna (GPi), subthalamic nucleus (STN) and thalamus. One way to study the BDZ effects on deep brain activity is through recordings collected from temporary stereoelectroencephalography (sEEG) leads used during clinical evaluation for deep brain stimulation (DBS) targeting (17, 18).

Based on the GABAergic projections in the basal ganglia, it is plausible that the BDZs would link to GABA receptors contained in the pallidum which are more abundant than in the thalamus (19). However, based on the heterogeneous distribution of the GABA receptors across the basal ganglia and thalamus, it is likely that BDZs affect the entire motor pathway, regardless of whether the conditions are normal or pathological.

In order to study the effects of BDZ on the activity of multiple deep brain structures in three awake dystonic patients while they were at rest, we performed a retrospective analysis of the basal ganglia nuclei (STN and GPi) and the following thalamic nuclei: ventral oralis anterior/posterior (Voa/Vop), ventral intermediate (VIM), and ventral anterior (VA) activity while the patients were undergoing BDZ treatment and when they were off BDZ as part of their clinical assessment period.



2. Material and methods


2.1. Patients and study design

Retrospective analysis of data of three pediatric patients undergoing a staged procedure to determine optimal areas for implantation of DBS leads for the treatment of dystonia were utilized in this case study (Table 1). The diagnosis of dystonia was established by a pediatric movement disorder specialist (TS) using standard criteria (20). Patients had previously failed conventional medical therapy, and the patients and parents provided signed informed consent for the surgical procedures in accordance with standard hospital practice. The patient and parents also consented, or assented as applicable, to the research use of electrophysiological data collected during the clinical procedure, as well as a Health Insurance Portability and Accountability Act (HIPAA) authorization for the research use of protected health information.



TABLE 1 Demographic characteristics of the patients included in the benzodiazepines (BDZ) study.
[image: Table1]

All data were recorded during two intervals of 5 min in the neuromodulation monitoring unit (NMU) (18). For most patients, the latter interval was the control condition, corresponding to a resting period without benzodiazepine treatment (off-BDZ) after weaning off benzodiazepines to allow for better assessment of response to stimulation clinically. All patients had not received any benzodiazepines within 24 h of the off-BDZ period recording. The other interval was the on-BDZ condition, corresponding to a resting period after the patient had been treated with benzodiazepines (Table 1).



2.2. Surgical procedure

Our standard clinical procedure for determining DBS targets includes the implantation of 6–10 temporary stereoelectroencephalography (sEEG) depth electrodes (MM16C, Adtech Medical Instrument Corp., Oak Creek, WI, United States) at potential DBS targets (including basal ganglia and thalamic nuclei), as identified based on clinical symptomatology and imaging in each patient (18). Depth electrodes were implanted bilaterally into typical target regions for children with dystonia, which involve thalamic subnuclei such as VA, Voa/Vop, and VIM, and basal ganglia, such as STN and GPi.

The depth electrodes were placed using standard stereotactic procedure, with the most distal stimulation contact placed at the deepest target location. Based on the configuration of these electrodes, the distal contacts of one lead per hemisphere would be in STN, with the proximal contacts in the Voa/Vop area of thalamus. Electrode location was confirmed by co-registration of the preoperative T1-weighted and postoperative computed tomography (CT) scans. Thalamic targeting was also confirmed by identification of leads in subnuclei known to have greater or lesser response to median nerve electrical stimulation (21).



