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The selectivity of neurons in sensory cortex can be modified by pairing neuromodulator release with sensory
stimulation. Repeated pairing of electrical stimulation of the cholinergic nucleus basalis, for example, induces
input specific plasticity in primary auditory cortex (A1). Pairing nucleus basalis stimulation (NBS) with a tone
increases the number of A1 neurons that respond to the paired tone frequency. Pairing NBS with fast or slow
tone trains can respectively increase or decrease the ability of A1 neurons to respond to rapidly presented
tones. Pairing vagus nerve stimulation (VNS) with a single tone alters spectral tuning in the same way as
NBS-tone pairing without the need for brain surgery. In this study, we tested whether pairing VNS with
tone trains can change the temporal response properties of A1 neurons. In naïve rats, A1 neurons respond
strongly to tones repeated at rates up to 10 pulses per second (pps). Repeatedly pairing VNS with 15 pps
tone trains increased the temporal following capacity of A1 neurons and repeatedly pairing VNS with 5 pps
tone trains decreased the temporal following capacity of A1 neurons. Pairing VNS with tone trains did not
alter the frequency selectivity or tonotopic organization of auditory cortex neurons. Since VNS is well toler-
ated by patients, VNS-tone train pairing represents a viable method to direct temporal plasticity in a variety
of human conditions associated with temporal processing deficits.

© 2011 Elsevier Inc. All rights reserved.
Introduction

Acoustic experiences associated with the release of modulatory
neurotransmitters, such as acetylcholine and norepinephrine, can
modify response properties of neurons in the adult auditory cortex
(Gu, 2002; Shepard et al., 2011). Repeatedly pairing electrical stimu-
lation of nucleus basalis, locus coeruleus, or ventral tegmental area
with acoustic stimuli causes long lasting plasticity in A1 (Bakin and
Weinberger, 1996; Kilgard and Merzenich, 1998a, 1998b, 2002;
Kilgard et al., 2001; Reed et al., 2011). Pairing a tone of a particular
frequency with nucleus basalis, locus coeruleus, or ventral tegmental
area stimulation increases the percent of neurons responding to that
frequency (Bakin and Weinberger, 1996; Kilgard and Merzenich,
1998a; Kilgard et al., 2001; Reed et al., 2011). Pairing fast or slow
tone trains with nucleus basalis stimulation (NBS) can increase or
decrease the maximum following rate of auditory cortex (A1)
neurons, respectively (Kilgard et al., 2001; Kilgard and Merzenich,
1998b). These animal studies show that repeatedly pairing sounds
with neuromodulator release results in long lasting cortical plasticity
that is specific to acoustic features of the paired sounds.
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Vagus nerve stimulation (VNS) provides an alternative method to
trigger transient release of neurotransmitters that are known to en-
hance plasticity, including acetylcholine and norepinephrine (Dorr
and Debonnel, 2006; Follesa et al., 2007; Groves et al., 2005). VNS
has been shown to improve plasticity, learning and memory of asso-
ciated events in rats (Clark et al., 1995; Zuo et al., 2007). The identical
VNS parameters are well tolerated and can be used to enhance learn-
ing in humans (Clark et al., 1999; Terry, 2009).

A recent study showed that pairing VNS with a tone increases the
percent of rat A1 neurons that respond to the paired tone frequency
(Engineer et al., 2011). VNS-tone pairing was sufficient to reverse the
behavioral and neural correlates of chronic tinnitus in noise exposed
rats (Engineer et al., 2011). In this case, multiple tone frequencies dis-
tant from the tinnitus frequency were paired with VNS in order to
shrink the overrepresented tinnitus frequency. If VNS could be used to
modify the ability of neurons to follow sequential stimuli, it might be
possible to evaluate whether the temporal processing abnormalities
that characterize several neurological conditions contribute to clinical
symptoms (Buchwald et al., 1992; Davalos et al., 2005; Jessen et al.,
2001; McAnally and Stein, 1997; Nagarajan et al., 1999; O'Neill and
Jones, 1997; Skinner et al., 1999; Thomas et al., 2010).

