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SUMMARY

The amygdala is a highly connected cluster of nuclei with input from multiple sensory
modalities, particularly the ventral visual stream, and vast projections to distributed
cortical and subcortical regions involved in autonomic regulation and cognition.’*
Numerous studies have described the amygdala’s capacity to facilitate the encoding of
long-lasting emotional memories.>'> Recently, direct electrical stimulation of the
basolateral complex of the amygdala (BLA) in humans revealed a more generalized ability
to enhance declarative memory irrespective of the emotional valence'®, likely by
promoting synaptic plasticity-related processes underlying memory consolidation in the
hippocampus and medial temporal lobe.'”-2° These effects were achieved with rhythmic
theta-burst stimulation (TBS), which is known to induce long-term potentiation (LTP), a
key mechanism in memory formation.2’ Emerging evidence suggests that intracranial
TBS may also enhance memory specificity??, evoke theta-frequency oscillations?3, and
facilitate short-term plasticity in local field potential recordings.?425> However, how
amygdalar TBS modulates activity at the single-cell level and to what extent this
modulation is associated with memory performance remain poorly understood. Here, we
address this knowledge gap by conducting simultaneous microelectrode recordings from
prefrontal and medial temporal structures during a memory task in which intracranial TBS
was applied to the BLA. We observed a subset of neurons whose firing rate was
modulated by TBS and exhibited highly heterogeneous responses with respect to onset
latency, duration, and direction of effect. Notably, location and baseline activity predicted
which neurons were most susceptible to modulation. These findings provide direct
empirical support for stimulation-evoked modulation of single-neuron activity in humans,

which has implications for the development and refinement of neuromodulatory therapies.
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RESULTS

We recorded single-unit activity from 23 patients (n = 30 sessions) with medically
refractory epilepsy as they completed a visual recognition memory task. During the
encoding session of the experiment, each patient received either 80 or 160 trials of bipolar
intracranial theta burst stimulation (TBS) to a contiguous pair of macroelectrode contacts
in the basolateral amygdala (BLA). An equal number of “no-stimulation” trials were
randomly interspersed to evaluate the effect of stimulation on memory performance and
control for neuronal modulation resulting from experimental stimuli (e.g., image
presentation). In total, we isolated 203 putative neurons from 68 bundles of 8 microwires
each, distributed among recording sites in the hippocampus (HIP, n = 95 units),
orbitofrontal cortex (OFC, n = 44), amygdala (AMY, n = 39), and anterior cingulate cortex
(ACC, n = 25); a subset of these units (n = 47, 23.2%) was excluded from subsequent
analyses because low baseline firing rates (< 0.1 Hz) limited the ability to robustly detect
modulation (STAR Methods, Figure 1; see also Figures S1 and S2 for characterization of

detected units).

Theta Burst Stimulation of the BLA Modulates Widely Distributed Populations of Neurons
We hypothesized that BLA stimulation would modulate neuronal activity in the sampled
regions, given the amygdala’s well-established connectivity to the HIP, OFC, and ACC.2
To test this hypothesis, we quantified spike counts across trials within peri-stimulation
epochs (1 s pre-trial interstimulus interval (ISI), 1 s after image onset, 1 s during
stimulation/after image offset, and 1 s post-stimulation) and used Wilcoxon signed-rank
tests to compare the spike counts against a null distribution generated by shuffling epoch
labels. We performed two firing rate contrasts across trials (pre-trial ISI vs. during
stimulation, pre-trial ISI vs. post-stimulation) within two distinct conditions (stim, no-stim);
an additional contrast of the pre-trial ISI vs. image onset epochs was included to evaluate

the sensitivity of neurons to task image presentations (STAR Methods, Figure 2A).

BLA TBS modulated firing rates in 30.1% of all recorded units, a significantly higher

proportion than the 15.4% responsive to no-stim (image only) trials (one-sided Fisher’s
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exact test, OR = 2.37, p < 0.001; Figure 3A). Across all regions sampled, we observed
units modulated by the stim and no-stim conditions. Units in HIP (OR = 2.07, p = 0.044),
OFC (OR =5.09, p = 0.040), and AMY (OR = 3.33, p = 0.042) were most sensitive to
stimulation; we did not observe a difference in the proportions of units within the ACC
responsive to the stim vs. no-stim conditions (OR = 1.00, p = 0.661; Figure 3B). Only
9.0% of units responded to both the stim and no-stim conditions, despite approximately
half of the stim-modulated units (representing 14.7% of all units) exhibiting a change in
firing rate associated with image onset (Figure 3D). This result suggests that the units
modulated by stimulation are largely distinct from those responsive to image offset during

trials in which no stimulation was delivered.

