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Abstract

Pairing vagus nerve stimulation (VNS) with movements or sounds can direct robust plasticity in
motor or auditory cortex, respectively. The degree of map plasticity is influenced by the intensity
and pulse width of VNS, number of VNS-event pairings, and the interval between each pairing. It
is likely that these parameters interact, influencing optimal implementation of VNS pairing
protocols. We varied VNS intensity, number of stimulations, and inter-stimulation interval (I1SI) to
test for interactions among these parameters. Rats were implanted with a vagus nerve stimulating
cuff and randomly assigned to one of three treatment groups to receive 20 days of VNS paired
with a 9 kHz tone: 1) Fast VNS: 50 daily pairings of 400 uA VNS with a 30 s ISI; 2) Dispersed
VNS: 50 daily pairings of 400 pA VNS with a 180 s ISI; and 3) Standard VNS: 300 daily pairings
of 800 A VNS with a 30 s ISI. Following 20 days of VNS-tone pairing, multi-unit recordings
were conducted in primary auditory cortex (A1) and receptive field properties were analyzed.
Increasing ISI (Dispersed VNS) did not lead to an enhancement of cortical plasticity. Reducing the
current intensity and number of stimulations (Fast VNS) resulted in robust cortical plasticity, using
6 times fewer VNS pairings than the Standard protocol. These findings reveal an interaction
between current intensity, stimulation number, and ISI and identify a novel VNS paradigm that is
substantially more efficient than the previous standard paradigm.
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Introduction

Repeated pairing of vagus nerve stimulation (VNS) with sensory or motor events induces
large-scale expansion of cortical representations (Engineer et al., 2011, 2015; Porter et al.,
2012; Shetake et al., 2012; Hulsey et al., 2016). In addition to these effects on map plasticity
in healthy subjects, paired VNS enhances rehabilitation in models of neurological damage.
A preclinical study in an animal model of tinnitus demonstrated that pairing tones with VNS
can eliminate both the behavioral and neurophysiological correlates of tinnitus (Engineer et
al., 2011). In animal models of stroke, traumatic brain injury and spinal cord injury, pairing
VNS with a deficit-related task improves recovery of motor function beyond that of
rehabilitation alone (Khodaparast et al., 2013, 2014, 2016, Hays et al., 2014a, 2016; Pruitt et
al., 2016; Ganzer et al., 2018). Based on this robust and specific enhancement of plasticity
and rehabilitation, VNS has emerged as a strategy to improve recovery in chronic stroke and
tinnitus patients (De Ridder et al., 2014; Dawson et al., 2016; Tyler et al., 2017). While the
initial clinical results are encouraging, optimization of VNS pairing paradigms could lead to
greater compliance, faster therapeutic recovery, and better outcomes for patients.

A number of studies investigating the relationship between VNS efficacy and intensity have
found that increasing VNS intensity results in an inverted-U response. Pairing VNS with
tone presentation drives plasticity in auditory cortex at moderate current intensities, but not
at low or high intensities (Borland et al., 2016; Loerwald et al., 2017). Studies investigating
VNS-mediated enhancement of memory (Clark et al., 1995, 1998) and hippocampal
plasticity (Zuo et al., 2007) reveal similar responsiveness that is selective for moderate
current intensities. Taken together, these findings demonstrate VNS efficacy is critically
sensitive to current intensity.

In addition to VNS current intensity, stimulation number and inter-stimulation interval (1SI)
have also been explored to optimize VNS efficacy. Lengthening the interval between VNS-
tone pairings increases the magnitude of plasticity evoked by VNS in auditory cortex
(Borland et al., 2017). Significantly more plasticity is produced when the interval between
VNS-tone pairings is 120 s compared to 8 s. Presenting only 50 VNS-tone pairings per day
fails to drive plasticity when delivered at 800 pA, whereas 300 pairings per day drives robust
plasticity (Borland et al., 2017). These results demonstrate that independently modifying
these parameters alters the magnitude of plasticity induced, but it is unknown how these
parameters interact with each other and other parameters to alter efficacy.

