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INTRODUCTION

Vagus nerve stimulation (VNS) constitutes a standard therapy for treating drug-resistant focal
epilepsy (Panebianco et al., 2015) and depression (Aaronson et al., 2013). However, its effects on
memory functions and disorders have scarcely been investigated. Three different forms of VNS can
be distinguished: invasive vagus nerve stimulation (iVNS) requiring surgery and two non-invasive
application forms: (1) auricular transcutaneous vagus stimulation (atVNS) (Frangos et al., 2015)
and (2) cervical transcutaneous vagus nerve stimulation (ctVNS) (Zobel et al., 2005). Being non-
invasive, economical, and patient-friendly atVNS and ctVNS seem to be superior to iVNS for
application in clinics. However, the efficacy between various stimulation types in healthy subjects
or patients has not been investigated. In particular, atVNS seems to be easier to use and has been
more often investigated than ctVNS. This article therefore focuses on atVNS effects on memory
functions in health. In addition, future potential applications in human brain diseases involving
memory dysfunctions are delineated.

MATERIALS AND METHODS

PubMed was systematically screened for this opinion article in July 2018 applying the items
(1) “transcutaneous vagus nerve stimulation” (n = 191), (2) “auricular vagus nerve stimulation”
(n = 123), (3) “non-invasive vagus nerve stimulation” (n = 111), (4) “transcutaneous vagus
nerve stimulation, and memory” (n = 7) (5) “transcutaneous vagus nerve stimulation and locus
coeruleus” (n = 11), “vagus nerve stimulation and locus coeruleus” (n = 70) and “vagus nerve
stimulation and memory” (n = 90). Relevant articles on this topic were selected based on articles’
abstracts (n = 15).

LOCUS COERULEUS ACTIVATION VIA TRANSCUTANEOUS
VAGUS NERVE STIMULATION

The nucleus tractus solitarius (NTS) is innervated by the vagus nerve and connected to the locus
coeruleus (LC) by the nucleus paragigantocellularis (Astier et al., 1990). The NTS-LC can be
activated by atVNS (Frangos et al., 2015; Yakunina et al., 2017) or deactivated (Kraus et al., 2013) in
humans depending on the atVNS paradigm (Figure 1). The atVNS electrodes can be put either
on the inner tragus or the cymba conchae to activate primarily vagus nerves auricular branch
(ABVN) and secondly NTS-LC system, as revealed by functional magnetic resonance imaging
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(fMRI) (Figure 1) (Frangos et al., 2015; Yakunina et al., 2017).
Markers of noradrenergic activity are known to be elevated after
moderate atVNS (25Hz, 1.3 mA) in humans: (1) salivary alpha
and (2) memory processing-relevant P300b amplitude of the
event-related brain potential (Ventura-Bort et al., 2018) support
LC activation via atVNS.

Activation of Memory Relevant Brain
Structures by Transcutaneous Vagus Nerve

Stimulation

Anterior inner tragus-atVNS may lead to greater neuronal
activation and/or reduced neuronal deactivation of the anterior
cingulated cortex and the left frontal cortex (Kraus et al., 2007,
2013; Yakunina et al., 2017; Badran et al., 2018), as revealed in a
rised blood-oxygen-level dependent (BOLD) signal within these
structures (see Figure 1 for effects of inner tragus-atVNS and
cymba conchae-atVNS on memory relevant brain structures).
Surprisingly, cymba conchae- and inner tragus-atVNS increases
the neuronal deactivation and/or reduces the activation in
declarative memory-relevant structures such as hippocampus,
parahippocampus, anterior cingulated cortex, frontal cortex and
amygdala, as is evident in the weaker BOLD signal in these
structures (Kraus et al., 2007, 2013; Frangos et al., 2015; Yakunina
et al,, 2017). Functionally speaking, the net decrease in neuronal
responses in these structures might reflect lateral inhibition to
prioritize neuronal activity in a subregion relevant for memory
processing (e.g., the dentate gyrus).

