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Abstract
The pro-cognitive effects of Vagus Nerve Stimulation (VNS) observed in some small off-
label studies have raised enthusiasm for its use to ameliorate cognitive performance. Re-
latedly, auricular transcutaneous VNS (atVNS) has gained a lot of attention as the most
affordable, non-invasive VNS technique. Unfortunately, mechanisms underlying atVNS
cognitive effect are still unclear. Further research in the mouse is required. So far it has
been limited to acute non-invasive stimulation, or to chronic invasive stimulation. While
the underlying effects of acute stimulation are probably far from the physiological and
molecular pathways activated in chronic stimulation, invasivity is accompanied by surgi-
cal challenges and morbidity. There is a need for a simple, well-characterized, and reliable
non-invasive chronic atVNS technique. In the present study, after intense trial and error,
we design and produce the S-pod: a device in the form of an ear pod for atVNS in mice. To
test proper functioning, we corroborate the already proven memory persistence enhance-
ment triggered by acute atVNS in anesthetized naïve mice in a novel object-recognition
test. The implementation of an innovative technique to test the stimulation sites, and the
steadiness of the S-pod in the concha might make the results more reproducible than the
ones obtained with the previous and only atVNS device for mice, also designed by our
group. A further advantage of the S-pod with respect to the previous atVNS device is its
compatibility with a proposed preliminary model of a chronic atVNS setup for electros-
timulation in non-anesthetized mice. The latter includes an Elizabethan collar to avoid
ear scratching, for which a habituation validation in CD-1 mice is provided. The present
work supposes a first step to implementing non-invasive chronic atVNS in mice. Further
research could conceivably open new doors to unearthing the molecular, neurological, and
anatomical mechanisms underlying the cognitive effect of chronic atVNS.

Keywords

vagus nerve stimulation, auricular transcutaneous vagus nerve stimulation, cognitive en-
hancement, stimulation sites, elizabethan collar, single-axis lever arm, chronic atVNS,
free-moving mice





Prologue
This is a joint project between BERG and NeuroPhar, both belonging to the UPF. The
research of BERG laboratory is focused on exploring bioelectrical phenomena to develop
new methods and devices for biomedical applications. NeuroPhar laboratory mainly cen-
ters on developing lines of research to identify new therapeutic targets at the level of
the nervous system. Additionally, the group led by Prof. Andrés Ozaita is now putting
big effort to find new pharmacological and non-pharmacological treatments to modulate
cognition. As a matter of fact, in a previous collaboration between these two laborato-
ries they yielded an atVNS device to perform acute auricular transcutaneous vagus nerve
stimulation (atVNS) in mice. Testing showed enhanced memory performance in a novel
object-recognition test. The encouraging results triggered the start of a further investi-
gation of the cognitive effects of acute atVNS with the stimulation device. This is part
of a PhD project of pre-doc Cecilia Brambilla, being the study also conducted by Prof.
Andrés Ozaita.

The cognitive modulation capacity of acute atVNS derived from these studies asks for
further investigation on this field. For so, there is a need for a chronic atVNS setup for the
mouse. This is, although acute atVNS is already showing very encouraging cognitive ef-
fects, the underlying activated pathways are probably far from the ones in chronic atVNS.

In the present study we design, produce and test an atVNS device in the form of an
ear pod for mice: the S-pod. This supposes an advance with respect to the previous and
only atVNS device for mice in three main aspects: (1) S-pod allows reproducibility of the
stimulation sites due to the perfect fitting in the concha, which was not possible in the
previous design. This can be demonstrated thanks to our technique, the first to the best
of our knowledge, to mark stimulation sites in atVNS using DC current (2) S-pod eases
acute atVNS thanks to easy placement (3) S-pod is compatible with a proposed chronic
atVNS setup, for which a preliminary habituation validation is provided.

The S-pod, the new technique to mark stimulation sites, and the proposed chronic
atVNS setup are beneficial at the level of BERG and NeuroPhar laboratories to continue
investigating on the field of atVNS and cognition, but they also suppose a global step
further in atVNS research on animal models.

Further research could center on unearthing the possible inflammatory reduction or
cognitive reserve increase effects of atVNS. This could be life-changing not only for peo-
ple suffering from dementia - being it the main cause of cognitive impairment and tightly
related to neuroinflammation -, but also for every single human, bearing in mind that the
cognitive reserve strengthens resistance to cognitive decline typical from ageing.





Index
1 Introduction 1

1.1 Vagus Nerve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Vagus Nerve Stimulation (VNS) . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 History and Indications . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2.2 Auricular transcutaneous Vagus Nerve Stimulation (atVNS) . . . . 4
1.2.3 Physiological mechanism of action of atVNS . . . . . . . . . . . . . 5

1.3 VNS in mice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.3.1 VNS parameters for cognitive impairment treatment in mice . . . . 7
1.3.2 VN Stimulators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 Materials and Methods 10
2.1 Animals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2 Electrode System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3 Marking of stimulation sites . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.4 Novel object-recognition test . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.5 Electrostimulation procedure . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.6 Stimulation parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.7 Elizabethan collar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.8 Chronic atVNS setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.9 Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3 Results 15
3.1 Design and production of a novel atVNS device: S-pod . . . . . . . . . . . 15
3.2 Marking of stimulation sites . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.3 S-pod electrostimulation enhances memory persistence in anesthetized mice 17
3.4 Assessment of the behavioral response to the Elizabethan collar . . . . . . 18
3.5 Chronic atVNS setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4 Discussion 20
4.1 S-pod . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.2 Marking of Stimulation sites . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.3 Memory persistence enhancement in anesthetized mice . . . . . . . . . . . 22
4.4 Elizabethan collar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.5 Chronic atVNS setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

5 Conclusion 26

6 Additional Information 34
6.1 Extended description of physiological mechanisms of action of atVNS . . . 34
6.2 Implication of atVNS in cognition . . . . . . . . . . . . . . . . . . . . . . . 35
6.3 Trial and error process to design the S-pod . . . . . . . . . . . . . . . . . . 36

6.3.1 S-pod material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
6.3.2 Support methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
6.3.3 External supporting elements . . . . . . . . . . . . . . . . . . . . . 38

6.4 Trial and error process to design the chronic atVNS setup . . . . . . . . . 40
6.4.1 Single-axis lever arm connection to Elizabethan collar . . . . . . . . 41
6.4.2 Elizabethan collar connection to pod . . . . . . . . . . . . . . . . . 41





List of Figures
1 Human external auricle. (A) Display of the different parts of the human outer

ear adapted from Byju’s [26]; (B) Innervations of the external auricle adapted from
AMBOSS [27]. Green represents for the innervations of the auriculotemporal nerve,
blue of the ABVN, light red of the lesser occipital nerve, beige of the greater auricular
nerve, yellow of the facial nerve, and gold of the glossopharyngeal nerve. . . . . . . . 4

2 Vagal cortical pathways model based on Briand et al. [12] and Kaniusas et
al. [16]. It consists in 5 main pathways: (1) lower brainsteam pathway; activation of
the trigeminal nucleus and the nucleus tractus solitarius located in the lower brainstem
(purple arrows) (2) upper brainsteam pathway; further activation of the locus coeruleus,
raphe nuclei, and parabrachial complex, all of them localized in the upper brainstem
(green arrows) (3 and 4) norepinephrine and cholinergic pathways; the production of
norepinephrine and acetylcholine by the locus coeruleus and the parabrachial nucleus,
respectively, modulate global brain activity (pink and dark blue arrows, respectively).
(5) serotonin pathway: the delayed production of serotonin of raphe nuclei targets some
structures of the limbic system and the frontal cortex (light blue arrows). Additionally,
a simplification of closed-loop reflex pathways is also present (black arrows) . . . . . . 6

3 (A) Mughrabi, Hickman, et al. VNS invasive implant. Cervical long-term
VNS with a 4-weeks response persistence. Light blue represents for the dental cement
headcap, dark blue for the electrode pins, green for the VN, and yellow for the cuff
electrode (B) Vázquez-Oliver et al. atVNS device. atVNS device developed by
Vázquez-Oliver et al. to deliver current in the concha of the left ear of mice (C) L.
Oshinsky et al. (2014) non-invasive VNS technique including an Elizabethan
collar and 2 silver-coated electrodes. . . . . . . . . . . . . . . . . . . . . . 9

4 Novel object-recognition test based on Vázquez-Oliver et al. (2019). The
novel object-recognition test is completed in 3 sessions: habituation to the V-shaped
maze, familiarization with two novel identical objects 24 h after, and testing of memory
persistence by changing one of the objects for a novel one 48 h after familiarization. . . 12

5 3D representation of the Elizabethan Collar. They are 90º bent in the inferior
part and lack the area of the bent surface laying below the mouth. This is to improve
comfort of the animal. (A) frontal view of the Elizabethan Collar (B) left diagonal view
of the Elizabethan Collar (C) lower view of the Elizabethan Collar (D) upper view of
the Elizabethan Collar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

6 Preliminary prototypes prior to the design of the S-pod. These include support
methods and external supporting elements. (A) Headphones support method; it was
discarded due to slipping up (B) Helmet support method; it was discarded due to difficult
placement (C) Helmet external supporting element; it was discarded given extreme
behaviors, being it too loose, or too tight. The four sticks in the top bands aim at easen
opening of the helmet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