To investigate the interactions among VNS parameters, we compared the amount of
plasticity driven by different VNS-tone pairing paradigms by varying current intensity,
number of stimulations, and ISI. In contrast with previous reports, we found that lengthening
ISI does not enhance plasticity at lower current intensities. Finally, we report that reducing
the current intensity and number of daily stimulations while holding ISI constant drives
plasticity equivalent to our standard stimulation parameters in substantially less time each
day. These findings reveal an interaction between VNS intensity, number of stimulations,
and ISI that yields a stimulation paradigm substantially more efficient at generating cortical
plasticity than the previous standard paradigm.
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Experimental procedures

This study, including design, statistical methodology, and planned comparisons, was
preregistered on Open Science Framework (DOI 10.17605/0SF.10/3Y7U8) in compliance
with the Transparency and Openness Promotion guidelines (Alberts et al., 2015). All
handling, housing, stimulation, and surgical procedures were approved by The University of
Texas at Dallas Institutional Animal Care and Use Committee. One hundred twenty-one 3 —
6 month old Sprague Dawley female rats were housed in a 12:12 hour reversed light-dark
cycle. Rats were randomly assigned to one of three VNS-treated groups. Following cuff
implantation, rats received 20 days of VNS-tone pairing after which multi-unit recordings
were collected in Al using standard microelectrode recording techniques to assess Al
responsiveness to a range of tones. Recordings were also conducted in 12 of these rats who
were not implanted and did not receive daily auditory stimuli to serve as naive controls.
Seventy-six rats were excluded from analysis according to predefined criteria, as detailed in
the Auditory Cortex Recordings section below.

Vagus nerve surgery

A custom made platinum iridium bipolar cuff electrode was implanted around the left
cervical vagus nerve as described previously (Engineer et al., 2011, 2015; Shetake et al.,
2012; Hays et al., 2014a, 2014b, Khodaparast et al., 2014, 2016, Borland et al., 2016, 2017;
Pruitt et al., 2016; Hulsey et al., 2016; Loerwald et al., 2017). In brief, rats were anesthetized
with ketamine hydrochloride (80 mg/kg) and xylazine (10 mg/kg) administered
intraperitoneally and supplemented as needed to maintain a state of areflexia. Body
temperature was maintained at 37° C throughout the surgery. The vagus nerve was exposed
and isolated via blunt dissection. A cuff electrode was implanted surrounding the vagus
nerve with 2 leads tunneled subcutaneously to connect with a 2-channel connector fixed with
acrylic to the skull. Nerve activation was confirmed immediately after implanting the cuff
electrode by observation of a = 5% drop in blood oxygen saturation in response to a 10 s
stimulation train of 30 Hz VNS consisting of 800 A, 100 us biphasic pulses as in previous
studies (Borland et al., 2016, 2017; Loerwald et al., 2017). If stimulation failed to evoke
changes in oxygen saturation, the cuff was adjusted or replaced. Buprenex (0.03 mg/kg) and
atipamezole hydrochloride (0.5 mg/kg) were administered to manage pain and facilitate
recovery, respectively. Rats received amoxicillin (10 mg) and rimadyl (2 mg) tablets for 2
days following surgery and were allowed to recover for at least 5 days before beginning
VNS.

Vagus Nerve Stimulation and Tone Pairing

Rats were exposed to presentations of a 500 ms, 9 kHz 50 dB tone paired with VNS daily
for 20 days. Five millisecond ramps were added to the beginning and end of each tone to
eliminate acoustic transients. Depending on the experimental conditions, VNS consisted of
500 ms, 30 Hz trains of 100 ps biphasic pulses delivered at either 400 pA or 800 pA. The
number of pairings was either 50 or 300 and the interval between pairings was either 30 or
180 s, depending on the experimental group. To prevent rats from anticipating when
stimulation would occur, VNS sessions were designed to present 300 pairings every 15 s for
the Standard and Fast groups and every 90 s for the Dispersed group with each event having
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a probability of 0.5 resulting in 300 stimulations with an average IS1 of 30 or 180 s,
respectively..

