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Abstract—Neurostimulation therapies for psychiatric disorders 

often have limited clinical efficacy. The limited efficacy might arise 

from a mismatch between therapy and disease mechanisms. 

Mental disorders are believed to arise from communication 

breakdown in distributed brain circuits, and thus altering 

connectivity between brain regions might be an effective way to 

restore normal brain communication. Synchronized neural 

oscillations (coherence) and synaptic strength are two common 

measures of brain connectivity. In this work, we developed an 

electrical stimulation method for altering narrow-frequency-band 

(theta, 5-8 Hz) coherence and synaptic strength. We tested this 

method in a circuit between infralimbic cortex (IL) and 

basolateral amygdala (BLA), which is broadly implicated in fear 

regulation. 6 Hz pulse trains were delivered into IL and BLA with 

various inter-train lags. These paired trains induced long-lasting 

synaptic strength change and a brief coherence enhancement in 

the IL-BLA circuit. This enhancement was specific to the "top-

down" (IL-to-BLA) direction, and only occurred when the IL and 

BLA pulse trains had a relative lag of 180º (83 ms). Since the IL-

BLA connection is known to be highly relevant to fear regulation, 

this method provides a tool to study the relationship between brain 

connectivity and fear behaviors. Further, it may be a new 

approach to study the relative roles of synaptic strength and 

oscillatory synchrony in brain network communication.  

 
Index Terms—Deep brain stimulation, neuromodulation, 

oscillatory synchrony, fear circuits, mental disorders 

I. INTRODUCTION 

 lectrical neurostimulation has shown promising results in 

treating neuropsychiatric disorders[1], [2]. However, the 

therapeutic outcomes in these new indications are still 

inconsistent, with great variability among patients[3]. This may 

be because these therapies do not directly target circuit biology. 

Neuropsychiatric disorders do not result from dysfunction of a 

single brain site, but from breakdowns in communication in 

distributed circuits[2] Thus, it would be helpful to develop 

stimulation protocols that directly act at a circuit level.  

Synchronized neural oscillations (coherence) in the local 

field potential (LFP) are an attractive target for circuit 

communication modification. Oscillatory synchrony is believed 

to be a mechanism for long-range communication and 

information exchange in brain circuits[4]. Changes in 

oscillatory synchrony are correlated with a range of mental 

functions, including attention, learning, and emotion[5]. 

Furthermore, synchrony changes in specific frequencies have 
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been linked to behavior changes[6], [7]. Abnormal synchrony 

is observed in neurological disorders such as Parkinson’s 

disease, and reversing those changes is therapeutic[8]. 

Therefore, altering oscillatory synchrony between brain regions 

could be clinically useful across a range of psychiatric 

disorders[9]. It appears possible to alter synchrony with 

carefully designed neurostimulation. For instance, Yazdan-

Shahmorad et al. showed both coherence and synaptic strength 

changes in response to large-scale optogenetic stimulation of 

the motor cortex of non-human primates[10]. 

 Circuit connectivity also involves synaptic weights between 

areas, which can be read out through inter-regional electrical 

evoked potentials (ERPs)[11]. Those weights can be changed 

by paired electrical stimulation, where pulses are delivered into 

different brain regions with inter-pulse lags designed to 

promote synaptic plasticity. Paired stimulation has changed 

sensorimotor circuit connectivity in rodent[12], non-human 

primate[13] and human[14]. Rebesco and Miller implanted 

electrodes in rat sensorimotor cortex and delivered pulse trains 

separately into two different sites, with a brief delay between 

trains. They showed strengthened connectivity between the 

sites, with a change in sensory detections while the effect 

lasted[15]. Another rodent study delivered paired stimulation 

into motor cortex and spinal cord. Larger augmentations in 

motor cortex evoked potentials were observed when the 

stimulation timing converged in the spinal cord[16]. Existing 

paired-stimulation techniques, however, have not directly 

addressed oscillations and their synchrony. Further, while 

paired stimulation paradigms are well-tested in motor circuits, 

it is not clear whether they work similarly in circuits linked to 

emotion and cognition. It is therefore of interest to develop 

paired stimulation paradigms specifically for such circuits. 

One particularly interesting model circuit for such 

intervention is the connection between prefrontal cortex (PFC) 

and amygdala, which is believed to subserve fear 

regulation[17]. This circuit is often impaired in patients with 

fear-related disorders such as post-traumatic stress disorder 

(PTSD). Further, it has a specific oscillatory signature. In 

rodents, fear regulation is associated with theta band (5-8 Hz) 

LFP synchrony between the infralimbic cortex (IL, homologue 

of human PFC) and basolateral amygdala (BLA)[18]. Thus, IL-

BLA theta synchrony, and IL-BLA connectivity more 
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generally, are useful testbeds for brain stimulation. 

We report a paired electrical stimulation method for 

controlling both coherence and synaptic strength in the IL-BLA 

circuit. By delivering paired pulse trains instead of single paired 

pulses, we control not only the timing of activity between two 

brain regions, but also the frequency of that co-activation. The 

natural oscillatory frequencies of specific brain circuits may 

make them particularly responsive to stimulation at those same 

frequencies, leading to stimulation-induced coherence change 

in narrow frequency bands.  

We first conducted a pilot study to investigate whether paired 

stimulation can affect narrow-band coherence and what 

stimulation parameters induce the greatest coherence change. 

We then ran an efficacy study of the paired stimulation method. 

We found that paired stimulation trains at 6 Hz induced a 

narrow-band coherence enhancement and a long-lasting 

synaptic strengthening in the IL-BLA circuits. The synaptic 

change was specific to the "top-down" (IL-to-BLA) direction. 