In this study, we tested whether pairing VNS with tone trains can
alter temporal selectivity in A1. In naïve rats, A1 neurons respond
strongly to tones repeated at rates up to 10 pps. We paired VNS
with rapid (15 pps) tone trains to determine whether this procedure
could be used to increase the maximum following rate of A1 neurons.
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In another group of rats, we paired VNS with slow (5 pps) tone trains
to determine whether this procedure could be used to decrease the
maximum following rate of A1 neurons.

Materials and methods

Subjects and experimental groups

Twenty two female Sprague Dawley rats were used in these
experiments. The rats weighed an average of 286±21 g and were
housed in 12:12 h reversed light cycle at a constant humidity and
temperature. Sixteen rats were randomly assigned to experimental
groups which were implanted with vagus nerve stimulators. Seven
of the thirteen rats heard tone trains of 15 pps while the vagus
nerve was stimulated, and six rats heard 5 pps tone trains while the
vagus nerve was stimulated. Three rats implanted with vagus nerve
stimulators showed very high impedances during the surgery recov-
ery time, indicating non-functional VNS stimulators and were
assigned to a sham group that only heard the tone train stimuli of
5 pps without VNS. The remaining rats (n=6) were used as naïve
controls. All handling, housing, and surgery and testing of the animals
was approved by the University of Texas at Dallas Institutional Animal
Care and Use Committee.

Vagus nerve cuff implantation surgery

Custom-made cuff electrodes were implanted on the left vagus
nerve of the experimental rats. Construction of this electrode and sur-
gical procedures are the same as previously described (Dorr and
Debonnel, 2006; Engineer et al., 2011; Nichols et al., 2011). In brief,
two Teflon coated multi-stranded platinum iridium (0.006″) wires
were connected to a 4 mm section of Micro-Renethane tubing
(1.8 mm inner diameter). The wires were spaced 2 mm apart along
the length of the tubing. An 8 mm region of the wires lining the inside
circumference of the tube was stripped of the insulation. A cut was
made lengthwise along the tubing to allow the cuff to be wrapped
around the nerve and then closed with silk threads. This configura-
tion resulted in the exposed wires being wrapped around the vagus
nerve at points separated by 2 mm, while the leads exiting the cuff
remained insulated. These insulated wires were tunneled subcutane-
ously to the top of the skull and attached to an external connector.

The surgery was conducted under pentobarbital anesthesia
(50 mg/kg) and a state of areflexia was maintained throughout the
experiment with supplemental doses of dilute pentobarbital (0.2–
0.5 ml; 8 mg/ml). Anesthesia depth was monitored by heart rate,
breathing rate, corneal reflexes, and response to toe pinch. Nourish-
ment was provided using 1:1 mixture of dextrose (5%) and standard
Ringer's lactate solution and body temperature was maintained at
37 °C. Doses of cefotaxime sodium (2×10 mg, s.c.), a mixture of atro-
pine (1 mg/kg) and dexamethazone (4 mg/kg, s.c.) solution were
given to the rats before and after the surgery to prevent infection
and reduce fluid accumulation in lungs. An incision was made to ex-
pose the lambda landmark on the skull. Four to five bone screws
were drilled into the skull at points close to the lambda suture and
over the cerebellum. These screws provided an anchor for a custom
made skull cap which contained a four contact connector. An incision
and blunt dissection of the muscles in the neck exposed the left cervi-
cal branch of the vagus nerve. As in humans, only the left vagus nerve
was stimulated because the right vagus nerve contains efferents that
stimulate the sinoatrial node and can cause cardiac complications
(Ben-Menachem, 2001). Two of the contacts were connected to the
VNS cuff electrode and two were connected to bone screws to allow
for EEG recordings. EEG recordings were used to confirm that a brief
burst of VNS causes a transient EEG desynchronization, as in our ear-
lier study (Engineer et al., 2011). The leads to the cuff electrode were
tunneled under the skin and attached to the skull cap. All incisions
were sutured and the exposed four channel connector was encapsu-
lated in acrylic. A topical antibiotic creamwas applied to both incision
sites. Immediately after the surgery, rats were given amoxicillin
(5 mg) and carprofen (1 mg) to prevent infection and facilitate
recovery.