Auditory Cortex Recordings

Multi-unit recordings were conducted from primary auditory cortex (A1) according to
standard techniques (Engineer et al., 2011; Borland et al., 2016, 2017; Loerwald et al.,
2017). 2472 hrs after the last day of pairing, rats were anesthetized with sodium
pentobarbital (50 mg/kg). Rats were monitored throughout the recording and supplemented
with additional anesthesia as necessary to maintain a state of areflexia. A tracheal tube was
inserted to facilitate respiration and a cisternal drain was used to mitigate brain swelling. A
section of skull was removed to expose right auditory cortex. The dura was removed and a
thin layer of silicone oil was applied to prevent desiccation. Four parylene-coated tungsten
microelectrodes (1.5-2.5 MQ, FHC) were inserted 600 — 700 um below the surface of cortex
to target layer V. Neural signals were amplified using an RA16PA preamplifier (Tucker-
Davis Technologies) and digitized at 24.414 ks/s with 16-bit resolution using an RZ5
BioAmp processor (Tucker-Davis Technologies) and subsequently filtered with a 300 to
3,000 Hz bandpass filter and further amplified 20,000 times using Brainware (Jan Schnupp).
A 600 mV threshold was applied to amplified voltage signals for spike detection. For
electrical and acoustic isolation, recordings were conducted in a foam-lined, doubled-walled
sound attenuated chamber. 1296 pure tones spanning 81 frequencies across 5 octaves (1 — 32
kHz) and 16 intensities (0 — 75 dB) were presented in a randomly interleaved fashion every
500 ms via a speaker placed 10 cm away from the left ear. Multi-unit activity was recorded
in response to each tone with Brainware and each recording site was logged on a digitized
image of the cortex. A site was considered to be in Al based on tonotopy and the following
criteria: onset latency of 5 — 25 ms, peak latency of 10 — 40 ms, end of peak latency of 20 -
60 ms, and response strength of at least 50% increase in firing rate over spontaneous firing
rate. Upon completion of the recordings, vagus nerve activation by the cuff electrode was
again confirmed by observation of either a decrease in blood oxygen saturation or cessation
of breathing if stable oxygen saturation baseline levels were unable to be obtained. Nineteen
animals failed to exhibit a drop in oxygen saturation after mapping and were consequently
excluded from analysis. Twenty-two animals were excluded due to complications during
auditory cortex recordings that prevented the complete mapping of Al such as cortical
damage or inability to detect spiking activity. Nineteen animals died during the recording
procedure. Sixteen animals died or were euthanized before completion of 20 days of VNS-
tone pairing.

Data analysis

Auditory evoked neural responses were analyzed using a custom, fully-automated Matlab
program to quantify receptive field and response characteristics at each site. The percent of
area of Al that responded to each of the 1296 combinations of tone frequency and intensity
was quantified for each rat, as in previous studies (Engineer et al., 2011, 2015, Borland et
al., 2016, 2017; Loerwald et al., 2017). Cortical reorganization was evaluated by subtracting
the averaged group response of experimentally naive rats from the averaged group response
of rats that received VNS paired with a 9 kHz tone. The percent of area responding and
extent of cortical reorganizations were measured for each animal. Group averages were
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compared across conditions using one-way ANOVAs followed by Tukey’s test for multiple
comparisons when appropriate to determine significant differences in receptive field
organization. For figure 2, a Benjamini-Hochberg correction was used to control the false
discovery rate (Benjamini et al., 2001).

Experimental design

To assess the efficacy of different VNS-tone pairing regimens, we evaluated changes in Al
receptive fields after 20 days of VNS-tone pairing. Receptive fields were measured by
recording multi-unit activity throughout auditory cortex in response to presentation of pure
tones ranging in frequency and intensity that span the rat hearing range. Sites were identified
as being in Al based on response characteristics and tonotopy. The percent of area of Al
responding was calculated for each sound. All maps were tonotopically organized, as
indicated by a significant correlation between the anterior-posterior location and the binary
logarithm of the characteristic frequency (average R? across all animals = 0.68 + 0.02). As in
previous studies, rats receiving VNS-tone pairing were mapped 1 — 3 days after 20 days of
pairing 500 ms VNS pulse trains with 500 ms 9 kHz, 50 dB tones (Engineer et al., 2011;
Borland et al., 2016, 2017; Loerwald et al., 2017). The size of A1 was unaffected by VNS
(Kruskal-Wallis, Hz) = .791; P> 0.05; mean + SEM area inmm?2=1.67 +0.13, 1.74 + .10,
1.75 £ 0.23, 1.78 £ .13 for naive, Fast, Dispersed, and Standard groups, respectively). There
was no difference in the number of Al sites recorded from or the density of recording sites
in Al across groups (Number of sites: One-way ANOVA, F(3, 41) = 0.57, P=0.64; Sampling
density: One-way ANOVA F3 41) = 0.13, P=0.94).