Both synaptic strength and coherence changes depended on 

timing, specifically a 180º lag between the pulse trains applied 

to IL and BLA. This method could provide a tool to study the 

behavioral effects of connectivity in emotion-related brain 

circuits, and could develop into a new therapeutic approach for 

disorders involving those circuits.  

II. METHODS 

A. Electrode Fabrication  

Electrodes had 8 nickel-chromium recording microwires 

(12.5 µm in diameter, Part number: CFW2024598, California 

Fine Wire Co., Grover Beach, CA, USA), one reference wire of 

the same diameter as the recording wires, and one platinum-

iridium stimulating channel, 127 µm in diameter, Part number: 

778000, A-M Systems Inc, Sequim, WA, USA). The recording 

and stimulating wires were bundled within a 27-gauge stainless 

steel cannula, which also served as a current return for 

stimulation. The recording wires were connected via silver 

paint (Fast Drying Silver Paint, Ted Pella, Inc, Redding, CA, 

USA) and the stimulating wire was connected via soldering 

onto a mill-max connector (Digi-key Electronics, Thief River 

Falls, MN, USA), enabling recording and stimulation at the 

same location. A ground wire was fixed onto the connector and 

the whole electrode was protected with epoxy. Electrodes were 

sterilized with Ethylene Oxide (EtO) (AN74i, Anprolene gas 

sterilizer, Andersen Sterilizers Inc, Haw River, NC, USA) 

before surgery. Typical 1 kHz impedances were 200-300 kΩ for 

the recording wire and 10-50 kΩ for the stimulating wire.         

B. Surgery 

All animal experimental procedures were approved by the 

Institutional Animal Care and Use Committees (IACUC) at 

Massachusetts General Hospital and the University of 

Minnesota. 15 male Long-Evans rats (300-350 grams, Charles 

River Labs, Wilmington, MA, USA) were used in total. 

Electrode arrays were implanted into left infralimbic cortex (+3 

mm AP, +0.5 mm ML and -3.95 mm DV from the surface of 

the brain) and basolateral amygdala (-2.28 mm AP, +5 mm ML 

and -7.5 mm DV from the surface of the brain). Dental cement 

(Stoelting Co., Wood Dale, IL, USA) was applied to fix the 

electrodes and build a protective head cap. The ground wire was 

wrapped tightly to a skull screw before implant fixation. The 

animal was allowed at least 7 days of recovery before 

physiologic experiments.  

C. Histology 

Electrode placements were verified in all the rats. Under deep 

anesthesia, the rat was injected intraperitoneally with a lethal 

dose of sodium pentobarbital and phenytoin. Lesions were 

made through the IL and BLA stimulating electrodes (10 µA 

DC current for 20 seconds). The rat was perfused transcardially 

with room temperature 0.9% saline followed by 4% 

paraformaldehyde. The brain was extracted and fixed in 4% 

paraformaldehyde, then transferred to 30% sucrose until full 

saturation. The brain was frozen and cut into 40 µm coronal 

slices using a cryostat. Every 4th slice was fixed onto a pre-

gelled slide and stained with thionin to verify electrode 

placements. Animals with electrodes outside the atlas-defined 

IL or BLA were excluded from the study. 

D. Data Acquisition 

Electrophysiological signals (local field potentials, LFP) 

were acquired continuously at 30 kHz (Open Ephys, 

Cambridge, MA, USA) during all experiments. An adaptor 

connected the recording head stage (RHD 2132, Intan 

Technologies LLC, Los Angeles, CA, USA) to two Mill-max 

male-male connectors (8 channels each, Part number: 

ED90267-ND, Digi-Key Electronics, Thief River Falls, MN, 

USA). A custom LabVIEW program coupled to a data 

acquisition system (DAQ) (USB 6343-BNC or PCIe-6353, 

National Instruments, Woburn, MA, USA) delivered 

stimulation trains through a pair of analog stimulus isolators 

(Model 2200, A-M Systems Inc, Sequim, WA, USA).    

III. PARAMETER OPTIMIZATION PILOT STUDY  

A. Experimental design  

For the pilot, we tested whether multi-site paired stimulation 

could change coherence between two brain regions and how 

coherence effects varied with different aspects of the 

Fig 1. Experimental schematic. a) The four phase lags for the pilot study. b) 

Experimental timeline. Each parameter set was repeated 50 times before the 
next parameter set was chosen randomly. There were a total of 36 parameter 

sets (3 stimulation intensities, 3 stimulation durations, and 4 phase lags). 

Authorized licensed use limited to: University of Minnesota. Downloaded on November 06,2020 at 15:56:06 UTC from IEEE Xplore.  Restrictions apply. 



1534-4320 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNSRE.2020.3030714, IEEE
Transactions on Neural Systems and Rehabilitation Engineering

stimulation. On each experimental day, each rat (N=3) received 

6 Hz charge-balanced biphasic electrical pulse trains to IL and 

BLA. The stimulation parameters were varied. Pulse train 

duration was 0.5, 1, or 2 seconds; stimulation intensity was 0.5, 

1, or 2 Volts; phase lag between stimulation trains was 0º, 90º 

(41.6 ms), 180º (83.3 ms), or 270º (125 ms). See Fig. 1a for 

illustrations of the phase lagged stimulation trains. IL 

stimulation always began before (led) BLA stimulation. Pulse 

width was held constant at 90 µs. Each animal received 36 

different types of stimulation (4 phase lags × 3 stimulation 

intensity × 3 stimulation duration), in a random order (Fig. 1b). 

In each experimental session, 50 repeated consecutive trains 

were delivered for each parameter set before moving on to the 

next randomly selected set (total of 1800 pulse trains). The 

inter-train and inter-set intervals were randomized uniformly 

between 4 to 5 seconds. Each rat received one experimental 

session each day for at least 3 days.  