After a week of recovery from surgery, tone train stimuli were
paired with VNS. Rats were unanaesthetized and unrestrained during
the pairing procedure. The rats were in a 25 cm by 25 cm by 25 cm
wire cage which was inside a 50 cm×60 cm×70 cm sound-shielded
booth lined with acoustic foam. The speaker was 20 cm above the
wire cage. VNS stimulation parameters used were the same as those
used in Engineer et al. (2011) and were identical for each rat in the
study. The electrical stimulation of the left vagus nerve consisted of
a 500 ms long 30 Hz train of 100 μs charge-balanced biphasic pulse
with 0.8 mA current.

The acoustic tone train stimuli presented in this study were very
similar to the stimuli presented in our previous NBS studies (Kilgard
and Merzenich, 1998b; Kilgard et al., 2001). The tone trains consisted
of six 25-ms long tones which were paired with 500 ms of vagus
nerve stimulation. The tone pip repetition rate was either 5 or
15 pps. Electrical stimulation began with the onset of the third tone.
The carrier frequency of the tone was equally distributed across the
frequency range represented in A1 and was either one of seven fre-
quencies (1.3, 2.2, 3.7, 6.3, 10.6, 17.8, 29.9 kHz). The tone frequency
was randomly varied from train to train but the frequency of the
tones within each train was constant. Tone amplitude was 20–30 dB
above the minimum rat hearing threshold. The average interval be-
tween stimuli was 30 s. To prevent rats from anticipating the stimulus
timing, there was a 50% chance that stimuli would be delivered every
15 s. VNS tone train pairing was delivered 300–320 times per day for
20 days (5 days a week). Each pairing session lasted 2.5 h (Fig. 1). The
impedance of the cuff electrodes was 4.4±1.5 kΩ. The impedance
was monitored every day and was stable across the entire training
duration for all the rats.

Electrophysiology data recording and analysis

Twenty-four hours after the last pairing, animals were anesthe-
tized with sodium pentobarbital (50 mg/kg). A state of areflexia was
maintained throughout the acute physiology experiment with sup-
plemental doses of dilute pentobarbital (0.2–0.5 ml; 8 mg/ml). Anes-
thesia depth was monitored by heart rate, breathing rate, corneal
reflexes, and response to toe pinch. Nourishment was provided
using 1:1 mixture of dextrose (5%) and standard Ringer's lactate solu-
tion. Body temperature was maintained at 37 °C. A tracheotomy was
performed to minimize breathing problems and breathing sounds. A
cisternal drain was made to minimize cerebral edema. The section
of the skull over the temporal ridge was removed to expose the
right primary auditory cortex. The dura was removed and the cortex
was maintained under a thin film of silicone oil to prevent desicca-
tion. Four parylene coated tungsten microelectrodes (1–2 MΩ, FHC,
Bowdoin, ME) were lowered simultaneously to a depth of 600 μm
so that they were in layer IV/V of the primary auditory cortex. Tucker
Davis hardware (Alachua, FL) was used record multiunit neural activ-
ity. Blood vessels were used as landmarks to establish the location of
each electrode recording site. To determine the characteristic fre-
quency at each site, we played ninety logarithmically spaced tones
ranging from 1 to 47.7 kHz at 16 intensities ranging from 0 to 75 dB
SPL. The tones had 5 ms cosine squared ramps and their total dura-
tion was 25 ms. Presentation of tones was randomly interleaved.
The speaker was located 10 cm away from the left ear (0° elevation
and 90° from midline). Neural response characteristics such as start
latency, end latency and characteristic frequency at each recording
site were used to determine whether the electrodes were placed in
the primary auditory cortex (Kilgard and Merzenich, 1998a, 1998b;
Recanzone et al., 1993).