7 Physical S-pod. Images of the S-pod taken with a digital microscope. The two
silver wires account for the electrodes, whilst the magnet is the supporting element;
(A) front side (B) back side (C) right side (D) left side. Electrode and marking
of stimulation sites. (E) rough surface of an electrodes of the S-pod (F) marking of
stimulation sites using DC current in an euthanized mouse. The marks assesses contact,
and that stimulation is being performed in the cavity of the concha (lower mark) and
cymba conchae (upper mark). . . . . . . . . . . . . . . . . . . . . . . . . . . . 16



8 3D printable version of the S-pod. Fusion model of the S-pod: (A) front side of
the pod (B) left side of the pod (C) back side of the pod (D) right side of the pod. . . 16

9 (A) Discrimination index and exploration time in the novel object-recognition
test. Results obtained in the test session of the NORT; atVNS condition (DI=0.2498)
shows enhanced memory persistence with respect to no stimulation (DI=0.0324; p=0.0186)
(B) Total exploration time. There are no significant differences (atVNS=27.03; no
stimulation=23.04; difference=−3.99± 4.05; p=0.34). . . . . . . . . . . . . . . . . 17

10 Discrimination index obtained in atVNS condition with each pod indepen-
dently. Comparison of DI of stimulated mice, bearing in mind that two different S-pods
were used in 4 animals each; results show no significant differences (pod 1=0.2187; pod
2=0.2809; difference=−0.0622± 0.1180; p=0.6171) . . . . . . . . . . . . . . . . . 18

11 CD-1 and C57BL/6J Locomotion. Measure of the locomotion of CD-1 and C57BL/6J
mice. Regarding the quantification, 0 means no movement, 1 is assigned to mice per-
forming 1 or 2 long walks, 2 to movement with long pauses, 3 to mice moving with
pauses, and 4 to movement with practically no pauses. It is perceptible how there is a
significant reduction of locomotion in CD-1 mice from day 1 to 3 (p = 0.0047 using or-
dinary one-way Anova). Also, CD-1 mice show a significantly higher movement pattern
than C57BL/6J mice in day 3 (p = 0.0002 using t-test) . . . . . . . . . . . . . . . 18

12 chronic atVNS setup. First structure to perform atVNS in awake mice. Therefore,
the main remarks of this new setup are the non-invasivity, the compatibility with atVNS
in non-anesthetized mice, and subsequently, the fact that it permits to perform chronic
stimulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

13 Parts chronic atVNS setup. The proposed chronic atVNS setup can be divided
in two parts united by a Molex. This is of high relevance to ease the placement of
the structure on the mouse. (A) the main elements of the first part are the Elizabethan
collar and the S-pod; while the first avoids ear scratching, the second allows non-invasive
auricular electrostimulation. (B) The second part is only formed by the single-axis lever
arm, which allows connection to a stimulator. . . . . . . . . . . . . . . . . . . . . 19

14 Concept of headphones. Structure including two pods built as depicted in 2.2, and
a plastic arch as a uniting piece; (A) frontal view (B) diagonal view . . . . . . . . . 37

15 Helmet concept. 320º arch with two bars in the upper half thought to be placed in
the head of mice to pressure the pod of the left ear and avoid slipping up. . . . . . . 38

16 Helmet variants. (A) helmet with two below bars for enhanced support (B, C, E and
F) helmet including cable incorporators in the lateral band to disregard the pod (D)
helmet with the lateral band at a lower level and presenting an extra diagonal bar for
better maintenance of the pod in the concha. . . . . . . . . . . . . . . . . . . . 39

17 Easy-open Helmet. 320º arch with two bars in the upper half including each of them
two vertical bars to easen the opening of the piece. . . . . . . . . . . . . . . . . . 39

18 Combined approach. 320º bent arch with a single bar including two vertical sticks
to easen the opening of the piece. . . . . . . . . . . . . . . . . . . . . . . . . . 40



List of Tables
1 Stimulation Parameters in anesthetized mice. Stimulation parameters used in

atVNS condition after the familiarization phase of the novel object-recognition test.
These were obtained from Vázquez-Oliver et al. (2019) [6]. . . . . . . . . . . . . . . 13

2 CD-1 Behavioral Test Parameters. Statement of the number of times each parame-
ter action was carried out by 4 different mice (a1, a2, a3, and a4) along three consecutive
days divided in 3 periods of time. . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3 C57BL/6J Behavioral Test Parameters. Statement of the number of times each
parameter action was carried out by 4 different mice (b1, b2, b3, b4) along three con-
secutive days divided in 3 periods of time. . . . . . . . . . . . . . . . . . . . . . . 43





1 Introduction
Cognition refers to a broad range of higher cortical functions carried out by the human
brain including memory, thinking, remembering, reasoning, learning, comprehension, ori-
entation, analyzing, planning, language, judgement, and attention [1][2]. In broad strokes,
cognition includes all process by which a person becomes aware of a situation, needs, goals,
and required actions, and uses this information to implement problem solving strategies
for optimal living [1]. When a person permanently looses or lacks this ability, up to a
minor or major degree, we talk about cognitive impairment, being the two main causes
intellectual disability and dementia.
Intellectual disability is a feature of numerous neurodevelopmental disorders characterized
by significantly impaired intellectual and adaptive functioning that originates and mani-
fests before the age of 18 [3]. The etiology is normally genetic (e.g. fragile X syndrome,
Down syndrome, Prader-Willi syndrome), but it can also be triggered by certain environ-
mental exposures (e.g. fetal alcohol spectrum disorder, viral or bacterial infections during
pregnancy, exposure to toxins, malnutrition). The prevalence of intellectual disability in
the Western population is estimated to range from 1% to 3% [3], presenting about 85%
of the affected individuals a mild intellectual disability, corresponding to the lowest level
of severity - mild, moderate, severe, and profound in order of severity -.
In contrast, dementia is a syndrome derived from diseases (e.g. Alzheimer’s Disease, vas-
cular dementia, Parkinson’s Disease) or injury of the brain that affect cognition beyond
what might be expected from normal ageing [2]. Hence, similarly to intellectual disability,
the capacity of the individual to understand reality and interact with it is lessened, lacking
them competence in social, conceptual and practical skills [3]. Nowadays, the estimated
number of people living with dementia worldwide is 35.6 million. However, the prevalence
is expected to globally rise, indicating projections that by 2050, 151.4 million people will
suffer from dementia [4].

At the present time there is still no cure for cognitive impairment in intellectual dis-
ability or dementia. Treatments mostly aim at improving adaptive behavioral skills with
supportive care or avoiding rapid progression in dementia, but they fail at enhancing
cognition. Accordingly, there is a need for innovative treatments with the capacity for
improving the performance of higher cortical functions in mentally disabled individuals.
It is under such premise that Vagus Nerve Stimulation (VNS) has recently attracted a lot
of attention as a possible non-pharmacological cognitive enhancing therapy. Relatedly, a
non-invasive variant of VNS, auricular transcutaneous VNS (atVNS), has been defined
as the most affordable non-invasive manipulation of the central nervous system [5]. Al-
though some case studies already suggest atVNS to have pro-cognitive effects [6, 7], the
underlying mechanisms are still unclear. Further research on the mouse is required, being
it the preferred species to derive the bio-physiological basic mechanisms behind emerging
therapies [8]. Research in mice so far been limited to acute atVNS [6], or to chronic
invasive [8] or non-invasive VNS [9]. There is a need for a simple, well-characterized,
and reliable non-invasive chronic atVNS technique for mice. The better understanding of
the cognitive pathways activated by atVNS could lead to the grounding of therapies to
enhance cognition, as well as to a more exact definition of the possible side effects. This
would be life-changing for millions of people suffering from cognitive impairment around
the world.
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The objective of the present study is to do a first step towards the implementation of
a non-invasive system to perform chronic atVNS arrays in mice. With such purpose, we
provide with 3 main tools. In the first place, in Introduction and Additional Information
sections we supply with contrasted state-of-the-art regarding the physiological pathway of
atVNS, the cognitive effects observed so far, and apparently optimal stimulation param-
eters in mice. Secondly, we yield an atVNS device in the form of a pod for stimulation in
mice, which is compatible with the third tool: a preliminary setup for chronic non-invasive
atVNS in non-anesthetized mice. These three tools are complementary. While the chronic
atVNS setup requires the pod for stimulation, the contrasted state-of-the-art supposes a
guide to know which directions to take in research using the proposed setup to derive
the activated cognitive pathways in chronic atVNS. All in all, this will give a chance to
advance in the treatment of cognitive impairment, a major need that will escalate in the
coming years.

1.1 Vagus Nerve

The vagus nerve (VN) - also known as tenth cranial nerve (CN X) - is a mixed Autonomous
Nervous System (ANS) nerve composed of 20% efferent (motor) fibers and 80% afferent
(sensory) fibers [10]. This means that the VN mainly conveys sensory information from
the body surface, muscles, and viscera to the spinal cord [11], although presenting it also
some fibers responsible for carrying impulses away from the central nervous system (CNS).