B. Data analysis 

Electrophysiological data were analyzed with custom scripts 

using the Fieldtrip toolbox[19] in Matlab (2015b, The 

MathWorks, Natick, MA, USA). Each recording session 

yielded continuous time-series data. To reduce the influence of 

volume conducted signals[20], we converted neighboring pins 

of the connector into bipolar pairs (4 pairs in IL and 4 pairs in 

BLA). Stimulation events were cut into trials, aligned to the 

stimulation (t=0, offset of stimulation in IL). Trials with 

movement artifacts (>3 standard deviations of the spontaneous 

recording’s noise floor during periods without artifact) were 

removed from further analysis.  

1) Time-frequency power analysis  

We performed a multi-taper time-frequency transformation 

on trial level data (0 to 30 Hz, frequency resolution 0.5 Hz, 

fixed time window: 0.5 seconds using Hanning tapers). The 

outputs of the analysis were time resolved power spectra for 

each channel per trial and cross-spectra for all the inter-regional 

channel combinations per trial (e.g. IL1 vs. BLA1, IL1 vs. 

BLA2…, etc.). We calculated z-scores of the time-frequency 

representations over baseline to observe the power change post-

stimulation. The baseline was defined as 1 second before the 

stimulation onset (-1 to 0 second) for each trial. We then 

computed the mean time-frequency response across the trials 

and channels for each brain region.    

2) Coherence analysis 

Coherence was calculated from the cross spectrum between 

IL and BLA and the power spectrum within IL and BLA by 

dividing the cross-spectrum (IL1 vs. BLA1, IL2 vs. BLA2… 

etc., total of 16 channel combinations) by the power spectrum 

of the individual locations (Equation 1): 

 

𝐶𝑥𝑦(𝑓) =
|𝐺𝑥𝑦(𝑓)|

2

𝐺𝑥𝑥 (𝑓)𝐺𝑦𝑦(𝑓)
   (Equation 1) 

 

The coherence values were converted to z-scores relative to 

a baseline of 1 second before each stimulation pulse train. The 

baseline data for each channel combination were averaged 

within the baseline window, to obtain the pre-stimulation mean 

and standard deviation of coherence at each frequency. Z-

scored coherence was calculated for each cross-region channel 

combination, then averaged across channel combinations for 

each animal on each experimental day to investigate the 

coherence change post-stimulation.  

C. Paired IL-BLA stimulation with a lag of 180º (IL leading) 

increases coherence in the theta frequency band 

We hypothesized that paired, theta-frequency stimulation 

could change coherence in the theta band. We focused on the 

theta frequency band due to its physiological relevance in this 

particular circuit[18]. However, the preferred “dosages” 

(stimulation intensity, duration and phase lag) to induce that 

change were not known in advance. We therefore first ran a 

pilot study (a parameter optimization experiment) to identify 

stimulation parameters that most effectively induced theta band 

coherence. Fig. 2a illustrates representative IL-BLA 

coherograms, from one rat, of the 0.5 second train duration, at 

all tested phase lags and intensities. We observed increased 

coherence at the theta band (5-8 Hz) when the stimulation to 

BLA was 180º (83.3 ms) lagged relative to the stimulation to 

IL. In this specific animal, the effect was only observed at 2V 

with 0.5 second duration (Fig. 2a, white box). The effect was 

specific to this particular condition. Broadband stimulation 

artifacts were present for milliseconds immediately post-

stimulation (broad-band yellow strips across almost all 

frequency bands), but then rapidly abated. Train-evoked 

potentials were also observed post-stimulation. These appeared 

as a slow and long-lasting lower frequency band (1-4 Hz) 

coherence enhancement, for up to 2 seconds. Importantly, the 

coherence enhancement effects at the theta band were 

distinctively separated from the stimulation artifacts and the 

train-evoked potentials. We performed the parameter 

optimization experiments on three animals across multiple 

days, and observed that the phase lag appeared to be the key 

parameter for altering coherence. Across all three animals, the 

largest coherence increases occurred when stimulation was 

Fig 2.  a) Representative time-frequency coherograms of an animal receiving 
0.5 second pulse trains with various stimulation intensities and inter-train lags. 

Color represents the coherence z-score over baseline. b-d) z-score coherence, 

averaged over the post-stimulation time window, grouped by the different 
stimulation parameters. Each data point represents one combination of 

stimulus b) amplitude and pulse train duration, c) phase lag and amplitude, and 

d) phase lag and pulse train duration. Red markers identify the parameters 
within each animal that caused the greatest coherence change. In all panels, 

there is an artifactual low frequency (2 Hz) coherence caused by time-

frequency transformation of the post-train evoked potentials. 
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lagged 180º with IL leading (Fig. 2b, red markers all in the 180º 

group). In contrast, no single train duration or intensity 

consistently maximized the coherence effect across animals 

(Fig. 2c and 2d, red markers separated across groups). We 

concluded that coherence enhancement was more prominent 

when the BLA train was 180º lagged to the IL train. However, 

the best stimulation intensity and duration for coherence 

enhancement varied between animals.  

IV. EFFICACY STUDY OF PAIRED TRAIN STIMULATION 

A. Experimental Design  

For the longer/larger efficacy study, we compared the ability 

of multiple forms of paired electrical stimulation to affect 

coherence and synaptic strength between IL and BLA. In the 

pilot study, coherence was enhanced when the BLA train was 

180º lagged to the IL train. However, the best stimulation 

intensity and duration for coherence enhancement varied 

between animals. Therefore, we first identified the most 

effective stimulation dosage for each rat in this study, based on 

the same titration method used in the pilot group. 

With this new cohort of rats (N=9), we ran a reduced version 

of the parameter optimization described in the previous section. 