Fig. 1. Schematic diagram of the VNS-tone train pairing procedure. A 0.5 second, 30 Hz train of 0.8 mA 100 μs wide biphasic pulses was delivered to the left vagus nerve via a cuff
electrode. VNS began with the third tone in the tone train. Each tone train comprised of six 25 ms tones. Rats received VNS paired with 5 or 15 pps tone trains on average every 30 s,
300 times during each 2.5 hour session. VNS tone training pairing was delivered on 20 week days. Note: Carrier frequency of the tones shown in the figure is not to scale.
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After the single tones were presented, we played tone trains of
variable repetition rates to determine the repetition rate transfer
function (RRTF) for each site. Six tones (25 ms, 70 dB SPL) were pre-
sented twelve times at each of eleven repetition rates (3, 5, 7, 9, 10,
11, 13, 15, 17, 20, 25 pps). To minimize suppression effects, repetition
rates were randomly interleaved, and 2 s of silence separated each
train. The tone frequency used to determine the RRTFs was one of
the seven paired frequencies closest to the characteristic frequency
of the site. To reduce the variability resulting from different numbers
of neurons at each recording site, response amplitude was normalized
using the number of spikes evoked at each site to an isolated tone. As
in our earlier study, the normalized RRTF was defined as the average
number of spikes evoked for each of the last five tones in the train di-
vided by the number of spikes evoked by the first tone in the train
(Kilgard and Merzenich, 1998b). Thus, a normalized spike rate of
one at the given repetition rate indicates that on average each of
the tones in the train evoked the same number of spikes as the first
tone. A normalized response above 1 indicates that the response to
the repeated tones is greater than the response to the first tone (i.e.
response facilitation). A normalized response below 1 indicates that
the response to the repeated tones is lower than response to the
first tone (i.e. response suppression). The analysis window used to
calculate the RRTF was 5–40 ms after each tone onset.

Responses to tone trains were also quantified using vector
strength and Rayleigh statistic measures (Liang et al., 2002). Vector
strength (VS) quantifies the degree of synchronization between
action potentials and repeated tones pips, and is calculated with the
formula

VS ¼ 1
n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

q
; x ¼

Xn

i¼1

cosθi; y ¼
Xn

i¼1

sin θi θi ¼ 2π
ti
T

where n=total number of action potentials, ti is the time of occur-
rence of the ith action potential, and T is the interstimulus interval.
A value of 1 indicates perfect synchronization and 0 suggests no syn-
chronization to the tones. Rayleigh statistic (2nVS2, where n is the
total number of action potentials) is a circular statistic that essentially
combines the previous two measures (action potentials and vector
strength) to assess the statistical significance of the vector strength
(Mardia and Jupp, 2000). Values above 13.8 indicate statistically
significant phase locking (Pb0.001; Liang et al., 2002). The number
of evoked action potentials, vector strength, and Rayleigh statistic at
each repetition rate and the best rate for each measure were com-
pared across groups using unpaired two-tailed t-test (P=0.05).

All estimates of error are given as standard error of the mean.

Results

Typical A1 neurons from experimentally naïve rats respond well
to tones presented at 10 pps (Kilgard and Merzenich, 1998b, 1999).
In the representative multiunit site shown, each successive tone
evoked approximately the same number of spikes as the first tone
for repetition rates up to 10 pps (Fig. 2a). Pairing VNS with tone trains
was able to modify the proportion of recording sites that show
response facilitation or response suppression when tones are pre-
sented at 10 pps.

An example multiunit response from a rat that heard 15 pps tone
trains paired with VNS responded with significantly more spikes to
tones presented at 10 pps compared to tones presented in isolation
(Fig. 2b; Pb0.05, paired t-test). Response facilitation of more than
15% (e.g. normalized RRTF of >1.15) was observed in 55±7% of
recording sites in rats that heard 15 pps trains paired with VNS com-
pared to 33±4% for naïve rats and 21±3% for rats exposed to 5 pps
trains paired with VNS (Pb0.05, unpaired two-tailed t-test). These
results indicate that pairing VNS with tone trains can modify the
number of A1 sites that exhibit response facilitation at 10 pps.

An example multiunit response from a rat that heard 5 pps tone
trains paired with VNS responded with significantly fewer spikes to
tones presented at 10 pps compared to tones presented in isolation
(Fig. 2c; Pb0.05, paired t-test). Response suppression of more than
15% (e.g. normalized RRTF of b0.85) was observed in 50±7% of
recording sites in rats that heard 5 pps trains paired with VNS com-
pared to 31±4% for naïve rats and 17±3% for rats exposed to
15 pps trains paired with VNS (Pb0.05; unpaired two-tailed t-test).