Because neuronal firing properties vary across cell types?6-2°, we also tested whether
baseline (pre-trial I1SI) firing rates predicted a unit's response to stimulation, suggestive of
selective engagement of specific neuron populations. Stimulation-modulated units
exhibited significantly higher baseline firing rates compared to unaffected units (U(Nstim,
Mod = 47, Nstim, ns = 109) = 3450.50, p < 0.001). No difference in baseline firing rate was
observed among units modulated in the no-stim condition, compared to those that were
unaffected (U(NNo-stim, Mod = 24, Nno-stim, Ns = 132) = 1964.00, p = 0.062) (Figure 3C). The
median (Q1, Q3) baseline firing rates for modulated units in the stim and no-stim
conditions were 1.77 Hz (0.95 Hz, 5.39 Hz) and 1.53 Hz (0.72 Hz, 5.41 Hz), respectively.

In a subset of experimental sessions (n = 7), we explored the effects of different
stimulation parameters on neuronal modulation within an experimental session (STAR
Methods); more specifically, we employed a lower stimulation amplitude (0.5 mA vs. 1.0
mA) and varied pulse frequency (33 Hz vs. 50 Hz and 33 Hz vs. 80 Hz). Neither the
amplitude of stimulation (OR = 1.69, p = 0.302, n = 30) nor pulse frequency (33 vs. 80
Hz; OR = 0.00, p=1.000, n = 1; 50 vs. 80 Hz; OR = 1.40, p = 0.758, n = 6) significantly

altered the proportion of modulated units. (Figure S3B).
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84  Finally, we performed two supplementary analyses to evaluate the robustness of our
85 approach to detecting firing rate modulation: a sensitivity analysis evaluating the
86  proportion of modulated units at different firing rate thresholds for inclusion/exclusion and
87 a data dropout analysis designed to control for the possibility that non-physiological
88 stimulation artifacts may preclude the detection of temporally adjacent spiking (STAR
89  Methods). These results recapitulate our observation that units with higher baseline firing
90 are most likely to exhibit modulation and suggest that suppression in firing rate is not
91 solely attributable to amplifier saturation following stimulation (Figure S4).
92
93  Neurons Exhibit Heterogenous Responses to Theta Burst Stimulation
94 Recent studies have reported enhanced neural plasticity (via intracranial local field
95 potential recordings and evoked responses) following repetitive direct electrical
96 stimulation.?4253031  Accordingly, we hypothesized that recorded units would
97 predominantly exhibit enhanced spiking in response to intracranial TBS of the BLA.
98 Unexpectedly, individual units exhibited highly variable responses to stimulation with
99 respect to onset latency (rapid vs. delayed), duration (transient vs. durable), and valence
100  (enhancement vs. suppression) (Figure 2B).
101
102 The most common epoch for firing rate modulation was during the 1 s epoch in which
103 TBS was delivered (25.0% of all neurons). Smaller subsets were modulated only in the 1
104 s post-stimulation epoch (6.4%) or in both the during- and post-stimulation epochs (1.3%).
105 A similar trend was observed for modulation in the no-stim condition: 10.9% during, 5.8%
106  post, and 1.3% for both. Suppression was most common among modulated units during
107  stimulation (56.4%), whereas enhancement was the dominant response post-stimulation
108 (70.0%). In contrast, enhancement was most common within both epochs across no-stim
109 trials (58.5% during, 66.7% post). The mean (+ SD) absolute z-scored difference in firing
110 rate across stimulation trials (relative to pre-trial ISI) was z=0.60 (+ 0.58) and z=0.43 (+
111 0.27) for the during- and post-stimulation epochs, respectively. Across no-stim trials, we
112  observed a mean absolute z-scored difference of z=0.38 (+ 0.24) and z=0.30 (+ 0.18) in

113  analogous epochs (Figure 3E).
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114