Advance in Transcutaneous Vagus Nerve

Stimulation Protocols

Cymba conchae-atVNS seems to be the more suitable position
for activating the LC-NTS rather than the inner tragus or
inferiorposterior wall of the meatus externus (Yakunina et al.,
2017). Their findings are in accordance with study results proving
that the cymba conchae is the auricular area supplied completely
with the ABVN, whereas the tragus receives less than half thereof
(Peuker and Filler, 2002). Although the ABVN innervates the
inner tragus only moderately, vagal afferents are activated by
atVNS, as is evident in fMRI (Badran et al., 2018), thus other
atVNS parameters apart from stimulus location might be decisive
for its effect. Rodent experiments showed that a stronger firing
rate of LC neurons is caused by a greater stimulus intensity
(range: 0.1-2.5mA) combined with a long pulse width (Hulsey
et al., 2017), whereas another study proved an optimal stimulus
strength for the memory-augmenting effect between a stimulus
intensity of 0.4-0.8 mA (Borland et al., 2016). To apply these
findings to humans, a moderate instead of a strong stimulus
intensity and long pulse width should be used for optimal
atVNS to modulate neuronal brain activity in memory processing
structures.

Memory Modulation via Trancutaneous
Vagus Nerve Stimulation by Activating the

Locus Coeruleus
The hippocampus features a crucial function in memory
formation for events and facts (declarative memory) (Tulving

and Markowitsch, 1998; Deuker et al., 2016). VNS in rats is
known to potentiate long-term potentiation (LTP) in dentate
gyrus synapses (Zuo et al, 2007), a pivotal relay station
for information processing within the hippocampus. LTP is
a potential neuronal correlate of memory formation (Teyler
and Discenna, 1984). In light of these factors, VNS probably
modulates neuronal correlates of memory storage. VNS led
to increased noradrenaline in the hippocampus in rodents
(Raedt et al.,, 2011), suggesting that VNS activated the LC as a
major origin of noradrenaline (NA) in the brain (Amaral and
Sinnamon, 1977). Studies in humans support the LC’s important
role in arousal-enhanced and -prioritized episodic memory
formation (Clewett et al., 2018). Based on evidence from those
studies, activation or deactivation of the noradrenergic LC system
via atVNS would seem to be a potential method for modulating
human episodic memory. The amygdala (Fullana et al., 2018;
Orsi et al., 2018) and amygdalohippocampal neuronal ensembles
(Phelps, 2004; Chaaya et al., 2018) are critically involved in fear
memories. Thus the amygdala’s activation via atVNS (Liu et al,,
2016) is important for extinguishing fear memory.

Augmentation of Hippocampus-Dependent

Relational Memory

Memory formation of associations between items (relational
memory) is processed within the hippocampus (Cohen et al.,
1997; Horecka et al,, 2018) and is known to be modulated
by atVNS in a study utilizing a face-name associative memory
paradigm (Jacobs et al., 2015). In that study, atVNS (5mA, 200
ws) was applied during the encoding and consolidation of face-
name associations. More accurate face-name associations (hits)
were observed after atVNS than sham atVNS (Jacobs et al., 2015).
Thus, atVNS seems to augment relational memory function in
humans (Figure 1).

Facilitation of Learning Fear Extinction and

the Attenuation of Fear Learning

Neuronal assemblies between the amygdala, hippocampus,
anterior cingulated cortex, and ventromedial prefrontal cortex
are important for consolidating and extinguishing fear memory
(Fullana et al., 2018; Marek and Sah, 2018). A neuronal
correlate of posttraumatic stress disorder (PTSD) is impaired
fear-memory extinction. Noradrenaline plays a major role in
the pathogenesis of PTSD (Hendrickson and Raskind, 2016).
AtVNS via LC activation might strengthen the impaired LC-
dependent noradrenergic transmission in PTSD modulating
fear-memory extinction. Experimental animal evidence suggests
that extinction-memory impairment in rats with PTSD-like
behavior is reversible by applying iVNS. In addition, PTSD-
like behavior in rats (e.g., hyperarousal) can be attenuated
by iVNS (Noble et al., 2017). However, to date, the atVNS
effect on extinction memory has only been investigated in
healthy subjects. Extinction memory can be facilitated in healthy
subjects, as two recent studies showed (Burger et al., 2016, 2017).
Similar concha cymbaatVNS parameters were utilized in both
studies (25Hz, < 0.5mA) (Burger et al., 2016, 2017), and fear-
extinction learning in healthy students was facilitated (Burger
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FIGURE 1 | Effect of auricular transcutaneous vagus nerve stimulation on memory functions investigated by distinct memory paradigms in (A) and on brain activity
revealed by functional magnetic resonance imaging in (B). An arrow with upward direction indicates a greater neuronal activation or reduced neuronal deactivation of
the indexed brain structure, whereas an arrow with downward direction suggests a reduced activation or increased neuronal deactivation of the corresponding brain
structure. A, amygdala; FC, frontal cortex; Hipp, Hippocampus; LC, Locus coeruleus; NTS, nucleus tractus solitaries; PHC, parahippocampus. The effects on
memory and brain activity in this figure are based on the following references (Kraus et al., 2007, 2013; Frangos et al., 2015; Jacobs et al., 2015; Burger et al., 2016,