Fig. 2. Example A1 responses to tone trains from a naïve rat (a) as well as rats that heard 15 pps (b) or 5 pps (c) tone trains paired with VNS. Dot rasters and repetition rate transfer
function are shown for each multiunit recording site. Each dot represents a single action potential. The short horizontal gray lines indicate the occurrence of each tone in the tone
train. Neural responses occurring in these periods were used to make the RRTF function on the right of each dot raster. The solid vertical line shows the average number of spikes
evoked by the first tone in the tone train. a) RRTF of naïve A1 neurons shows a general decrease in response strength to stimuli faster than 10 pps. b) VNS paired with 15 pps tone
trains increased the degree of response facilitation. c) VNS paired with 5 pps tone trains increased the degree of response suppression. The dotted vertical lines and error bars show
standard error of the mean. The filled circles indicate responses that are significantly greater or lesser than those evoked by the first tone (paired t-test; Pb0.05).
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These results indicate that pairing VNS with tone trains can increase
or decrease the number of A1 sites that exhibit response suppression
at 10 pps.

On average, A1 neurons from rats that heard 15 pps tone trains
paired with VNS responded with 22±2% more spikes when tones
were presented at 10 pps compared to the number of spikes when
the same tones were presented in isolation (i.e. the first tone in the
tone train). A1 neurons from rats that heard 5 pps tone trains paired
with VNS responded with 11±1% fewer spikes when tones were pre-
sented at 10 pps compared to the number of spikes when the same
tones were presented in isolation (Fig. 3a). Both groups were signifi-
cantly different from naïve controls (Pb0.05; unpaired two-tailed
t-test; n=175, 169, 151 sites in 15 pps group, 5 pps group and
naïve animal group respectively).

In rats that heard 15 pps paired with VNS, the normalized cortical
response was significantly greater than naïve rats for rates between 9
and 20 pps (Fig. 3a; Pb0.05; unpaired two-tailed t-test). In rats that
heard 5 pps paired with VNS, the normalized cortical response was
significantly less than naïve rats for rates faster than 10 pps
(Pb0.05; unpaired two-tailed t-test).

In naïve rats, successive tones presented at rates faster than 10 pps
evoked fewer spikes than were evoked by the first tone. In rats that
heard 5 or 15 pps tone trains paired with VNS the average number
of spikes evoked by repeated tone was less than the first tone at
rates faster than 9 and 11 pps, respectively. This difference in the
maximum cortical following rate of individual recording sites was
significantly different across the two groups (Pb0.05; unpaired two-
tailed test).

Careful examination of the responses to each tone revealed that
neurons routinely respond to rapid trains by responding to every
other tone (Fig. 2). As a result, neurons may respond to stimuli
repeated every 67 ms (i.e. 15 pps) by responding every 133 ms
(Kilgard and Merzenich, 1998b). In naïve rats, the normalized
responses to the second and third tones in a train were not signifi-
cantly different for rates up to 10 pps (Figs. 3b and c; paired two-
tailed t-test, P>0.05). For rates above 10 pps, the response to the
third tone was significantly larger than the response to the second
tone (Pb0.05; paired t-test). For example, at 15 pps the response to
the second tone was only 11.68% of the response to the first tone
(Fig. 3b). In contrast, the response to the third tone was 58.44% of
the response to the first tone (Fig. 3c).

The enhanced response to 17–20 pps trains in VNS-15 pps rats
(Fig. 3a) is almost entirely due to enhanced responses to the third
tone (Fig. 3c). The reduced response to 10–11 pps trains in VNS-
5 pps rats (Fig. 3a) is primarily due to reduced responses to the sec-
ond tone (Fig. 3b). Thus, the temporal plasticity generated by VNS
tone train pairing is more complex than a simple shift in the low
pass filtering properties of A1 neurons.

To document the consistency of temporal plasticity induced by
VNS-tone train pairing we also examined the average response of
A1 neurons from each individual rat from each group. For repetition
rates between 9 and 20 pps, there was no overlap in the average
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normalized spike rate for rats from the group that heard 5 pps paired
with VNS and the group that heard 15 pps paired with VNS (unpaired
two-tailed t-test, Pb0.05; n=7, 6 rats for 15 pps with VNS group and
5 pps with VNS group respectively; Fig. 4). This analysis confirms that
VNS-directed temporal plasticity is highly reliable.