115  Association Between Neuronal Modulation and Memory Performance is Unclear

116  Next, we performed an exploratory analysis to investigate the link between stimulation-
117  evoked neuronal modulation and subsequent performance during the visual recognition
118  memory task. To this end, we first used a linear mixed-effects model to examine the effect
119  of condition (stim, no-stim) on memory performance (d’) across trials in each session,
120  with individual sessions treated as a random effect (i.e., intercept). Experiment type was
121  also included as a fixed effect since data were aggregated across four highly similar
122 experiments with minor differences in the content of visual stimuli, number of trials,
123  stimulation parameters, and testing intervals (STAR Methods). However, we did not
124  observe an overall effect of memory enhancement (p > 0.05) when controlling for subject-
125 level variability (Figure 4A). The lack of a memory enhancement effect could be attributed
126  to high hit rates (mean + SD) (75.7% =+ 13.5% for no-stim trials, 75.0% + 14.3% for stim
127  trials), and considerable variability among false alarm rates (17.9% + 17.4%, range 0—
128  70%; Figure 4B) across patrticipants.

129

130 To test our hypothesis that modulation of neurons would be associated with changes in
131  memory performance, we combined the sessions that resulted in either memory
132 enhancement or impairment and contrasted the proportion of modulated units across
133  regions sampled; a threshold of Ad’ + 0.2 was chosen based on the defined range of a
134  “small effect” for Cohen’s d. At the level of individual sessions, we observed enhanced
135 memory (Ad’ > +0.2) in 43.3%, impaired memory (Ad’ < -0.2) in 36.7%, and negligible
136 change (-0.2 = Ad’ =0.2) in 20.0% when comparing performance between the stimulation
137 and image-only conditions. We did not, however, observe a meaningful difference in the
138  proportion of modulated units when grouped by behavioral outcome (all p > 0.05) (Figure
139  40).

140

141  DISCUSSION

142  Theta-burst stimulation is an efficient and validated paradigm for inducing long-term

143  potentiation (LTP) in neural circuits.?! Additionally, intracranial TBS was recently shown
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144 to promote region-specific short-term plasticity?*#?®> and entrain frequency-matched
145  oscillations.?® At present, however, there is an incomplete understanding of how these
146  population-level responses to stimulation relate to a modulation in the activity of individual
147  neurons, which are thought to be the substrate of memory encoding and retrieval.3> Here,
148 we address this knowledge gap by characterizing neuronal firing recorded from
149  microelectrodes in humans undergoing intracranial TBS of the amygdala. Our
150 experimental design focused specifically on stimulation of the BLA, given our prior work
151  that seeks to understand amygdala-mediated memory enhancement in humans.16.33.34
152

153 We observed neurons distributed throughout the hippocampus, orbitofrontal cortex,
154  anterior cingulate cortex, and amygdala that were responsive to direct electrical TBS. The
155 effect of TBS on firing rate was heterogeneous with respect to onset, duration, and
156  valence. Previous work characterizing local-field potential responses to intracranial TBS
157 observed similarly bidirectional effects throughout the brain suggestive of short-term
158  plasticity.>> Few studies, however, have characterized the effects of exogenous
159  stimulation on the spiking activity of individual neurons. One study reported a long-lasting
160 reduction in neural excitability among parietal neurons, with variable onset time and
161  recovery following continuous transcranial TBS in non-human primates.3® Other emerging
162 evidence suggests that transcranial direct current stimulation may entrain neuronal
163  spiking3® and that stimulation-evoked modulation of spiking may meaningfully impact
164  behavioral performance on cognitive tasks.3” An alternative approach has focused on the
165 delivery of spatially selective microstimulation resembling the extracellular currents that
166  normally modulate neuronal activity—this methodology has been used to bidirectionally
167  drive neuronal firing in human temporal cortex®® and enhance memory specificity for
168 images following stimulation.2?

169

170  Although subsets of neurons from each region we sampled were responsive to
171  stimulation, we observed the greatest difference in the proportion of modulated units
172  across conditions in the hippocampus, orbitofrontal cortex, and amygdala. This regional

173  selectivity is to be expected, given that numerous studies have characterized how
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174  structural, functional, and effective connectivity among brain regions predicts the effects
175  of stimulation.25:30:31.39-42 We also observed that units with greater baseline activity were
176  most likely to exhibit modulated firing rates following stimulation. Other studies have
177 identified firing patterns and waveform properties that differ between inhibitory and
178  excitatory neurons in humans.?6-2% For example, baseline firing rate disambiguates
179  “regular-spiking” and “fast-spiking” neurons, which are presumed to represent pyramidal
180 cells and interneurons, respectively. This may suggest that inhibitory interneurons are
181 especially sensitive to TBS. However, further analysis of waveform properties (e.g.,
182 valley-to-peak height, half-peak width) is needed to more reliably classify neuronal cell
183  types. Future research that seeks to identify specific characteristics of human neurons
184  that predict responses to stimulation would be informative, given recent reports that the
185  extent to which electrical fields entrain neuronal spiking may be specific to distinct classes
186  of cells.*3