Vagal afferents can be classified in two main categories depending on their neu-
roanatomical functions: general visceral afferents (GVA) and general somatic afferents
(GSA). The first type of afferent fibers carry information from the larynx, trachea, lungs,
heart and gastrointestinal tract [12, 13] to four nuclei in the medulla: the spinal nucleus of
the trigeminal nerve, the nucleus ambiguous, the dorsal motor nucleus of the VN, and the
nucleus tractus solitarius (NTS) [14]. Alternatively, GSA relay sensory impulses from the
lower pharynx, larynx, trachea, oesophagus, and posterior dura mater, and carry somatic
sensory information of pain, touch and temperature [13] from the posterior meninges,
tympanic membrane and external ear (e.g. conchae, skin on the back of the ear, external
acoustic meatus, and part of the tympanic membrane) to the brainstem nuclei of the
trigeminal nerve [7].

Vagal efferents originate in the nucleus ambiguous and the dorsal motor nucleus. These
two medulla nuclei send widespread efferent visceromotor fibers to govern neurogenic,
myogenic, and endocrine actions within end organs (i.e. pharynx, larynx, trachea, heart,
aorta, lungs, and the entire gastrointestinal tract) [7].

The combination of CNS modulatory (afferent fibers) and systemic effects (efferent
fibers) makes from VN an essential driver of the mutual connection between the brain
and major body structures. Accordingly, the activity of VN is positively associated with
health, well-being, relaxation, and emotions like empathy, and negatively associated with
morbidity, mortality, and stress [7].
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1.2 Vagus Nerve Stimulation (VNS)

The term “Vagus Nerve Stimulation” (VNS) refers to any technique that originates electric
pulses in the CN X [10], being it popularly described as an adjunctive neuromodulation
therapy [15].

1.2.1 History and Indications

The first U.S. Food and Drug Administration (FDA) approved indication of VNS was
partial onset seizures in 1997. The approval led Cyberonics to release an invasive VN
neck implantable stimulator [13] for adjunctive treatment refractory to antiepileptic med-
ications in adults and adolescents aged at least 12 years old [14].

Since 1997, an evolution beyond invasive VNS has led to three other very common
VNS techniques in humans: non-invasive VNS, auricular transcutaneous VNS, and auric-
ular percutaneous VNS [16].

Invasive VNS is typically performed via cuff electrodes wrapped around the left cervical
branch, and connected to an implantable pulse generator. This is compatible with fixed
non-adaptive and on-demand adaptive stimulation, and it has been FDA approved to
treat epilepsy and depression (PMA P970003/S207) [16].
Non-invasive VNS also activates the VN at the cervical level, but surface skin electrodes
in the neck are used instead. Intermittent transcutaneous stimulation using this non-
invasive approach has FDA approval as a preventive and/or acute treatment for migraine
and episodic cluster headache (DEN150048) [17, 16].
Auricular transcutaneous VNS uses two skin electrodes to deliver intermittent bipolar
pulses on the outer ear. The method has CE approval for epilepsy, depression, pain
(CerboMed-Nemos), and migraine (GammaCore) [16].
Finally, auricular percutaneous VNS is a minimally invasive technique consisting in the
insertion of miniature needle electrodes in the targeted outer ear sites. Intermittent acti-
vation of the VN using this technique has been authorized as a pain reliever for multiple
disease conditions (e.g. chronic cervical pain, chronic low back pain, migraine, acute post-
operative pain, pain due to peripheral arterial occlusive disease) [16].

Beyond the authorized indications of the four main VNS methods, off-label studies
and case series reports have suggested VNS to have positive effects in the treatment of
multiple psychiatric disorders (e.g. rapid cycling bipolar disorder, treatment-resistant
anxiety disorders [18], autism spectrum disorders [5]), neurodegenerative disorders (e.g.
Alzheimer’s Disease [19]), cognitive impairment (enhanced divergent thinking [20], facili-
tation of visceral pain-related emotional affective memory, extinction of conditioned fear
[5], face-name associations consolidation [21], intellectual disability [6], cerebral ischemia
[22], recovery after traumatic brain injury [5]), and other disease conditions (e.g. obesity
[18]). However, the FDA hasn’t still approved none of these indications. This is mainly
due to the lack of standardized methods of employment, which manifests the need for
more preclinical studies.

3



1.2.2 Auricular transcutaneous Vagus Nerve Stimulation (atVNS)

Most GSA fibers terminating the central process in the NTS are driven by the auricular
branch of the VN (ABVN) - also known as Alderman’s nerve or Arnold’s nerve -, account-
ing for the only peripheral branch of the VN [7]. On its way, ABVN innervates most of
the area around the external auditory meatus and the auricular concha [23, 24, 25], which
includes the cavity of the concha, the crus of helix and the cymba conchae (see Figure
1 for further information on outer ear innervations and parts). Due to the entire supply
(100%) of the latter by fibers of ABVN, cymba conchae forms a cutaneous receptive field
susceptible to external stimuli. Consequently, atVNS in cymba conchae offers the most
affordable non-invasive manipulation of the CNS by acting upon NTS [5].

Figure 1: Human external auricle. (A) Display of the different parts of the human outer ear adapted
from Byju’s [26]; (B) Innervations of the external auricle adapted from AMBOSS [27]. Green represents
for the innervations of the auriculotemporal nerve, blue of the ABVN, light red of the lesser occipital
nerve, beige of the greater auricular nerve, yellow of the facial nerve, and gold of the glossopharyngeal
nerve.

Auricular transcutaneous VNS is emerging in a context where bioelectronic medicine
is perceived as a non-pharmaceutical treatment option for various diseases. A similar
path is being followed by invasive, non-invasive, and auricular percutaneous VNS. How-
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ever, atVNS is outlying over them given its non-invasivity and low recruitment of efferent
fibers associated with adverse effects.

Current atVNS is being performed through surface skin electrodes. The number ranges
from 2 to 3, and the most common stimulation sites are the cymba conchae, antihelix,
tragus, and cavity of the concha. However, the exact location of electrodes in each of
these areas is still unclear. Apparently, there seems to be a dependence on the desired
effects, as well as on the fibers that are intended to be recruited [28]. Despite the entire
suppliance (100%) of the cymba conchae by ABVN, the antihelix (73%), the tragus (45%),
and the cavity of the concha (45%) also present non-vagal fibers that can be recruited
under atVNS given the diffuse stimulation fields most devices result in [16, 7].

When it comes to safety and tolerability of atVNS, it has been demonstrated by sev-
eral groups including central and peripheral nervous system effects, and behavioral effects
in neuropsychiatric populations [29, 30]. Furthermore, side-effects are minimal, with skin
irritation or redness being the most common ones [16].

Auricular transcutaneous VNS has CE approval for various indications in humans
(i.e. epilepsy, depression, pain, and migraine), but there is extensive literature based on
human models proposing atVNS as a promising therapeutic tool for neurological disorders,
inflammation reduction [7], disorders of consciousness [31], and to enhance cognitive and
social functioning [21]. An extended and more detailed summary of previous atVNS
clinical trials and studies is provided by Y. Y. Yap et al. (2020) [32].

1.2.3 Physiological mechanism of action of atVNS

Nucleus tractus solitarius serves as a major relay center of vagal afferent projections, be-
ing it also targeted by some efferents from the spinal nucleus of the trigeminal nerve [12].
Namely, electrical shocks to the ABVN activate action potentials in vagal primary affer-
ent neurons, which are conducted centrally to trigger action potentials in second-order
neurons within the NTS [33]. These second-order neurons project axons to different sites
across the CNS, in a way that the activation of ABVN has the potential to modulate the
activity of subcortical and cortical circuitry [34, 35].

NTS, apart from directly or indirectly activating the CNS by innervating brain re-
gions, governs systemic parameters of cardiovascular, respiratory, and visceral functions
to stay within their homeostatic limits [7].

As a matter of fact, the activation of the VN not only can modulate brain functions
by activating the CNS, but also have systemic effects [25]. This is, the VN is involved
in closed-loop reflex pathways along efferent and afferent pathways, being it a master
key in thermo-regulation, immune-regulation, and blood pressure control of the body. A
summary of all the pathways derived from atVNS can be seen in Figure 2. This includes
5 cortical pathways (i.e. lower brainsteam pathway, upper brainsteam pathway, sero-
tonin pathway, cholinergic pathway, and norepinephrine pathway), and a simplification of
closed-loop reflex pathways.

5



Figure 2: Vagal cortical pathways model based on Briand et al. [12] and Kaniusas et al. [16].
It consists in 5 main pathways: (1) lower brainsteam pathway; activation of the trigeminal nucleus and the
nucleus tractus solitarius located in the lower brainstem (purple arrows) (2) upper brainsteam pathway;
further activation of the locus coeruleus, raphe nuclei, and parabrachial complex, all of them localized in
the upper brainstem (green arrows) (3 and 4) norepinephrine and cholinergic pathways; the production
of norepinephrine and acetylcholine by the locus coeruleus and the parabrachial nucleus, respectively,
modulate global brain activity (pink and dark blue arrows, respectively). (5) serotonin pathway: the
delayed production of serotonin of raphe nuclei targets some structures of the limbic system and the
frontal cortex (light blue arrows). Additionally, a simplification of closed-loop reflex pathways is also
present (black arrows)
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1.3 VNS in mice

Although cognitive impairment has been proposed to be positively treated by VNS both
in humans [36] and rodents [6, 37, 38], the underlying mechanisms of VNS in cognitive
enhancement are still unclear [39].