et al, 2016) (Figure1). However, the storage of extinction
memory one day later was unaffected by atVNS (Burger
et al,, 2016). Another working group demonstrated no atVNS-
dependent modulation of anxiety extinction (Genheimer et al.,
2017) being likely based on various stimulation parameter such
asmean intensity (1.2mA) (Genheimer et al., 2017) and timing
of atVNS. Overall, these studies reveal promising potential
for atVNS as a tool for modulating extinction memory in
anxiety disorders.

Memory Modulation by Invasive Vagus
Nerve Stimulation in Brain Diseases

Involving Memory Dysfunction

Two main brain diseases often characterized by memory and
cognitive dysfunctions are temporal lobe epilepsy (TLE) as
well as Alzheimer’s disease (AD). There is evidence that iVNS
improves memory functions in AD patients, as revealed by
higher or not worse ADAS-cog and MMSE scores within the
disease’s distinct time courses (Sjogren et al., 2002; Merrill et al.,
2006). MMSE and ADAS-cog scores reflect several aspects of
memory-related dysfunctions (Magni et al,, 1996; Alexander
et al., 2016). Nonetheless, as there was no sham condition,
memory fluctuations might explain some of the patients’ test
results. More investigations have addressed the impact of
iVNS on declarative memory function in conjunction with

epilepsy (Helmstaedter et al., 2001; Ghacibeh et al, 2006). A
benefit from iVNS was observed in epilepsy patients in several
memory aspects, i.e., figural (Helmstaedter et al., 2001), verbal
(Clark et al., 1999) and working memory (Sun et al, 2017)
as well as subjective memory performance (McGlone et al.,
2008).

Future Challenges and Perspectives for

Transcutaneous Vagus Nerve Stimulation

Summing up, a few pilot studies in healthy subjects have
demonstrated atVNS potential for memory augmentation,
the facilitation of fear-extinction learning, and the attenuation
of fear learning by increasing extinction in healthy adults.
However, although no investigation has examined the effects
of atVNS in human memory disorders to date, iVNS research
has revealed beneficial effects from iVNS on memory function
in patients with AD and TLE. In particular, the modulation
of extinction memory is an interesting candidate for atVNS,
as an optogenetic investigation revealed that fear extinction
memory is dependent on a depotentiation—or long-term
depression (LTD)-like mechanism (Nabavi et al., 2014). LTD
is a potential mechanism of memory formation (Kemp and
Manahan-Vaughan, 2007; Dietz and Manahan-Vaughan, 2017).
Thus, LC activation via atVNS might induce an LTD-like
mechanism in fear-related neuronal networks, providing the
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stimulation protocol is adequate. Indeed, high-frequent electrical
LC stimulation in rats induced an LTD in the dentate gyrus
(Hansen and Manahan-Vaughan, 2015). Therefore, stimulation
parameters from animal investigations should be considered in
future human studies.

CONCLUDING REMARKS

Taken together atVNS is a safe, well-tolerated, inexpensive,
and handy tool with which to modulate fear and declarative

REFERENCES

Aaronson, S. T., Carpenter, L. L., Conway, C. R., Reimherr, F. W, Lisanby, S. H,,
Schwartz, T. L., et al. (2013). Vagus nerve stimulation therapy randomized to
different amounts of electrical charge for treatment-resistant depression: acute
and chronic effects. Brain Stimul. 6, 631-640. doi: 10.1016/j.brs.2012.09.013

Alexander, G. E,, Satalich, T. A., Shankle, W. R., and Batchelder, W. H. (2016). A
cognitive psychometric model for the psychodiagnostic assessment of memory-
related deficits. Psychol. Assess. 28, 279-293. doi: 10.1037/pas0000163