187

188  Modulation in neuronal activity was defined by contrasting firing rates before, during, and
189  after TBS across trials. In doing so, we were able to characterize coarse differences in
190 activity indicative of enhancement or suppression. This approach, however, did not allow
191  for analysis of more subtle, nuanced effects such as entrainment of spiking to individual
192  bursts or pulses of TBS. Characterizations of rhythmicity in firing were challenging in this
193  experiment, given that most of the neurons we identified exhibit sparse activity with low
194  baseline firing rates, and stimulation often resulted in further suppression of spiking.

195

196  Although stimulation artifacts generally resulted in amplitude threshold crossings that may
197  be spuriously interpreted as a neuronal spike, we implemented several methods to
198 mitigate the influence of non-physiological activity. First, the characteristics of each unit
199 (e.g., waveform shape) were manually inspected during spike sorting and further
200 quantified using several quality control metrics (e.g., interspike intervals); stimulation
201 resulted in a stereotyped response that was easily detectable and removed from
202 subsequent analyses. Additionally, we tested for modulation during stimulation but also

203  within the post-stimulation epochs—a period in which no artifact was present. Contrary to
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204  what would be expected if stimulation artifact was the explanation for firing rate changes,
205 we observed predominantly suppression during stimulation and enhancement post-
206  stimulation.

207

208 Recent studies have characterized specific oscillatory dynamics in the
209 amygdalohippocampal circuit responsible for prioritizing the encoding of salient
210 memories.'*1544 Since we collected our microelectrode recordings in the context of a
211 visual recognition memory task, we tested for associations between neuronal modulation
212 and the change in memory performance attributable to TBS. We hypothesized that robust
213 modulation in firing rate would be predictive of a stimulation-related memory effect,
214 whether impairment or enhancement. However, we did not observe a clear link between
215 modulation and behavioral outcome. The absence of such an effect may be related to
216 limitations with sparse recordings*®, or at least in part, attributable to the considerable
217  variability among the change in memory performance from stimulation that we observed
218 in this dataset. Indeed, we did not identify an apparent stimulation-related memory
219  enhancement when controlling for individual differences, in contrast to our prior work.'®
220

221  Several studies on rats have demonstrated that brief electrical stimulation of the BLA can
222  prioritize the consolidation of specific memories.*6-4° These pro-memory effects emerged
223 ~24 hours post-encoding and appear to be hippocampal-dependent*’, despite not
224  resulting in a net change in the firing rates of hippocampal pyramidal neurons; instead,
225 BLA stimulation resulted in brief periods of spike-field and field-field synchrony within
226 CA3-CA1 in the low-gamma frequency range (30-55 Hz), which may facilitate spike-
227  timing-dependent plasticity in recently active neurons.*®

228

229 The present study did not investigate interactions between spiking activity and local field
230 potentials. How exactly the activity of single neurons is aggregated to produce local field
231  potentials, which in turn interact with neuronal ensembles distributed throughout the brain,
232 remains an active area of research.5%-53 One recent study that leveraged closed-loop

233  stimulation targeting memory consolidation during sleep observed neuronal spiking with
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234  greater phase-locking to medial temporal lobe slow-wave activity following stimulation®4;
235 neuronal phase-locking, particularly to hippocampal theta oscillations, has long been
236  associated with robust memory encoding and retrieval.5>-%8 Further characterization of
237 these spike-field interactions and refinement of closed-loop stimulation methods may
238 provide a means for precisely modulating neuronal dynamics, for example, by entraining
239 neuronal spiking that is phase-aligned to endogenous hippocampal theta oscillations to
240 selectively enhance the encoding or retrieval of memories.%®-62 This level of precision
241  could, in turn, facilitate more consistent memory effects with intracranial stimulation.