To confirm that tone train presentation needs to be paired with
vagus nerve stimulation to induce the temporal plasticity, three rats
were implanted with VNS electrodes and received the exposure to
same sounds as the 5 pps-VNS group but received no VNS. Passive
exposure to the 5 pps tone trains was insufficient to alter temporal
properties in A1. The normalized cortical response for sham animals
was not significantly different from naïve rats at any of the repetition
rates tested (P>0.05; unpaired two-tailed t-test; n=83, and 151
sites for the 5 pps exposed sham group and the naïve group, respec-
tively). This result is consistent with earlier studies showing that
passive exposure to modulated sounds does not alter temporal prop-
erties in A1 (Bao et al., 2004; Zhou and Merzenich, 2009). Thus, we
conclude that tone train presentation needs to be paired with vagus
nerve stimulation to induce the temporal plasticity.
In addition to changing the number of action potentials evoked by
repeated tones, pairing VNS with tone trains also altered the degree
to which A1 multiunit activity was phase locked to the repeated
tones (Fig. 5a). Pairing VNS with 15 pps significantly increased the
average vector strength for repetition rates from 9 to 15 pps and
20 pps (Pb0.05; unpaired two-tailed t-test). Vector strength in
these animals was significantly lower at lower repetition rates of
3–5 pps (Pb0.05; unpaired two-tailed t-test). These results indicate
that pairing VNS with fast temporally modulated stimuli shifts the
temporal fidelity of A1 neurons to favor rapidly modulated stimuli.
Pairing 5 pps tone trains with VNS significantly enhanced the vector
strength of A1 neurons at 3 pps (Fig. 5a; Pb0.05; unpaired two-
tailed t-test). Passive exposure to 5 pps trains failed to alter the
degree of phase locking at any of the repetition rates (P>0.05).
Rayleigh statistics values demonstrate that phase locking for all rats
was highly significant at rates below 25 pps (Fig. 5b; values above
13.8 correspond to Pb0.05, Liang et al., 2002). These results indicate
that in addition to modifying the response strength, VNS tone train
pairing can modify temporal fidelity of cortical responses.

Stimulus phase locking (i.e. vector strength) in A1 is influenced by
spontaneous activity, the duration of post-stimulus suppression of spon-
taneous activity and the duration of the sound evoked response (Bao
et al., 2004; Eggermont, 1991; Kilgard and Merzenich, 1999; Rennaker
et al., 2007). The spontaneous rate was reduced when 5 pps, but not
15 pps, trains were paired with VNS (Pb0.05, 12.7±0.8 Hz in 5 pps
with VNS group; 16.3±0.8 Hz in naïve group; 18.3±0.7 Hz in 15 pps
with VNS group). The time to return to spontaneous levels (i.e. duration
of post-stimulus suppression) after a single tone was earlier in 15 pps
rats and later in 5 pps compared to naïve rats (137.5±6.8 ms in 15 pps
with VNS group, 162±2.3 ms in naives, 175.2±4.1 ms in 5 pps with
VNS group; unpaired t-test Pb0.05). The latency to the end of the
onset response was significantly increased in the VNS 5 pps group com-
pared to naives, though the VNS 15 pps group was not significantly dif-
ferent from naives (36.3±0.4 ms in naives; 35.8±0.4 ms in 15 pps
with VNS group; 39±0.8 ms in 5 pps with VNS group; unpaired t-test
Pb0.05). Unlike NBS-tone train pairing(Kilgard et al., 2001), VNS-tone
train pairing did not significantly modify the minimum or peak
latencies of A1 neurons in any group (Start latency: 11.4±0.1 ms in na-
ives; 11.2±0.1 ms in 15 pps with VNS group; 11.6±0.2 ms in 5 pps
with VNS group; Peak latency: 18.9±0.2 ms in naives; 18.6±0.2 ms in
15 ppswithVNS group; 19.6±0.3 ms in 5 ppswithVNS group; unpaired
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t-test P>0.05). These results suggest that changes in spontaneous activ-
ity, the duration of post-stimulus suppression and duration of the sound
evoked response contribute to the experience dependent changes in
phase locking caused by VNS-tone train pairing.