Amaral, D. G, and Sinnamon, H. M. (1977). The locus coeruleus: neurobiology
of a central noradrenergic nucleus. Prog. Neurobiol. 9, 147-196.
doi: 10.1016/0301-0082(77)90016-8

Astier, B., Van Bockstaele, E. J., Aston-Jones, G., and Pieribone, V. A.
(1990). Anatomical evidence for multiple pathways leading from the rostral
ventrolateral medulla (nucles paragigantocellularis) to the locus coeruleus in
rat. Neurosci. Lett. 118, 141-146. doi: 10.1016/0304-3940(90)90612-D

Badran, B. W., Dowdle, L. T., Mithoefer, O. J., LaBate, N. T., Coatsworth,
J., Brown, J. C, et al. (2018). Neurophysiologic effects of transcutaneous
auricular vagus nerve stimulation (taVNS) via electrical stimulation of the
tragus: a concurrent taVNS/fMRI study and review. Brain Stimul. 11, 492-500.
doi: 10.1016/j.brs.2017.12.009

Borland, M. S., Vrana, W. A., Moreno, N. A, Fogarty, E. A, Buell, E. P., Sharma,
P., etal. (2016). Cortical map plasticity as a function of vagus nerve stimulation
intensity. Brain Stimul. 9, 117-123. doi: 10.1016/j.brs.2015.08.018

Burger, A. M., Verkuil, B., Fenlon, H., Thijs, L., Cools, L., Miller, H. C., et al. (2017).
Mixed evidence for the potential of non-invasive transcutaneous vagal nerve
stimulation to improve the extinction and retention of fear. Behav. Res. Ther.
97, 64-74. doi: 10.1016/j.brat.2017.07.005

Burger, A. M., Verkuil, B., Van Diest, 1., Van der Does, W., Thayer, J. F., and
Brosschot, J. F. (2016). The effects of transcutaneous vagus nerve stimulation
on conditioned fear extinction in humans. Neurobiol. Learn. Mem. 132, 49-56.
doi: 10.1016/j.nIm.2016.05.007

Chaaya, N., Battle, A. R,, and Johnson, L. R. (2018). An update on contextual
fear memory mechanisms: transitions between amygdala and hippocampus.
Neurosci. Biobehav. Rev. 92, 43-54. doi: 10.1016/j.neubiorev.2018.05.013

Clark, K. B., Naritoku, D. K., Smith, D. C., Browning, R. A., and Jensen, R. A.
(1999). Enhanced recognition memory following vagus nerve stimulation in
human subjects. Nat. Neurosci. 2, 94-98.

Clewett, D. V., Huang, R., Velasco, R., Lee, T. H., and Mather, M. (2018). Locus
coeruleus activity strengthens prioritized memories under arousal. J. Neurosci.
38, 1558-1574. doi: 10.1523/JNEUROSCI.2097-17.2017

Cohen, N. J.,, Poldrack, R. A, and Eichenbaum, H. (1997). Memory for items
and memory for relations in the procedural/declarative memory framework.
Memory 5,131-178. doi: 10.1080/741941149

Deuker, L., Bellmund, J. L., Navarro Schréder, T., and Doeller, C. F. (2016).
An event map of memory space in the hippocampus. Elife 2016:E16534.
doi: 10.7554/eLife.16534

Dietz, B., and Manahan-Vaughan, D. (2017). Hippocampal long-term depression
is facilitated by the acquisition and updating of memory of spatial auditory
content and requires mGlu5 activation. Neuropharmacology 115, 30-41.
doi: 10.1016/j.neuropharm.2016.02.026

Frangos, E., Ellrich, J., and Komisaruk, B. R. (2015). Non-invasive access
to the vagus nerve central projections via electrical stimulation of

memory function in adults. Further large-scale, randomized,
and sham-controlled investigations are warranted to assess
whether atVNS can significantly alleviate memory dysfunction
incorporating demand stimulation considering disease states and
task performance in brain diseases.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

the external ear: fMRI evidence in humans. Brain Stimul. 8, 624-636.
doi: 10.1016/j.brs.2014.11.018

Fullana, M. A., Albajes-Eizagirre, A., Soriano-Mas, C., Vervliet, B., Cardoner, N.,
Benet, O,, et al. (2018). Fear extinction in the human brain: a meta-analysis
of fMRI studies in healthy participants. Neurosci. Biobehav. Rev. 88, 16-25.
doi: 10.1016/j.neubiorev.2018.03.002