242

243  Conclusions

244 By characterizing patterns of neuronal modulation evoked by intracranial TBS, we provide
245 new insights that link micro- and macroscale responses to stimulation of the human brain.
246  These insights advance our limited understanding of how focal electrical fields influence
247  neuronal firing at the single-cell level and motivate future neuromodulatory therapies that

248  aim to recapitulate specific patterns of activity implicated in cognition and memory.
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STAR METHODS
KEY RESOURCES TABLE

REAGENT or RESOURCE | SOURCE | IDENTIFIER

Software and algorithms

Custom Python code This paper https://github.com/Justin-
Campbell/BLAESUnits

Scipy [69] https://scipy.org

Statsmodels [¢4] https://statsmodels.org

Seaborn [65] https://seaborn.pydata.org

Offline Sorter Plexon Inc https://plexon.com/products/o
ffline-sorter/

LeGUI [66] https://github.com/Rolston-
Lab/LeGUI

BCI12000 National Center for Adaptive | https://bci2000.0rg

Neurotechnologies

Other

Data acquisition system Blackrock Neurotech NeuroPort™

Data acquisition system Nihon Koden EEG-1260 Amplifier

Neurostimulator Blackrock Neurotech Cerestim

Stereo-EEG electrodes Ad-Tech Medical Macro-Micro Depth
Electrodes

RESOURCE AVAILABILITY
Lead Contact
Further information and requests for resources should be directed to the lead author,

Justin M. Campbell (justin.campbell@hsc.utah.edu).

Data and Code Availability

Custom Python analysis scripts used in the manuscript are publicly available on GitHub

(https://github.com/Justin-Campbell/BLAESUnits). Deidentified neural recordings may be

made available upon reasonable request.

Materials Availability

This study did not generate new materials or reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
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266  We report results from a cohort of 23 patients with medically refractory epilepsy who
267 underwent stereoelectroencephalography to localize epileptogenic foci (74% female, 19—
268 66 years old). All patients were age 18+ and able to provide informed consent. No
269 exclusion was made concerning a patient’s sex, gender, race, ethnicity, or socioeconomic
270  status.

271

272  Surgeries were performed at the University of Utah in Salt Lake City, UT (n = 10) and
273  Barnes-Jewish Hospital in St. Louis, MO (n = 13). Patients were monitored continuously
274 by a clinical team during their post-operative hospital course. Each patient signed a
275 written informed consent form before participation in the research study; all study
276  procedures were approved by the Institutional Review Board at the University of Utah
277 (IRB 00144045, IRB 00114691) and Washington University (IRB 202104033).

278

279 METHOD DETAILS

280  Electrode Placement and Localization

281 Numbers and trajectories of stereoelectroencephalography electrode placements were
282 determined case-by-case and solely derived from clinical considerations during a
283 multidisciplinary case conference without reference to this research program. Each
284  patient was implanted with clinical macroelectrodes and 1-3 Behnke-Fried depth
285 electrodes (Ad-Tech Medical Instrument Corporation, Oak Creek, WI), which contained
286  both macro- and microelectrode contacts (eight 40 ym diameter microwires and one
287 unshielded reference wire) for recording local field potentials and extracellular action
288 potentials, respectively (Figure 1A). To localize electrodes, we leveraged the open-
289 access Localize Electrodes Graphical User Interface (LeGUI)®® software developed by
290 our group, which performs coregistration of pre-operative MRI and post-operative CT
291 sequences, image processing, normalization to standard anatomical templates, and
292  automated electrode detection.

293

294  Intracranial Electrophysiology
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295 At both hospitals, neurophysiological data were recorded using a neural signal processor
296  (Blackrock Microsystems, Salt Lake City, UT; Nihon Koden USA, Irvine, CA) sampling at
297 30 kHz. Microelectrode contacts were locally referenced to a low-impedance microwire
298 near the recording wires. Macroelectrode contacts were referenced to an intracranial
299 contact located within the white matter with minimal activity, per recommended
300 practices.”

301

302  Experimental Design

303 Patients completed a visual recognition memory task previously employed by our group
304 to characterize the effects of basolateral amygdala stimulation upon memory
305 consolidation.'® The memory task consisted of an encoding session, during which a series
306 of neutral valence images were presented, and a self-paced retrieval session ~24 hours
307 post-encoding wherein patients were asked to indicate whether each image onscreen
308 was old (previously shown) or new (unseen) (Figure 2A). Data were aggregated across
309 four highly similar experimental paradigms with minor differences in the content of visual
310  stimuli, number of trials, stimulation parameters, and testing intervals. Each encoding
311  session consisted of either 160 or 320 trials wherein an image was presented on screen
312 for 3 s, followed by a jittered interstimulus interval of 6.5-7.5 s (fixation cross on screen).
313 A random half of the encoding trials were immediately followed by 1 s of basolateral
314 amygdala stimulation (described in Intracranial Theta Burst Stimulation).