The stimulation parameters were varied (stimulation duration: 

0.25, 0.5 and 1 seconds; stimulation intensity: 25, 50 and 100 

µA) with a fixed phase lag of 180º between IL and BLA pulse 

trains (IL leading; first pulse delivered to IL). Each rat went 

through parameter sweeping for 2 days, after which the most 

effective stimulation intensities and durations were identified. 

We used these animal-specific amplitude and duration 

parameters to compare six types of connectivity-directed 

stimulation (Fig. 3a): 1) paired IL leading 180º stimulation 

(N=9), 2) paired 0º stimulation (N=4; tests phase specificity), 

3) paired BLA leading 180º stimulation (N=3; tests lag 

specificity), 4) long term potentiation (LTP) stimulation (N=4; 

active control), 5) paired 20Hz IL leading 180º stimulation 

(N=4; tests frequency specificity), and 6) single paired pulse IL 

leading 180º stimulation (N=4; tests importance of trains). 5 

animals were initially assigned to receive paired 0º, BLA 

leading 180º and LTP stimulations. 4 rats were assigned to 

receive 20 Hz IL leading 180º and single paired pulse IL leading 

180º stimulations. All 9 rats received the paired IL leading 180º 

stimulation; numbers in other groups were smaller than initially 

assigned in cases where animals were lost before they 

completed the full protocol (see below). 

LTP delivered pulse trains to BLA only: three sets of 10 trains 

with each train having 10 pulses (pulse width 90 µs) at 100 Hz. 

There was a 200 ms inter-train interval and a one minute inter-

set interval, following another study that used this protocol to 

induce LTP in BLA[21]. 180º was identified from the pilot 

study as the most effective degree lag between IL and BLA, and 

therefore we chose 0º as one of the control groups for 

comparison. We considered that the stimulation effects might 

depend on the delivery order of the pulse sequences (IL leading 

or BLA leading). Seeman et al. observed that plasticity between 

two interconnected sites in motor cortex was dependent on at 

which location the first pulse was delivered[13]. If the first 

pulse was delivered into location A and the second in location 

B, a connectivity increase was only observed in the direction 

from A to B, but not B to A. Therefore, we tested the 180º 

separation of trains with either IL or BLA leading. We 

hypothesized that the lag/lead would affect the direction of any 

resulting synaptic change. We chose single-site LTP as an 

active control that has previously demonstrated synaptic 

changes within emotion circuits[21]. The 20 Hz IL leading 

method was chosen to examine whether the theta-band effects 

were specific to a theta stimulation frequency. Single paired 

pulses tested whether pulse trains are necessary to induce the 

frequency-specific change in connectivity, or if the effects 

could instead simply be explained by inter-pulse lag.  

On each testing day, each rat received one of the six 

stimulation methods, chosen at random. Each method was 

tested 3 times for each rat. For each method except LTP, 50 

pulse trains (20Hz biphasic pulses for the 20 Hz IL leading 

method and 6 Hz biphasic pulses for the rest of the methods, all 

with 90 µs pulse width) were delivered at each animal's 

individualized current/duration dosage. The wait time between 

pulse trains was randomized with a uniform distribution 

(between 8-9 seconds) to prevent entrainment to the train 

onset/offsets. Two animals did not complete the full experiment 

due to headcap failure.  

Before and after stimulation, we performed single-pulse 

evoked response potential (ERP) measurements to/from IL and 

BLA. The ERP protocol was adapted from Zanos et al.[22] to 

investigate the synaptic strength changes caused by each 

stimulation method. For both pre- and post-stimulation ERPs, 

50 single biphasic pulses (100 µA and 90 µs pulse width) were 

delivered to either IL or BLA. The wait time between pulses 

was randomized between 4-5 seconds with a uniform 

distribution. The LFPs from the other region were recorded. 

Post-stimulation ERPs were repeated every 15 minutes from 0 

to 90 minutes post-stimulation (Fig. 3b). Between ERP 

measurements, we recorded free-running electrophysiological 

data (approximately 6-7 minutes).  

B. Data Analysis 

1) Coherence analysis 

The time-frequency power and coherence analysis for this 

study were identical to the pilot study. We compared the 

coherence change of six stimulation methods at the theta 

frequency band (5-8 Hz), which corresponded to the frequency 

of the stimulation trains. Theta coherence for each method was 

Fig 3. Experimental schematic. a) The six stimulation methods for the main 
experiment. b) The timeline for evoked response potential (ERP) 

measurement to assess the effect of different stimulation methods. 
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averaged across days and animals. The confidence interval of 

the coherence change for each method was obtained as the 

standard error of the coherence change across experimental 

days and animals (3 days for each animal and method, except 

for the 2 animals lost early).  

We also calculated and compared the raw coherence values 

for each method prior to that session’s stimulation. These 

baseline coherence values were used to investigate whether the 

coherence pre-stimulation had effects on coherence change 

post-stimulation. The representative raw coherence values for 

each method were calculated by segmenting a 6-minute raw 

recording into 2-second trials and averaging the coherence 

across the theta frequency window (5-8 Hz) and the 2-second 

time window for each channel combination within an animal. 

We ran a one-way ANOVA and post hoc paired t-tests to 

investigate if there were significant baseline differences 

between the conditions. We also examined the raw coherence 

spectrogram by averaging the pre-stimulation raw coherence 

across the 2-second time window.  

To evaluate whether coherence effects outlasted stimulation, 

we analyzed the raw recordings between the post-stimulation 

ERP measurements for all six stimulation methods (Figure 3b). 

For each recording, the data were cut into 6-second non-

overlapping segments, which we treated as individual trials. We 

then obtained the power spectrum and coherence as above. Z-

scores were calculated by normalizing the power 

spectrum/coherence to the same 1 second pre-stimulation 

baseline. The baseline raw coherence values for each method 

were calculated by segmenting a 6-minute raw recording into 

1-second trials and averaging the coherence across the theta 

frequency window (5-8 Hz) and the 1-second time window for 

each channel combination within an animal. We obtained a 

coherence z-score value focused on the theta frequency band at 

each time point (post 0, post 15, …post 60) by averaging the 

coherence across the theta frequency band (5-8 Hz) within the 

6-second time window.  