Genheimer, H., Andreatta, M., Asan, E., and Pauli, P. (2017). Reinstatement
of contextual conditioned anxiety in virtual reality and the effects of
transcutaneous vagus nerve stimulation in humans. Sci. Rep. 7:17886.
doi: 10.1038/s41598-017-18183-3

Ghacibeh, G. A., Shenker, J. L., Shenal, B., Uthman, B. M., and Heilman, K. M.
(2006). The influence of vagus nerve stimulation on memory. Cogn. Behav.
Neurol. 19, 119-122. doi: 10.1097/01.wnn.0000213908.34278.7d

Hansen, N., and Manahan-Vaughan, D. (2015). Locus Coeruleus stimulation
facilitates long-term depression in the dentate gyrus that requires
activation of p-adrenergic receptors. Cereb. Cortex 25, 1889-1896.
doi: 10.1093/cercor/bht429

Helmstaedter, C., Hoppe, C., and Elger, C. E. (2001). Memory alterations
during acute high-intensity vagus nerve stimulation. Epilepsy Res. 47, 37-42.
doi: 10.1016/S0920-1211(01)00291-1

Hendrickson, R. C., and Raskind, M. A. (2016). Noradrenergic dysregulation
in the pathophysiology of PTSD. Exp. Neurol. 284 (Pt-B), 181-195.
doi: 10.1016/j.expneurol.2016.05.014

Horecka, K. M., Dulas, M. R., Schwarb, H., Lucas, H. D., Duff, M., and Cohen,
N.J. (2018). Reconstructing relational information. Hippocampus 28, 164-177.
doi: 10.1002/hipo.22819

Hulsey, D. R, Riley, J. R, Loerwald, K. W., Rennaker, R. L. II, Kilgard, M. P., and
Hays, S. A. (2017). Parametric characterization of neural activity in the locus
coeruleus in response to vagus nerve stimulation. Exp. Neurol.. 289, 21-30.
doi: 10.1016/j.expneurol.2016.12.005

Jacobs, H. I, Riphagen, J. M., Razat, C. M., Wiese, S., and Sack, A. T.
(2015). Transcutaneous vagus nerve stimulation boosts
memory in older individuals. Neurobiol. Aging 36,
doi: 10.1016/j.neurobiolaging.2015.02.023

Kemp, A., and Manahan-Vaughan, D. (2007). Hippocampal long-term depression:
master or minion in declarative memory processes? Trends Neurosci. 30,
111-118. doi: 10.1016/j.tins.2007.01.002

Kraus, T. Hosl, K., Kiess, O., Schanze, A., Kornhuber, J., and Forster,
C. (2007). BOLD fMRI deactivation of limbic and temporal brain
structures and mood enhancing effect by transcutaneous vagus nerve
stimulation. J. Neural. Transm. 114, 1485-1493. doi: 10.1007/s00702-007-
0755-z

Kraus, T., Kiess, O., Hosl, K., Terekhin, P., Kornhuber, J., and Forster, C. (2013).
CNS BOLD fMRI effects of sham-controlled transcutaneous electrical nerve
stimulation in the left outer auditory canal - a pilot study. Brain Stimul. 6,
798-804. doi: 10.1016/j.brs.2013.01.011

Liu, J., Fang, J., Wang, Z., Rong, P., Hong, Y. Fan, Y, et al. (2016).
Transcutaneous vagus nerve stimulation modulates amygdala functional
connectivity in patients with depression. J. Affect. Disord. 205, 319-326.
doi: 10.1016/j.jad.2016.08.003

Magni, E., Binetti, G., Padovani, A., and Cappa, S. F. (1996). Bianchetti A,
Trabucchi M. The mini-mental state examination in Alzheimer’s disease and
multi-infarct dementia. Int Psychogeriatr. 8, 127-134.

associative
1860-1187.