There is a need for research on animal models, and more importantly, mouse models.
Animal models are essential drivers to derive the basic mechanisms behind disease condi-
tions and emerging therapies. This can be explained by the tightly controlled settings in
experimental animal studies [7]. Furthermore, the mouse is currently the species of choice
in the study of disease pathophysiology [8] given the broad spectrum of disorder models
it offers.

1.3.1 VNS parameters for cognitive impairment treatment in mice

Concern arises regarding VNS parameters for cognitive enhancement in mice. Namely,
despite the fact that a controlled optimization can be performed by varying the pulse
amplitude (intensity in mA), frequency of the pulses (in Hz), pulse width (duration of
each pulse), and on/off cycle, there is still no defined optimal parameters. Here, we pro-
vide with the parameters defined in most relevant works up to date, bearing in mind that
identifying the optimal stimulation parameters and “dose” may represent the crucial next
step for atVNS research.

Current amplitude. There are plenty of studies in rodent models [40, 41, 42] that
demonstrate effects may bear an inverted-U profile [43]. In other words, moderate stim-
ulation (0.4 - 0.8 mA) enhances memory and plasticity at a larger level [43]. Similarly,
in human models, markers of noradrenergic activity are known to be more elevated after
moderate atVNS (25 Hz, 1.3 mA [44] or 30 Hz, 1.5-1.75 mA [45]).

Frequency. VNS delivered at 30 Hz in rats has been proven to drive map expansion in
the auditory cortex more effectively than other stimulation frequencies [46].

Pulse width. An investigation by Elizabeth P. Buell et al. suggests that 0.5s duration
VNS positive pulses enhance plasticity over 0.125 s and 2 s trains [46]. This result corre-
lates with the one from the Laboratory of Neuropharmacology at UPF [6], where a 330 µs
pulse width was used [6]. Furthermore, a similar number of pulses per second in both
studies was employed, being it 32 and 20, respectively.

ON/OFF cycles. The majority of VNS studies [43, 44, 45] coincide in the fact that
the ON training state must have an approximate duration of 30 s. This is preferably
complemented by OFF periods of 5 min [6] and 48 s [45] in rodent and human models,
respectively. However, it has been suggested that an OFF period of less than 5 min could
result in positiver effects in mice [47].

Duration and periodicity of the treatment. These are difficult to set parameters.
The success in terms of safety and inflammation reduction of the first long-term invasive
VNS implant in mice brings to think that chronic stimulation would probably be optimal
[48], referring chronic in this case to the permanent application of successive ON/OFF
cycles. However, for example, atVNS in humans is intermittently activated (e.g. 3–4
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stimulation sessions per day for in total 4–5 h) [16]. Further research is needed to set
standard values of duration and periodicity for cognitive enhancement in mice.

Last but not least, it is important to keep in mind that VNS gated to the exhalation
phase of respiration is suggested to be more efficient in the activation of NTS due to VN
activation tunning with respiration [5, 49]. This could condition future experiments in
the search for efficacious stimulation parameters.

1.3.2 VN Stimulators

Up to date there are 3 main types of VN stimulators for rodents: chronic invasive [8],
acute auricular transcutaneous [6], and chronic non-invasive [9].

Starting with the chronic invasive VN stimulator, Mughrabi, Hickman, et al. [8] de-
signed a surgical technique for long-term invasive VNS in mice (persistence of responses
for at least 4 weeks). The surgery features the implantation of a bipolar platinum-iridium
micro-cuff electrode on the cervical VN, and ECG electrodes to measure heart rate. The
ECG and cuff leads are connected to a multi-channel nanoconnector and tunneled to a
headcap secured with dental cement to the skull (see image A from Figure 3). Reported
results were the first demonstration of chronic VNS in the mouse, providing longitudinal
evidence of stimulus-elicited physiological responses [8]. Such responses include a success-
ful reduction of serum tumour necrosis factor levels, a key regulator of the inflammatory
response, without interfering with physiological VN-mediated reflexes (i.e. baro-, lung
stretch- and feeding reflex). Other observations were that animals receiving VNS did not
show any signs of distress, and that VNS at large frequencies and/or intensities causes
reduction in heart rate through activation of efferent cardio-inhibitory fibers. To avoid
compensatory reflexes triggered by VNS, they proposed using a current intensity lower
than the heart rate threshold. This is the minimum current intensity required to elicit a
5-15% reduction in heart rate given the selected stimulation parameters. In the end, this
study represented the first proof in mice that long-term VNS can modulate inflammation,
being it a potential treatment of chronic diseases.

For atVNS, the group led by Prof. Ozaita developed a device to be used in anesthetized
mice. The prototype consisted in two silver wires with 0.5 mm diameter mounted on a
transparent methacrylate surface and fixed with epoxy resin (see image C of Figure 3) [6].
In this study, authors used acute atVNS in the concha of the left external ear of anes-
thetized mice. In their words, electrodes were placed in the concha of the left ear to
avoid cardiac complications, as the right branch of the VN innervates the sinoatrial node
and can have undesirable effects on heart rate [6]. They tested two mouse models: (1)
CD-1 naïve mice (2) Fmr1 knock-out mice, which mimic the genetic alteration in fragile
X syndrome subjects, a disorder characterized by intellectual disability. In both models
atVNS improved memory performance as measured by an object recognition memory test.

L. Oshinsky et al. (2014) explored the mechanism of action of non-invasive VNS for the
treatment of trigeminal allodynia in rats. Namely, they placed an Elizabethan collar with
2 silver-coated electrodes (0.8cm diameter) for transcutaneous stimulation to conscious
naïve and allodynic rats (see image B from Figure 3). Results suggested non-invasive
VNS to be useful to treat trigeminal allodynia [9].
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Figure 3: (A) Mughrabi, Hickman, et al. VNS invasive implant. Cervical long-term VNS with
a 4-weeks response persistence. Light blue represents for the dental cement headcap, dark blue for the
electrode pins, green for the VN, and yellow for the cuff electrode (B) Vázquez-Oliver et al. atVNS
device. atVNS device developed by Vázquez-Oliver et al. to deliver current in the concha of the left ear
of mice (C) L. Oshinsky et al. (2014) non-invasive VNS technique including an Elizabethan
collar and 2 silver-coated electrodes.

Despite the relevance of VNS research executed so far, it has been limited to acute
atVNS [6], chronic invasive VNS [8], and chronic non-invasive VNS [9]. While the under-
lying effects of acute stimulation are probably far from the physiological and molecular
pathways activated in chronic stimulation, invasivity is accompanied with surgical and
technical challenges with the microscopic anatomy of the mouse [8], and non-invasive
stimulation can trigger motor efferent fibers and visceral afferents with undesired side
effects [16]. There is a need for a simple, well-characterized, and reliable non-invasive
chronic atVNS technique. In the present study, after intense trial and error, we design,
produce, and test a device in the form of a pod for atVNS in mice: the S-pod. Its function-
ing is tested in terms of memory persistence enhancement in a novel object-recognition
test in anesthetized mice, where the implementation of an innovative technique to test
the stimulation sites, and the better adaptation of the pod in the concha of the mouse
might make the results more reproducible than the ones obtained with the atVNS device
from Vázquez-Oliver et al. Additionally, the S-pod is also compatible with a proposed
preliminary model of a chronic atVNS setup. Such setup consists of the pod, an Eliza-
bethan collar to avoid ear scratching, and a single-axis lever arm for free movement.
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All in all, the present work supposes a first step towards the implementation of non-
invasive chronic atVNS in mice. This is, apart from presenting an improved atVNS
device, and a preliminary technique to chronically stimulate awake mice in a non-invasive
way, it also provides with contrasted information on the supposedly optimal stimulation
parameters to enhance cognition, and the possible physiological and molecular cognitive
effects of atVNS. Further work using the provided tools could conceivably open new
doors to validating the proposed molecular, neurological, and anatomical mechanisms
underlying the cognitive effect of chronic atVNS.

2 Materials and Methods

2.1 Animals

CD-1 and C57BL/6J young adult (10-12 weeks) male mice from the Barcelona Biomedical
Research Park Animal Facility participated in the study. Animal welfare in all procedures
was ensured by complying with the standard ethical guidelines for the use of animals in
research (Directive 2010/63/EU of the European Parliament and of the Council). Mice
were housed in a temperature-controlled (21 ± 1ºC) and humidity-controlled (55 ± 10%)
environment. Lighting was maintained on a regular 12h–12h light–dark cycle (on at
8 a.m.; off at 8 p.m.). Food and water were available ad libitum [6].

2.2 Electrode System

The electrode prototype accounts for the S-pod, a left ear pod made of ultraviolet (UV)
resin (i.e. Bostik Fix Flash 5G1). The UV resin structure contains two silver wires in
the stimulation sites, accounting for the electrodes and residing in the concha and the
cymba conchae, respectively, and a magnet inside, in the top right part. The latter aims
at holding and maintaining the pod steady when placing another identical magnet in the
same place, but in the behind part of the ear. Figure 7 shows the S-pod captured from a
digital microscope.