Spectral plasticity

Since pairing NBS with tone trains significantly reduced spectral se-
lectivity (Kilgard andMerzenich, 1998a; Kilgard et al., 2001), we careful-
ly examined tone frequency tuning in each group of rats. As in the earlier
study, therewas no shift in the characteristic frequencymap to favor any
range of tone frequencies and the size of A1was similar across all groups
(1.77±0.4 mm2 in naives; 1.82±0.51 mm2 in 15 pps with VNS group;
1.72±0.2 mm2 in 5 pps with VNS group; P>0.05; unpaired two-tailed
t-test). There were no significant changes in frequency selectivity tuning
after 5 or 15 pps tone trains were paired with VNS (bandwidth at 30 dB
above threshold was 2.6±0.05 octaves in naives, 2.65±0.05 octaves in
15 pps with VNS group and 2.58±0.08 octaves in 5 pps with VNS
group; P>0.05; unpaired two-tailed t-test). These results indicate that
VNS tone train pairing can be used tomodify temporal response proper-
ties without modifying the spectral tuning of A1 neurons.

Discussion

This study examined the potential use of VNS to direct temporal
plasticity in auditory cortex. Repeatedly pairing a brief burst of VNS
with a single tone frequency induces input specific map plasticity
(Engineer et al., 2011). The changes in spatial map representation
caused by VNS-tone pairing were similar to the changes caused by
NBS-tone pairing (Kilgard and Merzenich, 1998a; Kilgard et al.,
2001; Reed et al., 2011). Having established that VNS-tone pairing is
capable of inducing map plasticity similar to NBS-tone pairing, we
predicted that VNS tone-train pairing may be capable of inducing
temporal plasticity similar to NBS-tone train pairing (Engineer et al.,
2011; Kilgard and Merzenich, 1998b; Kilgard et al., 2001 ). Since pair-
ing NBS with fast or slow tone trains can respectively increase or de-
crease the temporal following capacity of rat A1 neurons (Kilgard and
Merzenich, 1998b), we predicted that pairing fast and slow tone
trains with VNS would generate similar temporal plasticity in A1.
Our observations 1) that pairing VNS with rapid tone trains increased
the capacity of cortical neurons to follow rapid tone trains and 2) that
pairing VNS with slow tone trains decreased the capacity of cortical
neurons to follow rapid tone trains demonstrate that VNS can direct
temporal plasticity.
The mechanisms that allow VNS to direct neural plasticity that is
specific to the associated experience are not yet clear. Microdialysis
and neurophysiology studies have shown that VNS triggers the
release of neuromodulators known to promote plastic changes,
including acetylcholine, norepinephrine, serotonin, and brain derived
neurotrophic factor (Biggio et al., 2009; Détári et al., 1983; Dorr and
Debonnel, 2006; Follesa et al., 2007; Hassert et al., 2004; Manta et al.,
2009; Raedt et al., 2011). Vagus nerve stimulation modulates cortical
synchrony and excitability at least in part through the activation of
muscarinic acetylcholine receptors (Nichols et al., 2011). Our observa-
tion that VNS and NBS pairing induce similar plasticity, combined
with previous studies showing critical involvement of cholinergic sys-
tem in NBS-induced plasticity (Bakin and Weinberger, 1996; Conner
et al., 2003; Kilgard and Merzenich, 1998a), is consistent with (but
does not prove) the hypothesis that VNS acts in part through release
of acetylcholine. The efficacy of VNS in enhancing plasticity is likely to
depend on the synergistic action of multiple neuromodulators
(Bröcher et al., 1992; Pawlak et al., 2010; Seol et al., 2007).

Although the temporal plasticity generated by VNS-tone train
pairing was very similar to NBS-tone train pairing, there were some
noteworthy differences in the neural plasticity generated by the two
protocols. Pairing tone trains with NBS results in a highly reliable
reduction in selectivity for tone frequency i.e. receptive field size
(Kilgard et al., 2001). In contrast, pairing tone trains with VNS
resulted in no change in selectivity for tone frequency. Pairing 5 pps
tone trains with NBS results in increased normalized response at
lower repetition rates (b7 pps) as compared to naives (Kilgard and
Merzenich, 1998b). In contrast, pairing 5 pps tone trains with VNS
did not change the normalized response at lower repetition rates
compared to naives. These differences may result from the complex
interplay between the additional neuromodulators triggered by VNS
(Bröcher et al., 1992; Pawlak et al., 2010; Seol et al., 2007).