315

316  Intracranial Theta Burst Stimulation

317  We delivered direct electrical stimulation to the basolateral amygdala during half of the
318 trials in the encoding phase of each experimental session. Stimulation pulses were
319 delivered immediately once the image was removed from the screen and in a patterned
320 rhythm designed to entrain endogenous theta-gamma oscillatory interactions (theta-burst
321  stimulation, TBS).6869 Specifically, we administered charge-balanced, bipolar, 1 mA,
322 biphasic rectangular pulses over a 1 s period with a 50% duty cycle. Stimulation pulses

323 were delivered at a rate of 50 Hz and nested within eight equally-spaced bursts (~ 8 Hz)
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324  (Figure 2B-C). A subset of experiments (n = 7) used a lower current (0.5 mA) with variable
325 pulse frequencies across trials (33 Hz, 50 Hz, 80 Hz).

326

327  Spike Detection and Sorting

328 Microelectrode data were first filtered between 250-500 Hz with a zero-phase lag
329 bandpass filter and re-thresholded offline at -3.5 times the root mean square of the signal
330 to identify spike waveforms. Units were isolated during a semi-automated process within
331  Offline Sorter (Plexon Inc, Dallas, TX) by applying the T-distribution expectation
332 maximization method on the first three principal components of the detected waveforms
333 (initial parameters: degrees of freedom multiplier = 4, initial number of units = 3).7° Finally,
334 the waveform shapes, interspike interval distribution, consistency of firing, and isolation
335 from other waveform clusters were manually inspected for further curation and removal
336 of spurious, non-physiological threshold crossings that could represent stimulation
337 artifact.

338

339 QUANTIFICATION AND STATISTICAL ANALYSIS

340  Single Unit Quality Metrics

341 We calculated several distinct metrics to characterize detected units' properties and
342  assess the quality of our spike sorting (Figure S1). A: the number of units detected per
343 microelectrode bundle, B: the mean firing rate (Hz) for each unit, C: the percentage of
344  interspike intervals <3 ms, D: the coefficient of variation across each unit’s spike train, E:
345 the average presence ratio of firing in 1s bins (proportion of bins which contain = 1 spike),
346 F: the ratio between the peak amplitude of the averaged waveform and its standard
347  deviation, G: the mean signal-to-noise ratio of the averaged waveform.

348

349  Peri-Stimulation Firing Rate Analyses

350  We first created peri-stimulation epochs (1 s pre-trial IS, 1 s after image onset, 1 s during
351 stimulation/after image offset, 1 s post-stimulation), with t = 0 representing stimulation
352 onset and the moment at which the image was removed from the screen (Figure 2A);

353 identical epochs were created for the image-only (no-stimulation) trials. Units with a trial-
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354 averaged baseline (pre-trial ISI) firing rate of < 0.1 Hz were excluded from subsequent
355 analyses because low firing rates limited the ability to robustly detect modulation. Units
356  were designated as “modulated” if either the during- or post-stimulation firing rate contrast
357 was significant following permutation testing (described in Statistical Analyses). An
358 additional contrast of pre-trial ISI vs. image onset was performed to evaluate the
359  sensitivity of neurons to task stimuli (i.e., image presentation).

360

361  Firing Rate Control Analyses

362 We performed a sensitivity analysis by systematically varying the baseline firing rate
363 threshold used to exclude units from modulation analyses. The threshold for inclusion of
364 units was varied from 0-3 Hz (0.1 Hz step size), and the firing rate analyses were
365 repeated to quantify the proportion of units meeting inclusion criteria and the proportion
366 of units designated as modulated (Figure S4A). Next, we performed a dropout analysis
367 wherein segments of data near the onset of a stimulation burst were removed from the
368  during-stimulation epoch (an identical segment was also removed from the pre-trial ISI
369 and post-stimulation epochs). To this end, we removed a window of data starting at the
370 onset of each burst spanning 0-60 ms (5 ms step size, eight bursts in train) and
371 recomputed the proportion of units meeting inclusion criteria and the proportion of units
372 designated as modulated (Figure S4B).