2.3. Electrophysiological recordings

Recordings were performed during the one to two weeks following clinical implantation of the temporary depth leads. Each electrode lead has a diameter of 1.2 mm and contains 6 low-impedance (1–5 kΩ) ring macro-electrodes with 2 mm height and 5 mm spacing, as well as 10 high-impedance (70–90 kΩ) micro-electrodes (50 μm diameter). The microelectrodes are arranged in groups of 2 or 3, spaced evenly around the circumference of the electrode shaft, between pairs of ring electrodes. The electrodes were connected to connectors (Cabrio™, Tucker-Davis Technologies Inc., Alachua, FL, United States) that were modified to include a custom unity-gain preamplifier for each microelectrode to reduce noise and motion artifacts. Macroelectrodes bypass the preamplifiers in order to allow for external electrical stimulation. All data reported here are from the high-impedance microelectrode recordings. Microelectrode signals were amplified, sampled, and digitized by a TDT PZ5M analog-to-digital amplifier connected to an RZ2 digital signal processor. Data were streamed to an RS4 high-speed data storage unit, controlled by recording software (System3, TDT). The microelectrode signals were recorded from all implanted electrodes, sampled at 24 kHz, and stored for offline analysis.



2.4. Stimulation protocol

The constant intracranial testing consisted of stimulations of 90 μs, 3 V charge-balanced pulses at frequencies of 25 and 55 Hz, administered unilaterally through two adjacent macro-contacts (anode and cathode). Approximately 1,200 repetitions of stimulation were administered per stimulation frequency.

For artifact cancellation purposes, both “cathodic” and “anodic” stimulations recordings of intracranial stimulation were utilized. That is, the two stimulation contacts (“1” and “2”) were stimulated as 1 + 2-(1 = anode; 2 = cathode), and then 2 + 1-(2 = anode, 1 = cathode), with the results averaged in the subsequent data analysis. This polarity reversal technique takes advantage of the nonlinearity of the neural response by inverting the polarity of the stimulation artifact, while preserving the polarity of the evoked potential. Therefore, the inverted cathodic and anodic stimulation artifacts not only help distinguish artifacts from neural responses, but also cancel each other out to reduce artifact contamination in the average response (Figure 1).

[image: Figure 1]

FIGURE 1
 Example of micro-contact in ventral intermediate (VIM) during subthalamic nucleus (STN) stimulation. The stereoelectroencephalography (sEEG) lead diagram displays bipolar recordings from high-impedance micro-contacts (small circles on sEEG lead, numbered to the side). The location of the plots in the figure relate to the recording location with respect to the sEEG lead diagram. Black solid lines: polarity-reversed average; red dashed lines: cathodic stimulation average; blue dotted lines: cathodic stimulation average; shadings: standard deviation. Vertical axis depicts voltage (μV). Horizontal axis shows the time (ms).




2.5. Data analysis


2.5.1. Power spectral density

All recordings were processed in Matlab (Matlab 2021a). The unavoidable realities of mechanical, physical, and thermal noise decrease the signal-to-noise ratio (SNR), making it difficult to detect neural activity. Therefore, we used orthogonal multilevel wavelet decomposition (MWD) (22) (Matlab function “MODWT”) for signal filtering prior to power spectral density (PSD) analysis. Before analysis, data portions that held obvious electrical artifacts were rejected, based on visual inspection. Data recorded from those microcontacts placed within deep brain targets (visually confirmed through neuroimaging) were used for the analysis in the frequency domain, using fast Fourier transform based methods (Matlab function “fft”). The power spectra amplitudes were normalized with respect to their standard deviations (z-score).

Finally, power spectrum density grand averages were taken of the 300 s of recordings across all microcontacts within brain targets, in both conditions (on-BDZ and off-BDZ). The power spectrum was calculated for a 300 s segment in each contact. Then, the power spectra from all contacts on an electrode were combined to determine the average power spectrum for each electrode. Finally, the average power spectra for each electrode in one condition were compared to the average power spectra for the same electrodes in another condition. The nonparametric Wilcoxon signed-rank test was used to compare the spectral features between both conditions. The significance threshold was set at 0.05 with Bonferroni correction for multiple comparisons.