  To provide a confidence interval on the observed coherence 

effects, we used a bootstrap analysis at each time point (Post 0, 

15, 30, 45, and 60) for all six stimulation methods. The z-scored 

theta coherence values (across days and animals) at each time 

point were resampled with replacement) 1000 times to obtain a 

confidence interval. p values were calculated as the fraction of 

the distribution that was on the opposite side of the y-axis from 

the distribution's mean (i.e., the fraction that was consistent 

with a null hypothesis of zero change).  

2) Evoked response potential analysis 

In addition to coherence, we quantified stimulation-induced 

changes in IL-BLA synaptic strength, as assessed through the 

ERP. The continuous ERP data were cut into 5-second 

individual trials (2 seconds before and 3 seconds after each 

single stimulation pulse) with t=0 being the stimulation onset. 

Trials with artifacts (>3 standard deviations of the spontaneous 

recording’s noise floor) were removed from further analysis. 

The ERPs were quantified by calculating the absolute values of 

the area underneath the curve (AUC) of the first peak after the 

stimulation pulse. The AUC of post-stimulation data were   

divided by the mean AUC of the pre-stimulation ERP baseline, 

expressing synaptic strength as fold change from baseline.          

For the ERP experiments, we compared the AUC fold change 

at different time points for all six stimulation methods across 

animals/days. The ERP data were not normally distributed, 

therefore they were log transformed before statistical analysis. 

We constructed a linear mixed model (Equation: AUC ~ Time 

+ (1|Animal) + (1|Day)). The data were auto-correlated within 

days and animals, and mixed models are designed for this type 

of intra-class correlated data. We fit 1 model for each 

stimulation method, with at least 7800 trials in each model.    

To compare the 6 stimulation methods head-to-head, we 

focused on the Post-15 timepoint as the earliest indicator of 

potentially long-lasting change. For each pairwise comparison 

(IL leading 180º vs. 0, IL leading 180º vs. BLA leading 180º, 

IL leading 180º vs. LTP, IL leading 180º vs. 20 Hz IL leading 

stimulation, and IL leading 180º vs. single paired pulses), we 

constructed a linear mixed model (Equation: AUC ~ Stim + 

(1|Animal) + (1|Day). Setting stimulation (Stim) as the fixed 

effect estimates the difference between stimulation types while 

controlling for the Animal and Day. For these pairwise 

comparisons, animals that did not receive one of the two 

TABLE I 

THE MOST EFFECTIVE STIMULATION DOSAGES FOR INDIVIDUAL RATS 

Animal Stimulation current (µA) Stimulation duration (seconds) 

1 100 1 
2 100 1 

3 50 0.5 

4 100 1 
5 100 1 

6 100 1 

7 50 1 

8 25 0.25 

9 25 1 

 

 

Fig 4. Time-frequency coherogram of the six different stimulation methods. 
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relevant stimulation methods were excluded from the analysis. 

We fitted 10 models in total (for the IL-to-BLA and BLA-to-IL 

direction), with at least 630 trials in each model. The 

significance of the regression coefficient was Bonferroni 

corrected (N=10) to adjust for multiple comparisons.  

C. Paired IL-BLA stimulation (IL leading) increases short-

term theta band coherence and long lasting top-down IL-to-

BLA synaptic strength  

We compared theta-frequency pulse trains with a 180º IL lead 

against multiple active controls in a new cohort of animals 

(N=9). One of the animals from this analysis cohort had an 

unexpected surgical complication during the experiments and 

the brain was not recoverable for histology. We first identified 

the most effective stimulation dosages for rats for the main 

experimental group, based on the same titration method used in 

the pilot group (Table 1). We investigated the effects of 1) lag 

(180º vs. 0º), 2) directionality (IL leading vs. BLA leading), 3) 

other stimulation patterns (paired trains vs. single-site LTP), 4) 

stimulation frequency (20Hz vs. 6Hz), and 5) pulse trains vs. 

single paired pulses. The theta coherence increase was specific 

to IL leading 180º stimulation. We again observed coherence 

enhancement in the theta band (5-8 Hz) specifically after IL 

leading 180º stimulation (Fig. 4 white box). This increase went 

up to a z-score of 2.5 over baseline, and was clearly separated 

from the other methods (Fig. 5a). Stimulation at 20 Hz IL 

leading had no effects in theta, but caused a small coherence 

increase closer to that high stimulation frequency (Fig. 4 yellow 

box).  

This coherence effect lasted much longer than the stimulation 

itself. Fig. 5b illustrates the z-scored theta coherence up to 60 

minutes post-stimulation. The coherence increased over 

baseline immediately post-stimulation (z-score=0.6586, 

p<0.001 on the bootstrapped distribution). The effect became 

stronger at 15 minutes (z-score=0.784, p<0.01) and peaked at 

30 minutes post-stimulation (z-score=1.221, p<0.001). This 

was followed by returning to the baseline at 45 minutes (z-

score=-0.1486, p=0.0813) and back to positive change 60 

minutes post-stimulation (z-score=0.5839, p<0.001). The low-

frequency train-induced ERP was longer lasting in the IL 

leading 180º condition (Fig. 4), which may relate to the longer-

lasting coherence effects on a different timescale. 

The coherence effect for IL leading 180º was distinctively 

higher than other groups up to 30 minutes post-stimulation. 20 

Hz IL leading stimulation also increased theta coherence, but 

this change was much smaller. LTP interestingly induced strong 

and robust decreases in coherence up to 90 minutes post-

stimulation.  