373

374  Statistical Approach

375 All statistical analyses were conducted using custom Python scripts and established
376  statistical libraries (i.e., scipy®3, statsmodels®*). We performed two separate Wilcoxon
377 signed-rank tests (scipy.stats.wilcoxon) across trials on the during- and post-stimulation
378 spike counts relative to their corresponding pre-trail baseline spike counts. To control for
379 false positives, we compared the empirical test statistic against a null distribution
380 generated from shuffling pre/during/post epoch labels (n = 1000 permutations) (Figure
381  2B). An identical analysis was also performed on the no-stimulation (image-only) trials.
382
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383 To test for differences in the proportion of modulated units (across conditions, regions,
384  stimulation parameters, and behavioral outcomes), we performed a series of one- and
385 two-sided Fisher’s exact tests (scipy.stats.fisher_exact) (Figure 3A-B, Figure 4C, Figure
386 S3). Next, we used Mann-Whitney U tests to contrast baseline firing rates among
387 modulated vs. unaffected units (scipy.stats.mannwhitneyu) (Figure 3C). Behavioral
388 performance during the memory task was calculated using d-prime (d’), defined as the
389 difference in an individual’s z-scored hit rate and false alarm rate. Observed changes in
390 recognition memory were split into two categories using a d’ difference threshold of + 0.2:
391 responder (Ad’ <-.2 or Ad’ > +.2) or non-responder (-0.2 < Ad’ <0.2). The threshold of +
392 0.2 was chosen based on the defined range of a “small effect” for Cohen’s d, which bears
393 conceptual similarity to d’. To test the hypothesis that stimulation affected behavioral
394 performance, we used a linear mixed effects model with d’ score as the dependent
395 variable, condition and experiment as fixed effects, and session as a random effect
396 (statsmodels.regression.mixed_linear_model.MixedLM) (Figure 4A); an additional test for
397 differences among hit rates (percent of previously seen images correctly identified) was

398 implemented using a paired-samples t-test (scipy.stats.ttest_rel) (Figure 4B).
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Highlights

- Individual neurons in the human brain were responsive to theta burst stimulation

- Basolateral amygdala stimulation preferentially modulated neurons in the
hippocampus, orbitofrontal cortex, and amygdala

- Neurons modulated by stimulation tended to have greater baseline firing rates

- Duration, onset, and valence of neuronal modulation were heterogeneous

In Brief

Campbell et al. identify a subset of neurons in humans whose firing rate is modulated by
intracranial theta burst stimulation of the basolateral amygdala. Location and baseline
activity of detected neurons were associated with responsiveness to stimulation. These

results provide a link between micro- and macroscale responses evoked by stimulation.

Keywords

- Intracranial EEG

- Single-unit

- Theta burst stimulation
- Modulation

- Amygdala
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Figure 1: Microelectrode locations, unit counts, and experimental design.
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(A) Behnke Fried-style macro/micro depth electrode (left) and microelectrode bundle
locations projected in MNI space (right). (B) The proportion of units recorded from each
brain area (left) and the proportion of units that met the criteria for inclusion in analyses
(average pre-trial baseline firing rate = 0.1 Hz) (right). (C) Counts of total (grey) and
included (colored) units within each region. (D) Intracranial recording and stimulation took
place in the context of a two-phase (encoding, retrieval) visual recognition memory task.
A series of neutral valence images were shown (3 s), half of which were followed by direct
electrical stimulation (1 s). Retrieval memory was tested during a self-paced task ~24
hours later. (E) Simulated theta-burst stimulation trace (left) and individual stimulation
pulse (right); charge-balanced, bipolar, biphasic rectangular pulses were delivered over

a 1 s period.
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Figure 2: Example raster plots depicting heterogeneous responses to stimulation.
(A) Representative example of modulation during stimulation. The highpass-filtered, trial-
averaged LFP from the corresponding microwire is shown (top) above the spike raster for
an example unit located in the hippocampus (middle); the grey shaded region depicts the
duration of stimulation with onset at t = 0. The average firing rate across trials was
estimated by convolving the binned spike counts (100 ms bins) with a Gaussian kernel
(bottom). (B) The difference in the number of spikes in the 1 s peri-stimulation epochs for
each trial is shown (top). We subsequently performed a Wilcoxon signed-rank test on the
during- and post-stimulation spike counts for each trial vs. the pre-trial baseline and
compared the empirical test statistic against a null distribution generated by shuffling the
epoch labels 1,000 times (bottom); the grey-shaded region represents the distribution

containing 95% of observed values. (C) Some units (left, left-middle) exhibited increased
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firing rates, whereas others (right-middle, right) had their firing suppressed. The temporal
dynamics of the firing rate modulation (e.g., onset, duration) were highly variable across
units. The averaged waveform for each of the visualized units is shown below its
corresponding peri-stimulation raster plot (WFs = waveforms); the shaded region

represents standard deviation across waveforms.
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Figure 3: Characterization of modulation in neuronal firing rate.