For production, the left ear of CD-1 euthanized mice was used as a mold. The pro-
cess consisted of the following steps: (1) drilling of the stimulation sites with a 0.6 mm
diameter needle (2) 90º bending of the last 3 mm of two silver wires with a diameter of
0.5 mm, and a length of 1.5 cm (3) introduction of the two bent parts of the silver wires
into the drilled sites (4) placement of a magnet into the top right part of the concha, held
with another identical magnet in the behind part of the ear (5) pouring of UV resin into
the concha (6) application of UV light into the external ear for curation (7) extraction of
the pod from the ear of euthanized mice (8) filing of the pod and the tip of silver wires
to better adapt them to the morphology of the concha of the mouse.

With a view to facilitate the production of the S-pod for atVNS in mice, we created
a 3D printable version with AutoDesk Fusion 360 2. The morphology of the S-pod was
depicted by making manual measures of the devices obtained with the traditional method.
This printable version contains two holes in the stimulation sites to introduce the silver
wires, and a cavity to fit the magnet in the top right part.

1Bostik FIX FLASH: https://diy.bostik.com/en-UK/products/repair-assembly/fix-flash
2AutoDesk Fusion 360 2.0.10148: https://www.autodesk.com/products/fusion-360/free-trial
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2.3 Marking of stimulation sites

Two parameters where measured in euthanized CD-1 mice to test the correct functioning
of the S-pod: the contact of the electrodes with the skin of the concha, and the correct
position of the stimulation sites (i.e. cavity of the concha and cymba conchae). Both of
them were derived from the consequences of the delivery of Direct Current (DC) through
the electrodes of the S-pod. This is the first time DC is used to guarantee contact and
correct stimulation sites, as far as we know.

For DC delivery, an electronic board was used to build a circuit containing a 9 V bat-
tery, a potentiometer acting as a variable resistor - 0 − 4.7 kΩ range -, a 38XR-A TRMS
Digital Multimeter (Amprobe, USA), and the S-pod, all connected in series.

The test proceeded as follows: (1) we placed a small amount of Aquasonic 100 Ul-
trasound Transmission Gel3 at the tips of the two electrodes and slightly spread it over
the contact surface of the S-pod (2) we fitted the S-pod into the left concha and pinned
it down with a magnet placed in the behind part of the ear (3) out of the two electrode
connections, the anode was attached to the electrode in the cymba conchae, and the
cathode to the electrode in the cavity of the concha (4) DC was delivered through the
electrodes, adjusting the impedance of the potentiometer to make the current be 1 mA in
the beginning (5) after 5 min of stimulation, the anode and the cathode were exchanged
(6) after 5 more min, the current was turned off.

If the electrodes were making correct contact with the skin of the concha, a black stain
resulting from skin damage appeared in the stimulation sites. Hence, we argued there was
contact from skin damage. To verify the stimulation sites, we checked whether the marks
were in the cymba conchae and the cavity of the concha. In consequence, were there two
marks in the concha and cymba conchae, the S-pod was classified as valid.

2.4 Novel object-recognition test

The novel object-recognition test is a relatively fast and efficient means to test non-
emotional memory in mice [50]. It can be completed over 3 sessions: habituation, familiar-
ization, and testing. In the present study, given the will to reproduce the previous results
of our group [6], we used the same parameters and procedures as in the so-mentioned
paper.

During the first session, animals were habituated to an empty V-shaped maze for 9min.
The aim was to reduce stress and to avoid a potential neophobic response [51]. 24 h af-
ter, in the familiarization phase, mice were let to freely explore two identical objects for
9 min, which was promoted by the habituation phase. Right after familiarization, they
were anesthetized with isoflurane and exposed to atVNS or no stimulation, as specified in
2.5. In the last session 48 h after the familiarization phase, a 9-min memory persistence
test was carried out. We recorded rodents in the V-shaped apparatus, where one of the
identical objects was replaced by a novel, unfamiliar object [50].

3Aquasonic 100 Ultrasound Transmission Gel Single Use: https://aquasonicgel.com/
aquasonic-100-single-use-packette-100-per-box
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In the end, we collected and analyzed data from the recordings regarding the ex-
ploratory behavior of rodents towards the objects. We chose to score object exploration
as follows: ’directing the nose’ toward the object ’at a distance less than or equal to 2 cm’
[52]. The exploration time was used to calculate the discrimination index (DI), account-
ing for the difference between the exploration time of the old (To) and the familiar object
(Tf ), divided by the total exploration time (Te) (DI = (To + Tf )/Te) [6]. Based on the
innate preference of mice to explore the novel object rather than the familiar one [50],
higher DI was considered to reflect greater object-recognition memory persistence [6].

Figure 4: Novel object-recognition test based on Vázquez-Oliver et al. (2019). The novel
object-recognition test is completed in 3 sessions: habituation to the V-shaped maze, familiarization with
two novel identical objects 24 h after, and testing of memory persistence by changing one of the objects
for a novel one 48 h after familiarization.

2.5 Electrostimulation procedure

In accordance with the statement of reproducibility in 2.4, the electrostimulation proce-
dure basis was also taken from Vázquez-Oliver et al. [6]. Right after the familiarization
phase of the novel object-recognition test, mice were anesthetized with isoflurane (1.5%
induction and maintenance) in 0.8 L/min O2 [6]. A heating pad was used during anes-
thesia to maintain normothermic conditions, and we put Xilin Night4 on the eyes of mice
to prevent corneal abrasion triggered by eye dryness [53]. Two different S-pods were then
placed into the concha. For so, we put a small amount of Aquasonic Gel at the tips of
the electrodes and slightly spread it over the contact surface of the S-pod, and then the
latter into the left concha and pinned it down with a magnet placed in the behind part
of the ear. Electrical stimulation was only performed in atVNS condition (8 out of 16
CD-1 mice). Rectangular bipolar pulses were delivered with a Beurer EM49 stimulator
(Beurer, Germany), and we monitored current delivery using a Hantek DSO1202S os-
cilloscope (Qingdao Hantek Electronic, China). To do so, we measured the voltage (V )
drop across an external reference resistance Rref = 15 kΩ in series with the electrode
system Zload. Then, we calculated the current as I = V/Rref [6]. As further specified in
2.6, intensity was set to approximately 1 mA by adjusting V to ∼ 15 V , considering the
impedance of the skin with gel to be negligible. The procedure, whether in atVNS or no
stimulation condition, had a duration of 27 min.

2.6 Stimulation parameters

Rectangular bipolar pulses were delivered with a Beurer EM49 stimulator. The stimula-
tion parameters can be seen in Table 1:

4Xilin Night 5g: https://www.visufarma.es/product/xilin-night/
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Table 1: Stimulation Parameters in anesthetized mice. Stimulation parameters used in atVNS
condition after the familiarization phase of the novel object-recognition test. These were obtained from
Vázquez-Oliver et al. (2019) [6].

Parameter Value

Current amplitude 1 mA
Pulse width 330 µs
Frequency 20 Hz
ON/OFF Cycle 30 s/5 min
Duration 27 min

2.7 Elizabethan collar

We conducted a behavioral test in CD-1 and C57BL/6J mice to assess adaptation and
habituation of these two mouse strains to wearing an Elizabethan collar, accounting for
the most commonly used restraint collar for research animals [54]. This was done to de-
termine whether this medical device could be use to avoid the mouse from scratching the
left ear while wearing the S-pod.

First, We bent Elizabethan collars 90º in the inferior part using a heat gun, and cut
the area of the bent surface laying below the mouth (see Figure 5). The aim was to ease
walking and exploration, and permit grooming while preventing mice from reaching the
ear.

For the placement of the collar, mice were briefly anesthetized with isoflurane (1.5%
induction) in 0.8 L/min O2. After on, animals were placed in separate spare beakers and
recorded in pairs. A white sheet was placed between the two glass recipients to avoid
external stimuli to alter the results. We did recordings of 1 h of mice in the beakers in 3
consecutive days in a week. After each test, mice were removed the collar and put back
to their cages.

In the posterior visualization of the recordings, we analyzed qualitative and quanti-
tative parameters to derive the behavior of mice while wearing the Elizabethan collar.
Quantitative parameters included the number of defecation, stand ups with and without
the wall, scratching, jumps, grooming, and the number of times mice managed to reach
their ear; locomotion was the only qualitative parameter. In consequence, we measured
anxiety-associated parameters (i.e. locomotion, defecation, and grooming), exploration
parameters (i.e. stand-ups with and without the wall, and jumps) and collar discomfort
parameters (i.e. ear touches, and scratching).

To prevent the effect of anesthesia from altering the results, videos were analyzed
from minute 5 to 29. Furthermore, the quantification of parameters was divided in 3
periods (5-13 min, 13-21 min and 21-29 min) to not only spot interday, but also intraday
behavioral changes.
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Figure 5: 3D representation of the Elizabethan Collar. They are 90º bent in the inferior part
and lack the area of the bent surface laying below the mouth. This is to improve comfort of the animal.
(A) frontal view of the Elizabethan Collar (B) left diagonal view of the Elizabethan Collar (C) lower view
of the Elizabethan Collar (D) upper view of the Elizabethan Collar

2.8 Chronic atVNS setup

The proposed preliminary chronic atVNS setup is composed of 3 main elements: the S-
pod, the Elizabethan collar, and a single-axis lever arm. In addition, the structure can
be divided in two main parts joined by a Molex (Molex, USA; Connector KK 254 Series
2 Way). Figure 12 in 3.5 shows a 3D representation of the whole setup, whilst in Figure
13 each part is displayed independently.