2.5.2. Evoked potential and connectivity analysis

The recorded neural activity was defined as the relative response between two nearby micro-contacts (i.e., local bipolar recordings) and was time-averaged, time-locked to the time of the stimulus artifact. For both conditions, on-BDZ and off-BDZ, the raw data were upsampled, searched for stimulus artifacts, and split into 11 ms segments. All ~1,000 segments not flagged as outliers were then aligned to each other through cross-correlation of an artifact, defined as time “0,” and finally averaged. This stimulus-triggered averaging procedure greatly increased the signal-to-noise ratio (SNR) of the final average response. A double exponential model was implemented to fit to and remove any decay artifacts that could skew the detection and characterization of evoked potentials (EPs) (23). The above process was repeated for both polarity-reversed stimulation types (cathodic and anodic), the results of which were finally averaged to obtain an artifact-reduced neural response.

A peak analysis (matlab function “findpeaks”) was conducted to investigate the consistency of EP peaks across individual recordings. The peaks found in each of the 1,000 individual stimulation segments were identified by setting a minimum prominence threshold equal to half the standard deviation of each segment. Indices where peaks were detected frequently, which occurred more often than twice the standard deviation of the peak occurrences across all indices, were recorded and compared to the peaks of the stimulus-averaged response. When an EP was detected in both conditions, on-BDZ and off-BDZ, the sample pair of EP peak-to-peak (P2P) values was included in the final statistical comparison of EP amplitudes between the two conditions. Non-normal difference distributions used the Wilcoxon signed rank test, while normal difference distributions were analyzed using the paired t-test. The significance threshold was set to 0.05.





3. Results

Both the power spectra and the EPs from 25 and 55 Hz DBS show differences between the two conditions (on-BDZ vs. off-BDZ) throughout multiple deep brain regions in the thalamus and basal ganglia.


3.1. Individual frequency analysis

In order to identify the BDZ effects on the micro-LFP frequency bands, based on the PSDs, a frequency band analysis was calculated to compare the differences between both conditions for each recorded cerebral side (Supplementary Figure S1). A marked reduction of the power in the benzodiazepine condition (on-BDZ) compared to baseline (off-BDZ), *p < 0.05, was seen in all targeted deep brain structures in all three patients. The power spectra show the grand average across all microelectrode recordings for basal ganglia and thalamic nuclei recordings for both conditions. PSDs depict brain signals from the GPi, VA, Voa/Vop, VIM and STN within the frequency band of 1 to 50 Hz. Recordings over 50 Hz did not show any significant differences between both conditions (hence, they are omitted from these visualizations).

Figure 2 shows the PSDs for patient 1 undergoing DBS implanted on bilateral GPi, STN, VA, VIM and Voa/Vop. Recordings show a reduction of the amplitude during the on-BDZ condition compared to control (off-BDZ). The greatest power drop is around 10–20 Hz, while the power recovers above 20 Hz. This is true for both conditions, although the on-BDZ condition contains less power (amplitude) than the off-BDZ condition, for both hemispheres, and for all deep brain structures.

[image: Figure 2]

FIGURE 2
 Power spectral analyses (PSDs) for basal ganglia and thalamic subnuclei while the patient is on benzodiazepine (continuous lines) versus the control condition (dashed lines) for patient 1. Top image shows the left hemisphere, and the bottom image shows the right hemisphere. The PSDs show the grand average (lines) and standard deviation (shaded) for all microelectrodes placed bilaterally in GPi (black), STN (orange), VA (yellow), VIM (purple), and Voa/Vop (green). Vertical axis: power (dB/Hz). Horizontal axis: frequency (Hz).


Figure 3 shows patient 2 with a strong reduction of the power in on-BDZ compared to control (off-BDZ). In contrast to patient 1, all deep brain structures in patient 2 are decreased with the largest power drop for all targeted brain regions, which is around 25 Hz.

[image: Figure 3]

FIGURE 3
 Power spectral analyses (PSDs) for basal ganglia and thalamic nuclei while the patient is on benzodiazepine (continuous lines) versus the control condition (dashed lines) for patient 2.