Previous studies varying VNS parameters have found that 300 daily pairings of 800 uA with
a 30 s ISI drive significant cortical plasticity (Borland et al., 2016, 2017; Loerwald et al.,
2017). Therefore, one group of rats received these parameters (referred to as “Standard
VNS’) as a reference point to assess any gains made in VNS efficacy with other regimens
(Fig. 1). We tested the effectiveness of increasing ISI with 50 stimulations of 400 pA current
intensity (referred to as ‘Dispersed VNS’) to match the session duration of Standard VNS.
To explore a potential interaction between intensity and stimulation number, we also tested
400 pA current intensity, 50 stimulation VNS paradigm with a 30 s ISl resulting in a reduced
daily session length (referred to as ‘Fast VNS’). Data from all measures of plasticity
reported come from standard normal distributions (Kolmogorov-Smirnov test, > 0.05) with
equal variance (Bartlett’s test, 7> 0.05).

Reducing the number of stimulations and intensity of VNS drives robust plasticity

Nine kHz tones presented at 50 dB sound pressure level (SPL) elicits responses in 32.6

+ 3.1% of Al in Naive animals while 2 kHz tones at 50 dB SPL elicits responses in 54.8

+ 2.9% of Al (Fig. 2A). To summarize the effects of different VNS regimens on cortical
reorganization, we computed the difference between the percent of area of Al responding to
low frequency tones (2 — 4 kHz) and the percent of A1l responding to high frequency tones
(8 — 16 kHz) (Fig. 3) as in previous studies (Borland et al., 2016, 2017; Loerwald et al.,
2017). Al responsiveness in naive animals has a bias towards low frequency tones (Naive
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low — high (%) = 20.4 = 3.7). After 20 days of VNS-tone pairing this low frequency bias was
significantly diminished (One-way ANOVA, F3, 41) = 3.62, P=0.02, 12 =0.21, Fig. 3).
Consistent with previous studies (Engineer et al., 2011; Borland et al., 2016, 2017; Loerwald
etal., 2017), Standard VNS reduced responsiveness to low — high tones to 5.02 + 3.04 %
(Tukey HSD, P=0.04). This reduction in low frequency bias is characterized by an
increased responsiveness to 8 — 16 kHz tones (area outlined in white in Fig. 2G)
accompanied by a decrease in responsiveness to 2 — 4 kHz tones (area outlined in black in
Fig. 2G) relative to naive. No correlation was observed between map size and Al
responsiveness to low — high tones (R2 = .08, P> 0.05). These results corroborate previous
studies demonstrating that Standard VNS paired with tones drives robust plasticity in
auditory cortex.

Reducing the number of stimulations has been shown to significantly weaken VNS-mediated
enhancement of plasticity (Borland et al., 2017). However, a number of studies have
demonstrated that high VNS current intensities also lead to a decrease in efficacy (Clark et
al., 1995, 1998, 1999; Zuo et al., 2007; Borland et al., 2016). Therefore, to investigate a
potential interaction between stimulation number and current intensity, we reduced the
stimulation intensity from 800 pPA to 400 pA and the number of stimulations from 300 to 50
(Fast VNS) (Fig. 1). Fast VNS reduced the bias towards low frequency tones that was
observed in naive rats to 4.12 + 4.7% (Tukey HSD, = 0.03). Similar to Standard VNS, this
was characterized by a suppression responsiveness to 2 — 4 kHz tones and an enhancement
of responsiveness to 8 — 16 kHz tones (Fig. 2E). This result indicates that short VNS-tone
pairing sessions can drive robust plasticity if delivered at lower current intensities and may
suggest that the Standard VNS intensity (i.e. 800 pA) is initially too strong before adaptation
reduces activation to appropriate levels.