The first part consists of the S-pod and the Elizabethan collar, being the latter at-
tached to the wire-to-board header of the Molex (Molex, USA; series: KK 254; RS code:
483-8461). Namely, the lower limbs of this header are used to drill the Elizabethan collar
and fixed with Loctite5 in a manner that they reside in the frontal part, laying over the
head, while the rest of the structure resides in the back part. This permits to drive two
coated copper wires (Multicomp Pro; manufacturer reference: MPRRW-A-105) from the
electrodes of the S-pod right to the lower limbs of the wire-to-board header, making the
connection between the S-pod and the Elizabethan collar feasible. These coated copper
wires are connected to the electrodes with epoxy resin (Chemtronics; manufacturer refer-
ence: CW2400), and welded to the limbs of the header.

The second part is only formed by the single-axis lever arm. The cables in the single-
axis lever arm are protected all along with a spring to permit free movement of the mouse

5Locitite Super Glue-3 Líquido Precisión: https://www.loctitesuperglue-3.com/es/productos/
super-glue-3-liquido/super_glue_3_liquidoprecision.html
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in the cage and avoid tension. These cables are attached to crimp terminals and inserted
into the crimp housing part of the Molex (Molex, USA; series: KK 254; RS code: 188-
8796). Nonetheless, the single-axis lever arm includes a connector that permits connection
to an stimulator to deliver rectangular bipolar pulses.

2.9 Statistical analysis

Data were analyzed with Prism6 Software using T-test, except for an Ordinary one-way
ANOVA analysis for locomotion in CD-1 mice. Comparisons were considered statistically
significant when p < 0.05. Data are represented as mean ± standard error of the mean.

3 Results

3.1 Design and production of a novel atVNS device: S-pod

The final design was derived from the knowledge acquired during the R and D process
(see 6.3 from Additional Information for further insight). The most relevant prototypes
prior to the S-pod can be seen in Figure 6. All of them already incorporated the concept
of pod. They are described as support methods if they are attached to the pod, forming
a single structure, and external supporting elements if they are independent from the pod
but intend to maintain it steady in the concha.

Figure 6: Preliminary prototypes prior to the design of the S-pod. These include support
methods and external supporting elements. (A) Headphones support method; it was discarded due to
slipping up (B) Helmet support method; it was discarded due to difficult placement (C) Helmet external
supporting element; it was discarded given extreme behaviors, being it too loose, or too tight. The four
sticks in the top bands aim at easen opening of the helmet.

The first support method that we tested was a pair of headphones (image A from Fig-
ure 6). Namely, we built a pod for each ear, and stuck them to the tips of a 180º arch
3D-printed with Creality Ender 3 7, being infill and perfil parameters 20 and 0.2, respec-
tively. We also designed an extended arch (320º) with two bands instead of one in the
upper half that we called "helmet" (infill = 40; perfil = 0.2), which was tested both as
a support method and as an external supporting element (images B and C from Figure 6).

6Prism 9.0.0: https://www.graphpad.com/scientific-software/prism/
7Creality Ender-3: https://www.creality3dshop.eu/collections/3d-printers/products/

creality3d-ender-3-pro-high-precision-3d-printer
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The final atVNS device, namely S-pod, consists in a pod for the left ear of CD-1 mice
containing a magnet for fixation. Figure 7 shows the physical pod captured from a digital
microscope, whilst Figure 8 shows the 3D printable version.

Figure 7: Physical S-pod. Images of the S-pod taken with a digital microscope. The two silver wires
account for the electrodes, whilst the magnet is the supporting element; (A) front side (B) back side
(C) right side (D) left side. Electrode and marking of stimulation sites. (E) rough surface of an
electrodes of the S-pod (F) marking of stimulation sites using DC current in an euthanized mouse. The
marks assesses contact, and that stimulation is being performed in the cavity of the concha (lower mark)
and cymba conchae (upper mark).

Figure 8: 3D printable version of the S-pod. Fusion model of the S-pod: (A) front side of the pod
(B) left side of the pod (C) back side of the pod (D) right side of the pod.
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3.2 Marking of stimulation sites

To ensure correct stimulation sites of the S-pod, we used it to deliver DC current in
the left ear of euthanized mice. The subsequent damage in the skin consisted in black
stains on the site of stimulation of the electrode connected to the cathode. Also the one
connected to the anode showed skin damage, but in the form of a small crust, sometimes
indiscernible. Consequently, polarity of electrodes was exchanged to ease the marking of
the two sites. Results obtained using one of the S-pods can be seen in image F from
Figure 7. In addition, image E shows the surface of the electrodes, which were filed before
use to increase roughness, and subsequently, the contact surface.

3.3 S-pod electrostimulation enhances memory persistence in anes-
thetized mice

We conducted a novel object-recognition test to assess the correct functioning of the
S-pod. Out of 16 CD-1 naïve mice, 8 of them were stimulated, and the others were
considered for sham conditions. The DI values 48 h after stimulation show enhanced
cognitive function compared to no stimulation (atVNS = 0.2498; no stimulation=0.0324;
difference=0.2175 ± 0.08167; p=0.0186). The total exploration time, accounting for the
sum of the exploration time dedicated to the new and the old objects, shows no significant
difference between atVNS and sham conditions (atVNS=27.03; no stimulation=23.04;
difference=−3.99 ± 4.05; p=0.34).

Figure 9: (A) Discrimination index and exploration time in the novel object-recognition
test. Results obtained in the test session of the NORT; atVNS condition (DI=0.2498) shows enhanced
memory persistence with respect to no stimulation (DI=0.0324; p=0.0186) (B) Total exploration
time. There are no significant differences (atVNS=27.03; no stimulation=23.04; difference=−3.99±4.05;
p=0.34).

Out of the 8 mice in atVNS condition, 4 of them were stimulated with one S-pod,
and the 4 remaining were stimulated with another S-pod. Considering that the stimula-
tion positions of the electrodes were slightly different, Figure 10 shows the DI obtained
with each pod independently. No significant differences are observed neither in DI (pod
1=0.2187; pod 2=0.2809; difference=−0.0622± 0.1180; p=0.6171) between the pods, nor
in the exploration time (pod 1=22.80; pod 2=23.28; difference=0.49 ± 4.71; p=0.92).
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Figure 10: Discrimination index obtained in atVNS condition with each pod independently.
Comparison of DI of stimulated mice, bearing in mind that two different S-pods were used in 4 animals
each; results show no significant differences (pod 1=0.2187; pod 2=0.2809; difference=−0.0622± 0.1180;
p=0.6171)

3.4 Assessment of the behavioral response to the Elizabethan
collar

We assessed the effect in behavior of placing an Elizabethan collar in naïve CD-1 and
C57BL/6J mice, as these are the most used naïve strains in biomedical research. The
quantitative measures obtained for each individual and parameter are displayed in Table
2 (CD-1 mice) and 3 (C57BL/6J). Out of the 8 analyzed parameters, significance with
ordinary One-way Anova was only found in locomotion from CD-1 mice, indicating a
progressive habituation to wearing the collar and suitability for use as part of a chronic
atVNS setup. Figure 11 shows the so-mentioned adaptation of CD-1 mice (CD-1=3.00;
C57BL/6J=2.08; difference=−0.92 ± 0.25; p=0.0047).

Figure 11: CD-1 and C57BL/6J Locomotion. Measure of the locomotion of CD-1 and C57BL/6J
mice. Regarding the quantification, 0 means no movement, 1 is assigned to mice performing 1 or 2 long
walks, 2 to movement with long pauses, 3 to mice moving with pauses, and 4 to movement with practically
no pauses. It is perceptible how there is a significant reduction of locomotion in CD-1 mice from day 1
to 3 (p = 0.0047 using ordinary one-way Anova). Also, CD-1 mice show a significantly higher movement
pattern than C57BL/6J mice in day 3 (p = 0.0002 using t-test)
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3.5 Chronic atVNS setup

A simple first preliminary setup for chronic atVNS in mice is presented in Figure 12. This
is the first setup, as far as we know, that permits to perform atVNS in awake mice.

Figure 12: chronic atVNS setup. First structure to perform atVNS in awake mice. Therefore, the
main remarks of this new setup are the non-invasivity, the compatibility with atVNS in non-anesthetized
mice, and subsequently, the fact that it permits to perform chronic stimulation.

Figure 13: Parts chronic atVNS setup. The proposed chronic atVNS setup can be divided in two
parts united by a Molex. This is of high relevance to ease the placement of the structure on the mouse.
(A) the main elements of the first part are the Elizabethan collar and the S-pod; while the first avoids
ear scratching, the second allows non-invasive auricular electrostimulation. (B) The second part is only
formed by the single-axis lever arm, which allows connection to a stimulator.
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The structure can be divided in two main parts united by a Molex, as shown in Fig-
ure 13. The first part mainly consists of the Elizabethan collar and the S-pod, and the
second part is the single axis-lever arm by itself, which allows connection to a stimulator.