Patient 3 also exhibited a reduction in power, with the largest drop observed around 25 Hz (as shown in Figure 4), which is in contrast to the findings of patients 1 and 2. In patient 1, significant reductions in power are observed in the STN during the on-BDZ condition. In patient 2, a strong reduction in power is seen on both sides for all targets. In the case of patient 3, the reductions are most prominent (p < 0.05) in the GPi, VA and Voa/Vop for both cerebral sides (as indicated in Supplementary Figure S1).

[image: Figure 4]

FIGURE 4
 Power spectral analyses (PSDs) for basal ganglia and thalamic subnuclei while the patient is on benzodiazepine (continuous lines) versus the control condition (dashed lines) for patient 3.




3.2. Group frequency analysis

In order to show the global power reduction across the patients, a group analysis of the PSDs (1–50 Hz) was calculated for each cerebral side. Figure 5 clearly shows the amplitude differences between off-BDZ (black bars) and on-BDZ (red bars); p < 0.05 across all patients for both hemispheres. The BDZ effects can be clearly seen on the activity of basal ganglia and thalamus nuclei with a strong reduction in all targeted deep brain regions. The reduction is greater (relative differences ~0.4) in the left side than the reduction (relative differences ~0.2) in the right side.

[image: Figure 5]

FIGURE 5
 Bar graphs showing the averages and standard deviations of the PSD amplitudes between both conditions, on benzodiazepine (red bars) versus off benzodiazepine (black bars), for left hemisphere (top image) and right hemisphere (bottom image). There are significant differences between both conditions (p < 0.05) for all targeted deep brain regions across all patients (n = 3). Vertical axis: normalized power difference (dB/Hz). Horizontal axis: targeted deep brain structure.




3.3. Benzodiazepine effects on deep brain stimulation evoked potentials

Evoked potentials were measured across all deep brain structures while stimulations were applied at 25 and 55 Hz (separately). All evoked potentials were analyzed using their peak-to-peak amplitude and then compared between conditions (on-BDZ versus off-BDZ), with the results represented as connectivity graphs in Figure 6. In two patients, the distal contact of the VIM lead in each hemisphere was targeted into pedunculopontine nucleus (PPN). While the pedunculopontine nucleus (PPN) is a complex structure located in the brainstem and is known to be involved in motor control via the corticospinal pathway, our study focused specifically on the basal ganglia-thalamus pathways. Therefore, we did not use data from the PPN for our analysis.

[image: Figure 6]

FIGURE 6
 Directed graphs showing the group effects of benzodiazepines on EP amplitude during 25 and 55 Hz stimulation. Left: 25 Hz DBS, right: 55 Hz DBS. Results are from the group analysis of all three patients. The arrows point from each nucleus where DBS was delivered to each nucleus where recordings were available (and an EP may have been elicited). Red/green arrows denote connections where the amplitudes of the EPs significantly decreased/increased when benzodiazepines were administered. Orange/gray arrows symbolize connections where EP amplitudes were not significantly affected/no clear EPs were seen.


While some variability was seen in the DBS EP amplitude results between stimulation frequencies, patients and hemispheres, there were also common trends between the whole-brain group analyses at 25 and 55 Hz. These common themes include larger STN EPs during GPi DBS and smaller VIM EPs and STN EPs during VIM DBS. In addition, 25 Hz (but not 55 Hz) DBS elicited larger EPs in Voa/Vop during Voa/Vop stimulation, and smaller EPs in the STN during VA stimulation, while the patients were on benzodiazepines.




4. Discussion

In contrast to protocols published to date, the procedure reported here (18) allows the simultaneous recording of multiple targets in awake patients without the influence of anesthesia. Therefore, it can be used to describe the effects of BDZ on targeted deep brain regions at rest, and during the electrical stimulation of deep brain nuclei (24). BDZs are not expected to alter brain structure and physical connectivity during the timescale associated with the results reported here. Therefore, changes in DBS EPs are likely to be due to changes in excitability at either the DBS stimulation site, or at the EP site.