Frontiers in Neuroscience | www.frontiersin.org

January 2019 | Volume 12 | Article 955


https://doi.org/10.1016/j.brs.2012.09.013
https://doi.org/10.1037/pas0000163
https://doi.org/10.1016/0301-0082(77)90016-8
https://doi.org/10.1016/0304-3940(90)90612-D
https://doi.org/10.1016/j.brs.2017.12.009
https://doi.org/10.1016/j.brs.2015.08.018
https://doi.org/10.1016/j.brat.2017.07.005
https://doi.org/10.1016/j.nlm.2016.05.007
https://doi.org/10.1016/j.neubiorev.2018.05.013
https://doi.org/10.1523/JNEUROSCI.2097-17.2017
https://doi.org/10.1080/741941149
https://doi.org/10.7554/eLife.16534
https://doi.org/10.1016/j.neuropharm.2016.02.026
https://doi.org/10.1016/j.brs.2014.11.018
https://doi.org/10.1016/j.neubiorev.2018.03.002
https://doi.org/10.1038/s41598-017-18183-3
https://doi.org/10.1097/01.wnn.0000213908.34278.7d
https://doi.org/10.1093/cercor/bht429
https://doi.org/10.1016/S0920-1211(01)00291-1
https://doi.org/10.1016/j.expneurol.2016.05.014
https://doi.org/10.1002/hipo.22819
https://doi.org/10.1016/j.expneurol.2016.12.005
https://doi.org/10.1016/j.neurobiolaging.2015.02.023
https://doi.org/10.1016/j.tins.2007.01.002
https://doi.org/10.1007/s00702-007-0755-z
https://doi.org/10.1016/j.brs.2013.01.011
https://doi.org/10.1016/j.jad.2016.08.003
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Hansen

Auricular-Vagus Nerve Stimulation Modulates Memory

Marek, R., and Sah, P. (2018). Neural circuits mediating fear learning and
extinction. Adv. Neurobiol. 21, 35-48. doi: 10.1007/978-3-319-94593-4_2

McGlone, J., Valdivia, I., Penner, M., Williams, J., Sadler, R. M., and Clarke, D. B.
(2008). Quality of life and memory after vagus nerve stimulator implantation
for epilepsy. Can. J. Neurol. Sci. 35, 287-296. doi: 10.1017/S0317167100008854

Merrill, C. A, Jonsson, M. A., Minthon, L., Ejnell, H., C-son Silander, H., Blennow,
K., et al. (2006). Vagus nerve stimulation in patients with Alzheimer’s disease:
additional follow-up results of a pilot study through 1 year. J. Clin. Psychiatry
67,1171-1178. doi: 10.4088/JCP.v67n0801

Nabavi, S., Fox, R., Proulx, C. D., Lin, J. Y., Tsien, R. Y., and Malinow, R.
(2014). Engineering a memory with LTD and LTP. Nature 511, 348-3452.
doi: 10.1038/nature13294

Noble, L. J., Gonzalez, 1. J., Meruva, V. B., Callahan, K. A., Belfort, B. D.,
Ramanathan, K. R., et al. (2017). Effects of vagus nerve stimulation on
extinction of conditioned fear and post-traumatic stress disorder symptoms in
rats. Transl. Psychiatry 7:e1217. doi: 10.1038/tp.2017.191

Orsi, S. A., Devulapalli, R. K., Nelsen, J. L., McFadden, T., Surineni, R., and Jarome,
T. J. (2018). Distinct subcellular changes in proteasome activity and linkage-
specific protein polyubiquitination in the amygdala during the consolidation
and reconsolidation of a fear memory. Neurobiol. Learn. Mem. 157, 1-11.
doi: 10.1016/j.nIlm.2018.11.012

Panebianco, M., Rigby, A., Weston, J., and Marson, A. G. (2015). Vagus nerve
stimulation for partial seizures. Cochrane Database Syst. Rev. 4:CD002896.
doi: 10.1002/14651858.CD002896.pub2

Peuker, E. T., and Filler, T. J. (2002). The nerve supply of the human auricle. Clin.
Anat. 15, 35-37. doi: 10.1002/ca.1089

Phelps, E. A. (2004). Human emotion and memory: interactions of the
amygdala and hippocampal complex. Curr. Opin. Neurobiol. 14, 198-202.
doi: 10.1016/j.conb.2004.03.015

Raedt, R., Clinckers, R., Mollet, L., Vonck, K., El Tahry, R., Wyckhuys, T., et al.
(2011). Increased hippocampal noradrenaline is a biomarker for efficacy of
vagus nerve stimulation in a limbic seizure model. J. Neurochem. 117, 461-469.
doi: 10.1111/j.1471-4159.2011.07214.x