The proposed setup is described as feasible, resistant to breaking, and compatible with
the normal movement of the mouse, but further investigation is needed for validation.

4 Discussion
The lack of contrasted information on the cognitive effect of atVNS raises the need for
more preclinical studies to help derive the underlying pathways. In the present study we
do a step forward towards the better understanding of this phenomenon by providing with
an improved atVNS device for stimulation in anesthetized mice, a new technique to mark
stimulation sites in euthanized mice, and a preliminary chronic atVNS setup to stimulate
awake mice.

4.1 S-pod

To the best of our knowledge, our group was the first to use non-invasive transcutaneous
approaches in mouse models [6]. The employed atVNS device (see image C from Figure
3) was thought for auricular transcutaneous stimulation in anesthetized mice. Spotting
the need for an atVNS device compatible with chronic stimulation in a free movement
mouse model, we designed, produced and tested a new electrode system fulfilling these
requirements that we called S-pod.

The final design was preceded by intense trial and error, which was of high use to better
define the anatomical characteristics of the mouse, and how we could take advantage of
them for an optimized and more comfortable device.
The first observation was that the two stimulation sites, residing in the cymba conchae
and the cavity of the concha, lay against the cranium. Namely, they do not belong to the
prominent part of the ear. This anatomical feature makes it difficult to use a device in the
form of a clip, typical from atVNS in humans [55], also bearing in mind the membrane-like
helix of the mouse. In this way, we considered the concha to be the only part that could
be relied on in terms of support.
The choosing of the concha as support brought us directly to the concept of "pod", ac-
counting for a piece that perfectly fits the concha. Having in mind that we wanted to use
the left ear of euthanized mice as a mold, different materials that curate/solidify under
different conditions were tried for the pod body, including Loctite, Dentalon8 and UV
resin. On the one hand, Loctite and Dentalon, which solidify at room temperature, were
discarded because of stickiness and slow solidification, and variability of viscosity, respec-
tively. On the other hand, UV resin, which curates under UV light, was chosen as the
material to use given the fast curation, reproducible viscosity and easy removal of the ear
of the mouse after production.

Given the susceptibility of the UV resin pod to popping out under movement observed
in first tests, we decided to incorporate an extra support to press the pod. For so, two

8Resina Dentalon Plus Polvo: https://www.dentaltix.com/es/kulzer/
resina-dentalon-plus-polvo-100gr
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options were considered, both including the pod: the so-called support methods, and the
external supporting methods. Support methods account for prototypes were the support-
ing piece is fixed to two pods, one for each ear, to enhance stability. Contrarily, external
supporting elements are pieces that aim at maintaining the left pod steady in the concha,
but they are independent from it. It was through the testing of support methods and ex-
ternal supporting elements that we derived the second anatomical observation: the head
of the mouse is highly compressible. While the headphones support method (see image A
from Figure 6) resulted in slipping up or down, the helmet - including the support method
concept and the external supporting element concept in images B and C from Figure 6 -
was difficult to place, and normally resulted in too tight or too loose fitting. Thereby, we
discarded the option of using support methods and external supporting elements to press
the pod against the ear.

Finally, we changed the pressing concept, which had been considered to be a mild-
stone, for just holding. Namely, we added a magnet in the atVNS device, which can be
hold with another magnet in the behind part of the ear. This has shown to be a very ef-
fective way of holding the pod steady in the concha, even in a free-exploration setting. In
addition, the contact with the stimulation sites occurs properly and reproducibly, which
is essential for the stimulation to take place.

The S-pod, perceptible in Figure 7 supposes a very important step forward for atVNS
in anesthetized mice, presenting it some very relevant advantages with respect to the
previous model. In the first place, the perfect fitting of the pod provides with constant
stimulation sites along time, and also between individuals stimulated with the same pod.
This is especially remarkable in a context where the previous and only atVNS device up
to date fails at precisely stimulating the desired sites. As a matter of fact, marking with
DC current using the previous design of the atVNS device assessed a large variability in
the stimulation sites between sessions; in some cases, we even obtained the mark of both
electrodes in the cavity of the concha. Therefore, the use of the S-pod might increase the
reproducibility of results and make the findings more consistent.
Secondly, stimulation procedure becomes easier thanks to the easy placement and perfect
fitting of the S-pod in the ear of mice. Moreover, whilst the previous device required
the application of pressure to ensure contact of the electrodes with the skin, the new
design works without the need of external pressure and so, is much less sensitive to small
movements of the animal while anesthetized.
Finally, the S-pod is compatible with a chronic stimulation setup (read 4.5 for further
information). Therefore, it could be key to allow chronic non-invasive atVNS in mice in
the near future.

When it comes to limitations of the pod, the main one is the production procedure
(see 2.2). The need for euthanized mice, the small anatomy of the ear of the mouse, and
the manual placing of electrodes in the stimulation sites can be limiting and/or time-
consuming. Additionally, the resulting pods can be variable in shape, and even in terms
of the stimulation sites.
To compensate for this limitation, we have built a 3D printable model of the S-pod,
perceptible in Figure 8. The main body is complemented by two 0.6 mm diameter holes
in the stimulation sites to place the silver wires - electrodes -, and a cavity to stick
the magnet. In this manner, we do away with the tedious and imprecise production
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procedure, get reproducible stimulation sites among devices, and reduce the number of
animals involved in the study. We also give a tool to test different stimulation sites, which
can be easily done by changing the position of the holes in the provided stl file. This is
of high interest considering the lack of standardized stimulation sites in atVNS.
Also importantly, the 3D printable S-pod is compatible with percutaneous atVNS, open-
ing new doors for the investigation of this alternative minimally-invasive auricular VNS
technique in mice.

4.2 Marking of Stimulation sites

After design and production of the S-pod, we encountered a remarkable problem: there
was no way to know the exact position of the electrodes in the concha. Up to date, blind
stimulation with respect to the stimulation sites was being performed. This is, the mor-
phology of the previous atVNS device impeded the visual definition of the exact position
of the electrodes. This was also a limitation of the S-pod, and to compensate for this, we
devised a technique, the first to the best of our knowledge, that allows to mark stimulation
sites in euthanized mice using DC current. A visual representation of the results can be
seen in image F from Figure 7.

This new technique can only be used to ensure correct stimulation sites with the S-
pod, as these are always the same in all stimulation sessions, and in all animals. Namely,
a definition of the position of the electrodes in one mouse ensures their reproducibility in
other individuals, which can not be extrapolated to the previous atVNS device.

The setting of this new technique to mark stimulation sites in atVNS using DC cur-
rent supposes a very significant advance to ensure electrostimulation efficiency and repro-
ducibility. Additionally, the precise definition of the position of the electrodes raises the
possibility to look for different effects according to the stimulation sites.

4.3 Memory persistence enhancement in anesthetized mice

To prove correct functioning of the S-pod, we tested memory persistence in mice 48 h
after atVNS in a novel object-recognition test (see 2.4 for further information). The idea
was to recreate the results obtained with the previous device of our group, where a sig-
nificant positive difference in DI of stimulated naïve mice with respect to no stimulation
and sham conditions was observed. With the aim of reproducing the same environmental
conditions, we ran atVNS under normothermia and using a low dose of isoflurane already
proven not to alter memory performance compared to no anesthesia conditions [6].

The results of the novel object-recognition test can be seen in Figure 9. As expected,
atVNS using the S-pod after the familiarization phase resulted in increased memory re-
tention (DI=0.025) compared to no stimulation condition (DI=0.03). Namely, mice that
received atVNS spent more time exploring the novel object than the familiar one. This
is translated in larger DI values in Figure 9 based on the innate preference of mice to
explore novel objects rather than already-known/familiar ones [50].

As the stimulation sites of the two S-pods used in the experiment were not exactly
the same, we decided to analyze DI for each pod independently (see Figure 10).
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The results show no significant differences. However, further research should center
on determining which are the optimal stimulation sites to enhance cognition the most,
whilst reducing adverse effects to the minimum. Additionally, to better understand atVNS
activated pathways involved in cognition, chronic stimulation should be performed. The
brain plasticity follows different time scales: changes can take place in seconds, which
are the ones we rely on in acute stimulation, or within weeks, or up to a year [7]. Proof
of so are the expected delayed effects of atVNS on the synthesis and transmission of
serotonin, and on the amygdala and hippocampus plasticity [35]. Therefore, a chronic
atVNS setup is needed to unearth the mechanisms underlying cognitive enhancement
through transcutaneous stimulation of the auricle.

4.4 Elizabethan collar

As aforementioned, having the need for a chronic atVNS setup for mice in mind, we
designed the S-pod with a view to using it in a free-movement mouse model. However,
bearing in mind the easy access of mice to the outer ear with the posterior limbs, the
removal of the S-pod or damage to the cables driven to the stimulator becomes a very
feasible scenario when used in awake mice. To prevent them from scratching the left ear,
we thought of the Elizabethan collar. This is the most commonly used restraint collar
for research animals [54], having it already been used for non-invasive cervical VNS in rats.

To assess the responses of of CD-1 and C57BL/6J mice to wearing the Elizabethan
collar, we performed a behavioral test (see details in 2).