Increasing the interval between VNS-tone pairings abolishes VNS-mediated plasticity

Previous evidence indicates that increasing the interval between 800 PA current intensity
stimulations leads to an enhancement of plasticity (Borland et al., 2017). Therefore, we
hypothesized that the effect of 400 pA, 50-stim VNS may be enhanced by lengthening the
interval from 30 s to 180 s (Dispersed VNS). Dispersed VNS had little effect on
responsiveness to any frequency range relative to naive (Figure 2F), with a Tukey post hoc
test revealing no significant difference from any other group (Fig 2G). This result
demonstrates that lengthening the stimulation interval at lower current intensity levels
diminished the effectiveness of VNS.

We investigated whether changes in threshold or bandwidth could underlie VNS-dependent
plasticity. No differences in threshold or bandwidth 10, 20, and 40 dB above threshold at
sites with characteristic frequencies between 8 and 16 kHz were observed across groups
(One way ANOVA, Threshold: F(3, 41y = 0.32, 7= 0.81; Bandwidth 10, 20, 30, and 40 dB
above threshold: F(3 41) = 0.51, 0.53, 0.16, and 0.45 respectively, all #> 0.65). This suggests
that alterations in tuning selectivity do not underlie VNS-dependent plasticity, but rather
VNS-dependent represent suprathreshold increases in responsiveness across the tonotopic
gradient.
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These findings indicate that 1) reducing both the number of stimulations and current
intensity of VNS produces plasticity more quickly (25 vs. 150 minutes), and 2) increasing
the interval between stimulations at these reduced settings is insufficient to enhance
receptive field plasticity.

Discussion

Previous studies have demonstrated that VNS efficacy is sensitive to both the timing and
amount of VNS delivered (Hays et al., 2014b; Borland et al., 2016, 2017; Ganzer et al.,
2018). Here, we report that reducing the number of VNS stimulations to 50 and reducing the
stimulation intensity to 400 pA drives plasticity equivalent to Standard VNS (Table 1, 300
stimulations at 800 pA). In contrast to previous findings, lengthening the stimulation interval
under these conditions failed to enhance plasticity. These findings indicate an interaction
between stimulation intensity, number, and ISl and identify a novel VNS paradigm capable
of driving targeted plasticity in much less time than previously required.

Previous studies using VNS and deep brain stimulation to direct plasticity used 300
stimulations per day for many weeks (Kilgard and Merzenich, 1998; Puckett et al., 2007;
Engineer et al., 2011, 2015; Shetake et al., 2012; Borland et al., 2016, 2017; Loerwald et al.,
2017) to parallel the number of rewarded daily trials performed by monkeys in classic
studies investigating cortical plasticity induced by operant conditioning (Recanzone et al.,
1993). The current study replicates findings from previous studies that tone-paired VNS
under these conditions can drive plasticity in auditory cortex. Furthermore, it demonstrates
that it is possible to produce equivalent large-scale map plasticity with six times fewer trials
if the VNS current paired with tones is at the low end of the effective range for producing
plasticity (Table 1, Borland et al., 2016; Loerwald et al., 2017). This finding is consistent
with several studies indicating that neuromodulator-dependent plasticity can be induced with
a relatively small number of pairings (Bakin and Weinberger, 1996; Froemke et al., 2007).
Spike-timing-dependent plasticity paradigms can induce both LTP and LTD with only 40
pairings if the pairings coincide with neuromodulator release (He et al., 2015). Receptive
field plasticity can be induced in A1 neurons when tones are paired with LC stimulation
with as few as 30 pairings (Martins and Froemke, 2015). Moreover, the present study
corroborates evidence that 50 daily parings of VNS, if timed appropriately with
rehabilitation, can enhance plasticity and improve recovery after spinal cord injury (Ganzer
etal., 2018).