In general, the PSDs showed a marked reduction in amplitude when the BDZ were administered for all patients, as the authors conjectured. The widespread distribution of GABA receptors in the pallidum suggested that GPi output would decrease and consequently increase the output of motor thalamus nuclei (Voa/Vop and VA) to the cortex. However, our findings revealed a combined effect on both GPi and thalamus, resulting in the inhibition of both areas. If only GPi were inhibited, the thalamus would have been disinhibited and fired more, whereas if only the thalamus were inhibited, there would have been no change in GPi. Therefore, the combined inhibition of both nuclei is presumably a direct effect of the BDZ, which is consistent with the heterogeneous distribution of GABA receptors (25).

One of the most interesting findings is that the reduction of amplitude in the PSD is the same in the STN and in the GPi. This contrasts with the authors’ expectations, based on the multitude of GABA receptors located in the pallidum (25). Recordings from nonhuman primates (26) and Parkinson’s disease (27) are consistent with the hypothesis of high GPi activity at rest; therefore, the GPi output orthodromic pathway (to thalamus) is reduced by the BDZ, as the results show.

However, if the function of the GPi is potentially altered as has been shown in dystonia (3, 28–30), alternative pathways could be utilized, such as antidromic pathways (e.g., from GPi to STN). In such a case, a stronger signal may be sent to the STN via this antidromic pathway. This is depicted in Figure 6 (green arrow) and provides a plausible explanation for the equal reduction of STN activity despite the pallidum having the largest number of GABA receptors. This hypothesis may help to elucidate the mechanism underlying the effectiveness of DBS in the GPi and STN for treating dystonia.

The results revealed distinct patterns for ON versus OFF benzodiazepines (BDZs) in the context of GPi and VIM stimulation. During GPi stimulation, there was an increase in EP amplitude recorded in the STN, whereas VIM stimulation led to a decrease in EP amplitudes in both the VIM and STN nuclei. These effects may be attributed to the influence of BDZs on thalamic stimulation. The smaller response observed in the VIM during VIM stimulation could potentially impact the EPs elicited in the STN, resulting in a reduction of their amplitudes. This outcome can be explained by the absence of a known direct neurological pathway between the VIM and STN. Therefore, decreased excitability in the source nucleus (VIM) would lead to a lower transmission of signals to other regions, including the STN. Consequently, reduced activity in the VIM during stimulation could result in decreased STN activity as well.

BDZs have widespread effects throughout the brain. However, it is possible that certain regions may experience a comparatively greater level of inhibition, which could influence their sensitivity to electrical stimulation (EPs). Consequently, alterations in both background activity, as demonstrated in the PSDs, and excitability from electrical inputs, which may not all be inhibitory, can occur. These findings suggest a potential shift in the balance between excitation and inhibition across different regions.

In summary, the effects of BDZ on ameliorating hyperkinetic movement disorders are likely multifactorial. The results here suggest that, in some cases, changes in effective connectivity and excitability between deep brain regions could contribute to the BDZ action mechanism. In particular, the authors conjecture that changes in origin or target excitability will lead to changes in the effectiveness of communication between the two regions that could be responsible for changes in the overall pattern of activity, possibly interfering with or attenuating the transmission of the signals responsible for dystonia. Further research is needed to not only confirm this finding in more patients, and but to also determine the relative importance of this effect compared to other mechanisms of BDZ action.

Limitations in the present study include the different underlying diseases and/or areas of brain injury among the patients, as well as the inconsistency of medication types, dosages and timings. The data are also limited by the fact that the recordings are only from electrodes that are placed in potential DBS targets. A full understanding may require recordings from striatum, cortex and brainstem targets; these would help the data interpretation but may not be feasible in humans. Additionally, to obtain more meaningful and dependable results, a larger cohort of patients would be required. Moreover, additional EP measurements such as delay and/or frequency components may also help generate a clearer understanding of the impact of benzodiazepines on EPs. Similar studies in other patient populations would provide insight to understand which, if any, of these trends are unique to dystonic patients, and which others may be a good representation of healthy brain activity.
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