We ruled out the possibility that these findings reflected 

baseline differences across testing days. Across conditions and 

animals, the baseline coherence was low (0.1 – 0.3) for all six 

stimulation methods (Fig. 5c). There were significant pre-

stimulation differences between the methods (F(5,1032)=4.549, 

p<0.001). However, post hoc comparisons revealed that the 

baseline coherence was only different between the LTP and 0º 

methods (t(291)=3.8,  p<0.001). The baseline for the IL leading 

180º condition was not significantly different from any other 

conditions. Finally, we confirmed that the raw coherence before 

stimulation across all animals showed a peak that included the 

theta band (Fig. 5d). This confirmed the presence of a strong 

IL-BLA coherence for modification. 

The coherence increase was also not explained by changes in 

theta power amplitude in IL or BLA. Theta band power 

increases during voluntary movements in rodents, and sudden 

increases in power might appear as coherence. IL and BLA 

power did not correlate strongly with IL-BLA coherence for 

any of the six stimulation methods (Fig. 6).  

Fig 5. a) Time series of theta-band coherence for six stimulation methods. b) 
Theta coherence after IL leading 180º stimulation, at multiple time points. 

*p<0.001, bootstrap test against pre-stimulation baseline. c) Baseline 

differences between methods, which were small and not between the groups 
that differed in other panels. *p<0.001, comparison between groups. d) 

Spectrogram of pre-stimulation coherence. Orange shaded area represents theta 

band (5-8Hz). Shaded area represents standard error of the mean across all 
animals and days.  

Fig 6. The z-scored theta power of IL and BLA and theta coherence between 

the two regions over 6 seconds post-stimulation for six different stimulation 

methods. The shading represents the standard error of the power/coherence 
spectrum at each time point.  
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Coherence enhancement was observed for the IL leading 

180º stimulation method, and the effect lasted at least 30 

minutes post-stimulation. We hypothesized that this long-

lasting period of coherent activity might also change synaptic 

strength, reflected in the evoked response potential (ERP). For 

IL leading 180º stimulation specifically, there was a marked and 

immediate change in ERP that then decayed over time (Fig. 7). 

IL to BLA synaptic strength increased approximately 2.5 fold 

immediately after IL leading 180º stimulation, and the effect 

slowly decreased to a 1.3 fold increase over baseline at 90 

minutes post-stimulation (Fig. 7, blue bars). Other methods did 

not change IL to BLA synaptic strength to nearly the same 

degree. IL to BLA synaptic strength also increased for both LTP 

and BLA leading 180º stimulations, but never exceeded a 1.5 

fold change (Fig. 7, purple and black bars). 0º stimulation 

caused synaptic weakening that was significant at 60, 75 and 90 

minutes post-stimulation (Fig. 7, red bars). 20 Hz IL leading 

stimulation caused mild synaptic weakening at 0, 15, 45 and 60 

minutes post-stimulation (Fig. 7, green bars). Single paired 

pulse stimulation caused synaptic weakening only at the 

immediate timepoint, without clear long-lasting effects (Fig. 7, 

pink bars).  

Fig. 8 illustrates the effects of the six stimulation methods in 

the BLA to IL direction. IL-leading stimulation decreased BLA 

to IL synaptic strength from 15 to 90 minutes post-stimulation 

(Fig. 8, blue bars). Other protocols (0º, BLA leading 180º, LTP 

and 20Hz) increased this “bottom up” connectivity, for up to 90 

minutes post-stimulation (Fig. 8, red, black, purple and green 

bars). Single paired pulse stimulation again had short-lived 

effects, with decreased synaptic strength immediately post-stim 

and increased synaptic strength 15 minutes post-stimulation 

(Fig. 8, pink bars). Similarly, 20 Hz IL leading stimulation had 

very small effects compared to the 6 Hz protocols. 

We compared the changes directly between methods at the 

15-minute timepoint, which had the most significant effects 

across conditions. The increase of IL to BLA synaptic strength 

was significantly higher for the IL leading 180º stimulation than 

the other five conditions (Fig. 9a). The decrease of BLA to IL 

synaptic strength was only significant when comparing with 0º, 

20 Hz IL leading and single paired pulse stimulation methods 

(Fig. 9b). Thus, not only do paired pulse trains induce strong 

and long-lasting synaptic strength enhancement, but the effect 

requires a specific lag between paired trains and the effect is 

also directional. In summary, IL leading 180º stimulation 

enhanced synaptic strength in the "top down" IL to BLA 

direction while simultaneously decreasing the same synaptic 

strength in the "bottom up" BLA to IL direction. However, the 

“bottom up” effect was weaker.    

V. DISCUSSION 

In this work, we developed an approach to change brain 

connectivity at specific frequencies and with a preferred 

directionality, in circuits relevant to neuro-psychiatric disease. 

When pulse trains delivered into BLA were lagged 180º (83.3 

ms) to identical 6 Hz pulse trains delivered into IL, stimulation 

changed both band-limited coherence and synaptic strength 

between the two brain regions. The coherence enhancement 

was observed across multiple animals and days, and lasted up 

to 30 minutes post-stimulation. The same stimulation method 

also increased synaptic strength specifically in the IL to BLA 

direction. Synaptic changes were longer-lasting than the 

coherence changes, with significant effects out to 90 minutes 

from an intervention that requires less than 8 minutes. The IL 

to BLA effects were strongly consistent across animals. 

Importantly, similar effects were not observed for BLA 

leading 180º stimulation, which delivers identical electrical 

pulses but with opposite (BLA first) timing. These results might 

be explained by principles of Hebbian learning[15], [23], [24]. 