In the present study, 50 daily VNS-tone pairings delivered at 400 pA results in robust
plasticity when the interval between pairings is short. However, this finding stands in
contrast with a previous study demonstrating that 50 daily VVNS-tone pairings at a higher
current intensity (800 pA) drives little plasticity, while 300 pairings at the same intensity
drives robust plasticity (Table 1, Borland et al., 2017). This apparent discrepancy may be
explained by initial over-activation of VNS targets with 800 pA stimulation. With repeated
stimulation, however, activation of downstream targets may adapt to levels appropriate for
plasticity. In support of this notion, VNS-tone pairing only drives plasticity at moderate
current intensities, beyond which the effect of VNS diminishes (Borland et al., 2016).
Similarly, cortical function has been shown to demonstrate an inverted-U response to
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increasing levels of neuromodulator concentration (Arnsten, 2011). Therefore, the ability of
Fast VNS in the current study to drive plasticity may be attributed to the mitigation of initial
over-activation and may reveal a form of desensitization elicited by 800 pA after prolonged
(> 50) stimulation. Alternatively, 400 WA may be a more optimal stimulation intensity than
800 WA, requiring fewer pairings to drive similar amounts of plasticity than 800 pA.
However, a previous study showed that 400 pA and 800 pA VNS elicit comparable degrees
of plasticity when all other conditions are held constant (Borland et al., 2016). These
findings suggest that the most effective VNS regimens will be those which maintain
adaptation of the entire system within an optimal level of activation.

It has previously been demonstrated that lengthening the interval between VNS stimulations
increases the extent of plasticity expressed (Table 1, Borland et al., 2017), contrasting with
findings from this study. However, a number of additional parameter differences exist
between studies including the total number of daily pairings (300 vs 50), stimulation
intensity (800 vs 400 pA), and interval length (120 vs 180 s) that may contribute to the
disparate findings. Nonetheless, the observation from the current study that Dispersed VNS
was less effective at generating plasticity demonstrates that shorter intervals are required at
weaker stimulation intensities. Considering the observed effectiveness of Fast VNS, this may
suggest that reducing the interval engages a form of rapid sensitization. Taken together with
previous findings, results from this study suggest two forms of adaptation influenced by the
interaction of the timing and amount of VNS: a rapid sensitization occurring on a timescale
of <180 s and a concurrent slower desensitization resulting from prolonged (> 50)
stimulation.

Predicting how parameters will interact under a range of parameter values requires
understanding the forms of adaptation associated with each parameter. VNS enhances
plasticity by engaging neuromodulatory networks which are known to exhibit sensitization
and desensitization (Schmidt et al., 2000; Ferguson, 2001; Xu, 2004). Monoaminergic and
cholinergic neuromodulator systems, mediated predominately through G-protein coupled
receptors (GPCRs), contribute to several forms of both cellular and network level adaptation
including adaptation and autoregulation within neuromodulatory nuclei, presynaptic
adaptation at neuromodulatory terminals in cortex, postsynaptic adaptation at cortical
excitatory and/or inhibitory neurons, and network adaptation in local cortical circuits. For
instance, persistent receptor activation on the timescale of one to two hours leads to a
downregulation of cell surface receptors (Valiquette et al., 1990; Ferguson and Caron, 1998).
Therefore, it would be expected that longer daily sessions would be more affected by this
form of desensitization than shorter sessions, consistent with the finding that Fast VNS, but
not Dispersed VNS, can elicit significant plasticity. However, in cases where stronger
current intensities are used, such as in Standard VNS, reduced receptor density associated
with longer sessions may be offset by enhanced signaling through the remaining receptors.
Alternatively, shorter ISI’s may contribute to increased accumulation of second messenger
levels. Persistent receptor activation has been shown to increase second messengers levels
(Violin et al., 2008), although the temporal dynamics of second messenger signals vary with
the duration and concentration of available ligand (January et al., 1997). Therefore, it is
likely that multiple VNS parameters interact to influence signal transduction processes in
unique ways.
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One neuromodulatory system of particular interest in the context of VNS is the
noradrenergic locus coeruleus (LC). VNS enhances spiking activity in the LC phasically in
response to brief (500 ms), acute VNS (Hulsey et al., 2017), and persistently in response to
either longer (30s) acute applications (Groves et al., 2005) or chronic (14 — 90 days)
stimulation (Manta et al., 2009). Both LC activity and noradrenergic transmission have been
shown to be involved in learning and plasticity (Edeline et al., 2011; He et al., 2015; Martins
and Froemke, 2015). Synaptically evoked discharge rates of LC neurons are non-adapting in
response to increasing stimulation frequency of VNS (Hulsey et al., 2017), suggesting the
locus of adaptation is likely in cortex. Pairing direct stimulation of LC with tones induces
receptive field plasticity in auditory cortex and perceptual changes by attenuating tonic
GABAergic transmission (Martins and Froemke, 2015). A similar network mechanism may
be utilized by VNS as network reorganization is correlated with cortical disinhibition (Chen
et al., 2015). Additional neuromodulator systems which display regulation by VNS and may
be involved in its plasticity-enhancing effects include acetylcholine, serotonin, and
dopamine (Manta et al., 2009, 2013; Hulsey et al., 2016). Future studies investigating the
network and cellular mechanisms of these putative forms of adaptation will allow them to be
further exploited for optimization of VNS.