If VNS triggers the release of a cocktail of neuromodulators that di-
rects neurons to modify their responses based on the associated input
patterns, VNS might be used to direct multiple forms of plasticity in
different brain regions. Our demonstration that VNS can direct tem-
poral plasticity extends recent reports that pairing VNS with tones
or movements can generate map plasticity in primary auditory and
motor cortex, respectively (Engineer et al., 2011; Porter, 2011).
Since pairing a tone with NBS results in plasticity in non-primary au-
ditory cortex that is not simply a reflection of changes in A1, it is rea-
sonable to expect that VNS could be used to direct plasticity in many
brain regions (Puckett et al., 2007). It is also possible that pairing VNS
with more complex stimuli could generate neural selectivity for
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temporal order, since NBS-sequence pairing is sufficient to do so
(Kilgard and Merzenich, 2002). If these predictions are confirmed
VNS would represent a powerful new tool to direct highly specific
and long lasting neural plasticity.

Although neural plasticity is associated with both learning and
recovery from injury, it has proven difficult to demonstrate that cor-
tical plasticity plays a direct functional role in either process (Brown
et al., 2004; Recanzone et al., 1993; Tombari et al., 2004; Ward et
al., 2003). A recent study demonstrated that map plasticity resulting
from NBS-tone pairing is sufficient to improve learning of a tone dis-
crimination task in rats (Reed et al., 2011). Behavioral studies are
needed to determine whether the temporal plasticity generated by
pairing tone trains with NBS or VNS is sufficient to improve learning
on a temporal discrimination task. We have recently demonstrated
that a behavioral consequence of VNS directed plasticity. By pairing
VNS with a range of different tones we were able to eliminate both
the neural and behavioral correlates of tinnitus in noise exposed
rats (Engineer et al., 2011). The clear behavioral consequences of
externally directed neural plasticity reported in these studies suggest
that temporal plasticity may also have perceptual consequences.

An important advantage of VNS over NBS is that VNS avoids the
need for brain surgery. VNS is known to be well tolerated in patients
and more than 50,000 patients are receiving VNS for treatment resis-
tant epilepsy or depression (Terry, 2009). The protocol approved by
the United States Food and Drug Administration typically delivers
VNS for 30 s every 5 min. The stimulation intensity and frequency
are identical to the parameters used in our study, but our protocol
results in 100 times less stimulation because of the shorter train
duration. One of the key advantages of VNS over pharmacological
methods of enhancing neural plasticity is high temporal specificity.
In our earlier study, we interleaved different sounds and only paired
one soundwith VNS. The resulting plasticity was specific to the paired
sound (Engineer et al., 2011). Our motor cortex experiments also con-
firm that VNS generates plasticity that is specific to experiences that
occur within a few seconds of the 0.5 second VNS burst (Porter,
2011). Given the high temporal precision and strong safety record,
VNS-tone train pairing provides a potential new avenue for treating
clinical conditions.

A variety of brain disorders are associated with abnormal temporal
processing. Individuals with dyslexia, for example, havewell documen-
ted behavioral deficits when making rapid temporal judgments
(Farmer and Klein, 1995). These deficits are associated with reduced
neural responses to rapidly modulated stimuli (McAnally and Stein,
1997; Nagarajan et al., 1999). Individuals with Alzheimer's disease
also exhibit abnormally high response suppression (Jessen et al.,
2001; Thomas et al., 2010). In contrast, individuals with schizophrenia,
autism, or post-traumatic stress disorder exhibit abnormally low
response suppression (Buchwald et al., 1992; Davalos et al., 2005;
O'Neill and Jones, 1997; Skinner et al., 1999). Abnormally long or
short recovery times may contribute to speech processing problems in
these and other clinical populations (Cienfuegos et al., 1999; Gates et
al., 2002; Russo et al., 2009; Schulte-Körne et al., 1998). VNS-directed
temporal plasticity could be used to evaluate whether temporal proces-
sing abnormalities contribute to the symptoms of several neurological
disorders.

In summary, our results demonstrate that pairing tone trains with
VNS can increase or decrease the maximum temporal following rate
of A1 neurons depending on the modulation rate of the paired sounds.
This method provides a new tool to address important basic science
questions and may prove useful as a clinical therapy for disorders
characterized by temporal processing abnormalities.
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