The first stimulation delivered to IL may excite the presynaptic 

cells in the IL to BLA direction. Lagged stimulation with the 

correct amount of delay into BLA could then coincide with pre-

synaptic input. This may strengthen IL-BLA synapses, which 

would increase BLA theta generators' ability to entrain to and 

follow an IL rhythm. Both the initial pulse effect and the 

sustained coherence might then further strengthen synapses in 

that specific direction. We note that we did not attempt to 

optimize or otherwise identify protocols that might instead raise 

BLA-to-IL connectivity, and that variants of this same approach 

might produce an effective “bottom up” intervention. 

These changes appear to specifically require the use of a 

pulse train at a target frequency. Singe paired-pulse stimulation, 

with an identical 180º lag between pulses, did not enhance 

Fig. 7. ERP-based synaptic strength changes over baseline from 0 to 90 

minutes post-stimulation, in the IL to BLA direction. Y-axis shows fold 
change over baseline. The ERPs were quantified by measuring area 

underneath the curve (AUC) of the first positive peak post-stimulation. 

Inset:representative ERP trace, arrow indicates the first peak post-stimulation 
and the yellow shaded region indicates the desired AUC. The results were 

averaged across days/ animals.  Bars indicate mean and error bars indicate 

SEM. *, p<0.001 vs respective pre-stimulation baseline by linear mixed effect 
model fitting.  

Fig. 8. ERP-based synaptic strength changes over baseline from 0 to 90 minutes 

post-stimulation, in the BLA to IL direction. Y-axis shows fold change over 
baseline. The ERPs were analyzed the same way as Figure 5. All plotting 

conventions are the same as in Figure 7. 
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either theta band coherence or synaptic strength. Furthermore, 

stimulation frequency affected the connectivity change. IL and 

BLA are known to communicate in the theta band (Fig. 5d)[25]. 

6 Hz was therefore chosen as the primary stimulation frequency 

in these experiments. Consistent with predictions, stimulation 

that did not match this dominant frequency (i.e., 20 Hz) did not 

induce a strong connectivity change.      

Both connectivity enhancements might be valuable for 

enhancing core functions of the IL-BLA circuit. Coherence 

measures synchronous activity between two neural populations. 

The ERP measures broad-band synaptic strength with 

directionality[21], [26]. Changing either metric, or the resulting 

brain communication, may improve the function of emotion-

related circuitry. The top- down influence of IL over BLA that 

we enhanced in Fig. 7 is associated with healthy emotion 

regulation and is disrupted in states of persistent fear and 

anxiety[27]. Theta-band coherence in this circuitry is similarly 

associated with successful fear regulation[18]. The paired-train 

method could enable healthy fear regulation through the 

directional control of information flow[9].  

Coherence changes from the 180º IL leading protocol were 

limited to the theta band, but the peak frequency of the 

enhancement varied among different days within the same 

animal and also among animals. That is, 6 Hz electrical 

stimulation did not always induce a coherence peak at 6 Hz. 

This may reflect a physiologic property of the tissue being 

stimulated. In other studies of oscillatory responses to brain 

stimulation, the peak response to stimulation corresponded 

more to the tissue's natural frequency than to the stimulation 

frequency[28], [29]. We did not observe specific sub-peaks 

within the theta band in our animals, but this does not rule out 

endogenous generators with preferred frequencies slightly 

away from 6 Hz. One of the limitations of the study is that we 

did not compare whether other frequencies in theta band can 

induce the same effects as 6 Hz. In theoretical models, 

stimulation near a circuit’s endogenous frequency can produce 

the same output across a range of input frequencies[30]. Future 

work might address this question.   

 The coherence enhancement from IL leading 180º 

stimulation was smaller and shorter-lasting than the broad-band 

synaptic strengthening from the same stimulation. Both metrics 

increased immediately post-stimulation, but synaptic strength 

showed a larger increase, and was sustained at a 1.3 fold 

increase over baseline even at 90 minutes post-stimulation. The 

narrow-band coherence enhancement might be a mechanism 

that then strengthens synapses. For instance, if paired/lagged 

trains temporarily reset local oscillations, IL and BLA firing 

might become synchronized, such that synapses between them 

detect more coincidences and become potentiated. It is equally 

plausible that the strong synaptic change produces the 

coherence change. The peak synaptic strength effect occurred 

immediately post-stimulation, whereas the coherence 

enhancement effects peaked at 30 minutes post-stimulation. 

Stronger synapses might make IL oscillatory generators more 

able to entrain BLA rhythms, leading to a slow coherence 

increase that then degrades as the synaptic enhancement 

degrades. The return of coherence to baseline 45 minutes post-

stimulation might then be driven by synaptic connectivity 

weakening to the point that it can no longer drive IL-BLA 

entrainment. Similarly, in some protocols (most notably LTP), 

synaptic effects strengthened over time. This might reflect 

reciprocal interaction, e.g. an immediate BLA-to-IL 

connectivity increase leading to BLA output being fed back via 

cortex, producing a delayed IL-to-BLA increase. Alternatively, 

delayed effects may be because we tested free-moving awake 

rats, whereas synaptic strength is often measured in slices or 

anesthetized animals[26] More complex sensory input could 

alter the temporal dynamics of synaptic plasticity. 

Future work might dissect the relationship between synaptic 

plasticity and coherence. It will also be important to test how 

each measurement correlates with behavioral outcomes, e.g. in 

tests of defensive behavior [31], [32].       

The weaker coherence effects (compared to the synaptic 

effects) might arise because our paired stimulation did not 

incorporate endogenous brain activity into the stimulation 

timing. Stimulation effects are highly dependent on the 

physiological state of the brain[9], [22]. If we began the 

stimulation with pulse trains poorly phase-matched to 

endogenous oscillations, we may have failed to entrain the theta 

generators. This has been most clearly demonstrated in 

Parkinson disease, where the effect of deep brain stimulation is 

sensitive to timing relative to motor oscillations [33]. Future 

studies could implement a closed-loop stimulation paradigm to 

trigger electrical stimulation based on the LFP phase[22], [34],  

either using this paired-train method or attempting to entrain 

regions with single pulses. 