This study demonstrates that a shortened VNS paradigm can produce robust neural plasticity
when delivered at the appropriate stimulation intensity and interval. This finding reveals a
VNS paradigm capable of driving substantial, experience-dependent plasticity 6 times faster
than previously determined. Reducing daily VNS session length is expected to enhance
clinical utility. The complex interactions between multiple parameters suggest that future
study may lead to additional paradigms that generate plasticity more quickly or produce a
greater degree of plasticity.
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Figure 1. Schematic of VNS-tone paring paradigm and experimental groups.
With each 500 ms tone presentation, a 30 Hz, 500 ms train of electrical stimulation

consisting of 100 ps biphasic pulses at varied intensities was delivered to the left vagus nerve
via a cuff electrode. VNS paradigms were ‘Fast’ (50 pairings of 400 pA VNS delivered
every 30 s); ‘Dispersed’ (50 pairings of 400 uA VNS delivered every 180 s); or ‘Standard’
(300 pairings of 800 pA VNS delivered every 30 s). Rats received VNS paired with a 9 kHz,
50 dB tone for 20 days.
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Figure 2. VNS-tone pairing reorganizes receptive fields in primary auditory cortex.
(A - D) Percent of area of Al responding to each of the 1296 tones. Black contour lines

denote 20%, 35%, and 50% of area responding. (E — G) Area responding difference plots.
Naive percent of area responding values were subtracted from each of the 3 VNS treated
groups. Black and white contour lines denote areas of significant (P < 0.05) decreases and
increases relative to naive, respectively. N’s are 12, 11, 11, & 11 for naive, Fast VNS,
Dispersed VNS, and Standard VNS, respectively.
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Figure 3. VNS diminishes low frequency tone bias.
Subtracting responses to high frequency tones (8 — 16 kHz, 50 dB) from responses to low

frequency tones (2 — 4 kHz, 50 dB) reveals a low frequency bias in naive rats. Both Fast and
Standard VNS significantly reduce this bias so that responsiveness to low and high
frequency tones is similar. Data from individual animals is represented as gray circles. * = P
< 0.05 by Tukey’s test for multiple comparisons.
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Table 1.

The effects of stimulation parameters on the magnitude of VNS-dependent plasticity

Page 16

Study Intensity (mA) | Pulse width (us) | Interstimulus Interval (s) | Number of Pairings | % of Standard
per Day Parameter Effect
Present Study 0.4 100 30 300 106 + 31
04 100 180 50 64 + 28
Borland et al., 2016 0.4 100 30 300 101 + 46
1.2 100 30 300 33+35
1.6 100 30 300 12 +33
Loerwald et al., 2017 0.2 100 300 300 2117
0.2 500 300 300 72+13
Borland et al., 2018 0.8 100 8 300 72+21
0.8 100 1200 300 102 + 32
0.8 100 50 50 46 + 16
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