Sjégren, M. J., Hellstrom, P. T., Jonsson, M. A., Runnerstam, M., Silander, H.
C., and Ben-Menachem, E. (2002). Cognition-enhancing effect of vagus nerve

stimulation in patients with Alzheimer’s disease: a pilot study. J. Clin. Psychiatry
63, 972-980. doi: 10.4088/JCP.v63n1103

Sun, L., Perikyld, J., Holm, K., Haapasalo, J., Lehtimiki, K., Ogawa, K. H., et al.
(2017). Vagus nerve stimulation improves working memory performance. J.
Clin. Exp. Neuropsychol. 39, 954-964. doi: 10.1080/13803395.2017.1285869

Teyler, T. J., and Discenna, P. (1984). Long-term potentiation as a candidate
mnemonic device. Brain Res. 319, 15-28. doi: 10.1016/0165-0173(84)90027-4

Tulving, E., and Markowitsch, H. J. (1998). Episodic and declarative memory:
role of the hippocampus. Hippocampus 8, 198-204. doi: 10.1002/(SICI)1098-
1063(1998)8:3<198::AID-HIPO2>3.0.CO;2-G

Ventura-Bort, C., Wirkner, J., Genheimer, H., Wendt, J., Hamm, A. O., and
Weymar, M. (2018). Effects of Transcutaneous Vagus Nerve Stimulation
(tVNS) on the P300 and alpha-amylase level: a pilot study. Front. Hum.
Neurosci. 12:202. doi: 10.3389/fnhum.2018.00202

Yakunina, N., Kim, S. S., and Nam, E. C. (2017). Optimization of Transcutaneous
vagus nerve stimulation using functional MRI. Neuromodulation 20, 290-300.
doi: 10.1111/ner.12541

Zobel, A., Joe, A., Freymann, N., Clusmann, H., Schramm, J., and Reinhardt,
M. (2005). Changes in regional cerebral blood flow by therapeutic vagus
nerve stimulation in depression: an exploratory approach. Psychiatry Res. 139,
165-179. doi: 10.1016/j.pscychresns.2005.02.010

Zuo, Y., Smith, D. C,, and Jensen, R. A. (2007). Vagus nerve stimulation
potentiates hippocampal LTP in freely-moving rats. Physiol. Behav. 90,
583-589. doi: 10.1016/j.physbeh.2006.11.009

Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Hansen. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org

January 2019 | Volume 12 | Article 955


https://doi.org/10.1007/978-3-319-94593-4_2
https://doi.org/10.1017/S0317167100008854
https://doi.org/10.4088/JCP.v67n0801
https://doi.org/10.1038/nature13294
https://doi.org/10.1038/tp.2017.191
https://doi.org/10.1016/j.nlm.2018.11.012
https://doi.org/10.1002/14651858.CD002896.pub2
https://doi.org/10.1002/ca.1089
https://doi.org/10.1016/j.conb.2004.03.015
https://doi.org/10.1111/j.1471-4159.2011.07214.x
https://doi.org/10.4088/JCP.v63n1103
https://doi.org/10.1080/13803395.2017.1285869
https://doi.org/10.1016/0165-0173(84)90027-4
https://doi.org/10.1002/(SICI)1098-1063(1998)8:3<198::AID-HIPO2>3.0.CO;2-G
https://doi.org/10.3389/fnhum.2018.00202
https://doi.org/10.1111/ner.12541
https://doi.org/10.1016/j.pscychresns.2005.02.010
https://doi.org/10.1016/j.physbeh.2006.11.009
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

	Memory Reinforcement and Attenuation by Activating the Human Locus Coeruleus via Transcutaneous Vagus Nerve Stimulation
	Introduction
	Materials and Methods
	Locus Coeruleus Activation via Transcutaneous Vagus Nerve Stimulation
	Activation of Memory Relevant Brain Structures by Transcutaneous Vagus Nerve Stimulation
	Advance in Transcutaneous Vagus Nerve Stimulation Protocols
	Memory Modulation via Trancutaneous Vagus Nerve Stimulation by Activating the Locus Coeruleus
	Augmentation of Hippocampus-Dependent Relational Memory
	Facilitation of Learning Fear Extinction and the Attenuation of Fear Learning
	Memory Modulation by Invasive Vagus Nerve Stimulation in Brain Diseases Involving Memory Dysfunction
	Future Challenges and Perspectives for Transcutaneous Vagus Nerve Stimulation

	Concluding Remarks
	Author Contributions
	References