(A) Percent of modulated units observed across trials separated by stim (purple) vs. no-
stim conditions (orange). (B) Percent of modulated units as a function of recording region.
(C) Comparison of baseline firing rate in units separated by condition (stim vs. no-stim)
and outcome (NS = not significant, Mod = modulated). (D) Venn diagram depicting the
shared and independent proportions of units modulated by image onset (Image) and the
two experimental conditions (stim vs. no-stim). (E) Scatterplot of pre-stimulation firing rate
relative to the firing rate during the two contrast windows (during, post) for the stim (left)
and no-stim (right) conditions. Modulated units are highlighted in purple (stim) or orange

(no-stim). * p< 0.05, *** p<0.001, NS = not significant.
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Figure 4: Summary of behavioral performance during memory task.

(A) Memory performance for each session is quantified using d’ (left); grey lines connect
d’ scores across conditions for an individual session. Boxplot of the observed difference
in d’ scores across conditions (right). (B) Hit rate (percent of old images correctly
recognized) and false alarm rate (percent of new images incorrectly labeled as old) across
conditions. (C) Change in recognition memory performance was split into two categories
using a d’ difference threshold of + 0.2: responder (positive or negative; Ad’, pink) and
non-responder (~d’, grey). Individual d’ scores are shown (left) with points colored by
outcome category; dotted lines demarcate category boundaries, and the grey-shaded
region represents negligible change. The number of sessions within each outcome
category (middle) and the proportion of modulated units as a function of outcome

category, separated by region (right). NS = not significant.
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Supplemental Figure 1: Unit quality metrics.

(A) Number of units detected per implanted microelectrode bundle. (B) Mean firing rate
(Hz) across recording session. (C) Percent of interspike intervals < 3 ms. (D) Interspike
interval coefficient of variation. (E) Mean presence ratio of firing within units (1 s bins). (F)
Signal-to-noise ratio of unit waveform peak. (G) Mean signal-to-noise ratio across the
entire unit waveform. (H) Representative example of stereotyped, high-amplitude

stimulation-artifact waveform; non-physiological waveforms were excluded from analysis.
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Supplemental Figure 2: Characterization of units based on laterality relative to

stimulation.
(A) Unit counts on the contralateral (Contra) or ipsilateral (Ipsi) side of stimulation. (B)
Unit counts separated by laterality and region. (C) Stacked histograms of Euclidean

distance between microelectrode bundle location and stimulation contacts, separated by

laterality (bin size = 5 mm).
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Supplemental Figure 3: Sub-analysis of stimulation parameters used across
experiments.

A subset of experiments (n = 7) used a lower amperage of stimulation (0.5 mA vs. 1 mA)
and two distinct pulse frequencies across trials: 33 Hz vs. 80 Hz (n = 1) and 50 Hz vs. 80
Hz (n = 6). (A) Comparison of the proportion of stimulation-modulated units across
sessions with 1 mA (n = 23) vs. 0.5 mA (n = 7). (B) Comparison of the proportion of
stimulation-modulated units across sessions testing distinct pulse frequencies (n = 7).
The values above individual bars represent the number of sessions using that stimulation

parameter. NS = not significant.
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Supplemental Figure 4: Control analyses for the detection of modulated units.

The same permutation-based analyses reported in the manuscript were repeated under
different control conditions; the percent of units (total n = 203) that met the = 0.1 Hz firing
rate threshold for inclusion (pink), the percent of included units modulated in the stim
condition (purple), and the percent of included units modulated in the no-stim condition
are shown. (A) The threshold for inclusion of units was varied from 0—3 Hz (0.1 step size);
the black dashed line represents the 0.1 Hz threshold used in the manuscript. (B) To
control for the possibility that non-physiological stimulation artifacts may preclude the
detection of temporally adjacent spiking, we removed segments of data beginning at the
onset of each burst of pulses (0—60 ms, 5 ms step size). Identical temporal windows were
removed from the corresponding pre- and post-stimulation epochs to mitigate effects
resulting solely from summation over different epoch sizes (reduced spike counts with

shorter windows).
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