It is somewhat surprising that a 180º (83.8 ms) lag between 

IL and BLA pulse trains was effective. Past studies of paired 

stimulation had more effective results with much shorter 

latencies between pulses[13], [15]. One rodent study 

demonstrated that functional synaptic strength was potentiated 

when the latency between two stimulations was 5 ms, while 100 

ms latencies actually disrupted synaptic strength[15]. In 

Fig. 9. Comparisons of other stimulation conditions to IL leading 180º, in the 

a) IL to BLA direction and b) BLA to IL direction at 15 minutes post-
stimulation. a) IL leading 180º compared with 0º (t=10.33, p<0.001, N=4), 

BLA leading 180º (t= 15.477, p<0.001, N=3), LTP (t= 15.1, p<0.001, N=4), 

20 Hz (t=10.54, p<0.001, N=4) and single paired pulses (t=8.95, p<0.001, 
N=4) in the IL t- BLA direction. b) IL leading 180º compared with 0º (t=-

23.808, p<0.001, N=4), BLA leading 180º (t= -2.53, p=0.085, N=3), LTP (t= 

1.8591, p=0.063143, N=4), 20 Hz (t=-5.43, p<0.001, N=4) and single paired 
pulses (t=-6.47, N=4) in the BLA to IL direction. Y-axis represents the log of 

the ratio of the fold change over baseline between IL leading 180º and the 

respective comparison group, i.e. 0 represents no difference between 
conditions. Each bar displays the average advantage for IL leading 180º across 

all the animals in the group (error bar represents standard error across multiple 

animals). Individual animal data points are demonstrated as single markers 
(grey) with standard error across multiple days for each animal. Rats that did 

not receive both stimulation methods are excluded from pairwise analyses.        
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macaques, short delays, such as 20 ms inter-stimulus intervals, 

increased synaptic strength between two brain regions, but 

delays larger than 50 ms produced no effects [13]. We believe 

our results are not contradictory, but reflect differences in the 

underlying brain circuits. Previous paired stimulation efforts in 

rodent and primate were implemented in the sensorimotor 

cortex, whereas we targeted an emotion-related circuit. The 

intrinsic properties of the cell populations, particularly their 

natural oscillatory frequencies, could affect the response to 

stimulation[35], [36]. For instance, in the primate study that 

strengthened synapses with 20 ms inter-stimulus intervals, the 

dominant motor cortical oscillation was likely in the beta 

frequency band (15-30 Hz). 20 ms is approximately 180º lag in 

the beta band, which matches what we observed in the theta 

band. That study did not investigate the effects of paired 

stimulation on coherence. Clarifying whether effective timing 

properties can be predicted by different cortical regions’ 

oscillatory frequencies would be a fruitful direction of study.  

Our results with longer inter-train delays might also be 

explained by the complex cellular architecture of our 

stimulation sites. BLA contains multiple genetically defined 

cell types with competing functional roles[37]. Electrical 

stimulation of IL and BLA excites all these cell populations 

equally, and the LFP recordings incorporated these different 

cellular responses. If our coherence and/or synaptic strength 

results arise from interactions between cell types (i.e., 

polysynaptic processes), this might also explain why a longer 

delay is more effective. In this regard, it is difficult to identify 

which cell types are involved in our observed coherence and 

synaptic strength enhancement, because electrical stimulation 

is non-specific. Future studies could use optogenetics to isolate 

populations of interest and apply lagged optical pulse trains to 

study how individual neuron types respond to such 

interventions. Cell-type specific experiments might also be 

guided by computational models, e.g. to identify hypotheses for 

the involved cell types. 

A limiting factor of the paired stimulation method was its 

variability among animals. Each animal had a specific dosage 

that induced strong narrow band coherence with 180º lagged 

pulse trains, but the most effective train durations and pulse 

intensities were different. This might result from different 

physiological conditions of each rat and/or the variability of the 

electrodes’ anatomical locations. Use of this technique in 

behavioral or clinical experiments would thus first require a 

parameter sweep to identify suitable dosages for coherence 

enhancement. This can be feasible, but we do not know if the 

effective stimulation dosages will be stable over time.  

VI. CONCLUSION AND FUTURE WORK 

In summary, we have demonstrated that a paired pulse train 

electrical stimulation method, with a calibrated lag between 

regions, can alter oscillatory synchrony and synaptic strength. 

The effects lasted up to 30 minutes for coherence and 90 

minutes for synaptic strength, and showed directionality within 

a circuit. This represents a new approach to controlling circuits 

involved in neuro-psychiatric disorders. Circuit-based 

neurostimulation has been proposed as an approach to the 

problem of treatment-resistant mental illness[1], [2]. Clinical 

trials have, however, shown very inconsistent outcomes[1]. 

High-frequency stimulation, the most common clinical 

approach, may not properly alter dysfunctional circuit 

communication[9], [38]. Our paired stimulation method might 

be more effective, as it exerts its effects on the circuit level. A 

key question is whether the physiologic changes we observe 

will translate to changes in behavior. Future work should use 

behavioral assays such as fear conditioning/extinction to 

validate this approach as a means for circuit control. If those 

studies succeed, this lagged pulse train approach may form the 

basis of a new set of treatments for neuropsychiatric disorders. 

Furthermore, oscillations exist and show coherence in many 

circuits throughout the brain. These methods could be 

generalized as a useful tool for neuroscientists to study 

coherence in those circuits, further elucidating the role of 

oscillations in brain function. 
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