The analysis of measurements displayed in Table 2 and 3 shows that over the three
days, neither a significant increase, nor a significant decrease in any parameter but loco-
motion in CD-1 mice occurred. Thus, although some parameters denoting anxiety like
grooming and defecation remained more or less the same over the three days in CD-1
mice, a significant (p = 0.0047) decrease in the quantified movement from day 1 to 3
(see Figure 11) can be interpreted as a sign of habituation and adaptation. In contrast,
C57BL/6J mice stayed hypoactive all the time (p = 0.0002 with respect to CD-1 mice lo-
comotion in the third day). This is a marked freezing response, accounting for an absence
of movement except for breathing, which suggests fear.

In consequence, by overlooking locomotion, no mouse breed adapted to wearing the
collar, but they also didn’t get sensitive to it in both intraday and interday periods. How-
ever, when considering locomotion, CD-1 mice seem to go from hyperactivity to a normal
movement pattern over days in Figure 11. Thus, although C57BL/6J mice are sensitive
to wearing the collar from the first moment, results assess that this protective medical
device could be used in CD-1 mice to avoid ear touches without comprising normal be-
havior. Such statement can be derived from the non-sensitization of this mouse strain
to wearing the collar, the locomotion pattern normalization denoting habituation, and
the difficult ear access the Elizabethan collar provokes (see ear touches in Table 2 and 3).
However, results suggest that an adaptation period of minimum 3 days might be necessary.

A study with a larger number of mice and with longer session times could help define
the maximum amount of time animals can wear the collar per day without comprising
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normal behavior and/or being damaged (e.g. chafing, chocking). In addition, it would
give place to a more reliable validation of adaptation to wearing the collar.

4.5 Chronic atVNS setup

The trigger for the setting up of this project was the lack of a simple, well-characterized,
and reliable non-invasive chronic atVNS technique in mice. While the use of atVNS in
humans is growing, being this variant of VNS already CE authorized to treat epilepsy,
depression, pain, and migraine [16], the understanding of its functioning is still unclear
[36]. Further research on the activation patterns underlying atVNS would not only allow
a better understanding of the benefits and risks for treatment of the already approved dis-
ease conditions, but also open new doors to using it for other indications. A clear example
is cognitive enhancement. Although multiple clinical trials have already proved the pro-
cognitive effect of the four main methods to stimulate the VN [36], the lack of information
on the bases of the therapy in terms of functioning is limiting its use. Here, to get out of
this dead end, we propose a preliminary atVNS chronic setup for the mouse, the preferred
species to unearth basic mechanisms behind disease conditions and emerging therapies [8].

The proposed model consists in a 2-parts structure; the first one accounts for the S-
pod and the Elizabethan collar, whilst the second is a single-axis lever arm containing a
connector for a stimulator (see Chronic atVNS setup for further information). Both parts
are united with a Molex.
The independence of the Elizabethan collar and the pod of the single-axis lever arm is
of high importance in a context were the single-axis lever arm is though to permit the
movement inside the cage, being it set in the top part of it. This is, the placement of the
collar when attached to the single-axis lever arm becomes challenging. Consequently, the
division of the setup in two parts aims at the easing of the placement of the structure on
awake animals.

This chronic atVNS setup, although being a very preliminary version, might succeed
in chronically stimulating mice during various hours per day. Small trials in few individ-
uals have shown the structure to be robust and compatible with normal movement of the
animal. However, considering the fact that the mouse is not only wearing the Elizabethan
collar, but also connected to the single-axis lever arm and wearing the pod, the adaptation
time might be larger than the 3 days proposed for just the Elizabethan collar.

The proposed combined approach - chronicity and auricular non-invasivity - represen-
tative for the setup can have numerous advantages with respect to so-far VNS techniques
in mice (i.e. acute atVNS, and chronic invasive and non-invasive VNS), which are listed
in continuation.

Improvements over acute atVNS from Vázquez-Oliver et. al (2019) are mainly two:
(1) no anesthesia is needed, being it a very common source of variation by decreasing
vagal tone [56] and suppressing the immune response [8] (2) chronic stimulation allows to
well-characterize the underlying pathways of atVNS.

The proposed stimulation method might also be more attractive than the invasive one
proposed by Mughrabi, Hickman, et al. as (1) surgical and technical challenges and high
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costs accompany a stable long-term setup with the microscopic anatomy of the mouse VN
[8] (2) implantation of the electrode is irreversible (3) invasive devices are less likeable
for human treatment, reducing reproducibility for future therapy in persons (4) infection-
associated morbidity can be high [16] (5) there is an unwanted stimulation of motor VN
fibers and visceral afferents.
The associated morbidity is apparent in the so-mentioned invasive experiment, where only
64% (38 out of 59) of mice were responsive to surgery and recovery; 22% (13 out of 59)
were non-responsive, 12% died (7 out of 59), and one of them had a headcap failure,
representing for the 2%. Although these are good results, there is danger, up to a major
or minor degree, in performing invasive VNS. In contrast, the use of our chronic atVNS
setup is expected to also properly activate the CN X through the S-pod, and to not
significantly change the behavior of animals or generate damage in any case.
The recruitment of visceral afferents and motor VN fibers leads to unfavorable multiple
side effects such as cough, voice alteration (hoarseness), swallowing difficulties, or brady-
cardia, present in up to 30% of human patients [16].

The possible outperformance of our chronic atVNS setup for mice over the existing
chronic non-invasive one from L. Oshinsky et al. (2014) could come from two main
disadvantages of the latter: (1) need for strong currents to circumvent the skin barrier
(2) recruitment of efferent fibers with associated adverse effects.
While the application of strong currents can pickle the stimulation sites, the activation of
efferent fibers can result in headache, nasopharyngitis, and oropharyngeal pain [16].

Apart from the mentioned advantages of our model with respect to other already ex-
isting VNS techniques in mice, there is another feature to take in mind: the proposed
atVNS setup is also compatible with chronic percutaneous auricular VNS, which has never
been conducted in mice. Namely, the changing of the electrodes of the pod for miniature
needles permits to use the setup to perform this latter VNS technique.

Given the resemblance of percutaneous auricular VNS with atVNS, it doesn’t come as a
surprise that they both coincide at succeeding in not innervating efferent fibers associated
to adverse effects, and at showing few side effects (e.g. pain and skin irritation in the
stimulation sites, headache and dizziness). When it comes to the differences, they mainly
differ in how diffuse their stimulation fields are: whilst atVNS yields to diffuse stimulation
fields - backed up by the non-significant differences in DI in mice stimulated with pods with
different stimulation sites (see Figure 10) -, auricular percutaneous VNS allows spatially
focused ones [16]. This is where the trade-off between both stimulation techniques comes:
atVNS is non-invasive, which is desired, but percutaneous auricular VNS permits to more
precisely stimulate nerves. In consequence, there is no best technique, but it mainly
depends on the purpose.
In this case we decided to opt for atVNS given the non-invasivity of the treatment, and
considering its major link with cognitive modulation in terms of indications (e.g. depres-
sion, epilepsy). Having been percutaneous auricular VNS mostly related to pain relieve,
atVNS seems to better suit the requirements for cognitive enhancement. This is curious,
as they stimulate the same fibers, permitting percutaneous auricular VNS to make it more
precisely. A possible explanation for this could be that the diffuse fields of atVNS activate
other fibers apart from the VN that might be implicated in the cognitive effect of atVNS
[7].
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Despite the numerous advantages of the proposed preliminary chronic atVNS setup,
there are still some important limitations. In the first place, a behavioral experiment to
test adaptation of the mouse to the 2-parts structure has not been conducted. In conse-
quence, although the proving of the adaptation of CD-1 mice to the Elizabethan collar,
and the observed normal movement pattern of animals when wearing the whole structure,
there is no guarantee that the setup can be used for chronic atVNS. The second limitation
is the time-constrain of the proposed chronic atVNS model. The reported neck injuries,
and increased thickness of the epidermal, keratin layers, and inflammatory cell counts of
mice wearing the Elizabethan collar [57] suggest the impossibility to use it for long periods
without damage.

Further work could center on testing the time the setup can be used without compris-
ing animal integrity and behavior. This could also be accompanied with an improving of
the proposed model to allow a permanent stimulation during various consecutive days.

All in all, the chronic atVNS setup presented in this work supposes a first step to-
wards chronic atVNS in mice. This is of high interest in a context where the mechanisms
underlying the pro-cognitive effect of atVNS are unclear. Therefore, the better under-
standing of the functioning of atVNS through the proposed atVNS setup together with
its encouraging cognitive effects could be key to developing the first therapy to enhance
cognition and change the life of millions of people suffering from cognitive impairment.

5 Conclusion
Although some case studies suggest atVNS to have pro-cognitive effects, the mechanisms
underlying this stimulation technique are still unclear. Further research in the mouse is
required, being it the preferred species to derive the bio-physiological basic mechanisms
behind emerging therapies. For so, there is a need for a simple, well-characterized, and
reliable non-invasive chronic atVNS technique for mice.

In the present study we do a first step towards the implementation of non-invasive
chronic atVNS in mice. With such purpose, we provide with 3 main tools:

In the first place, we supply a contrasted state-of-the-art regarding the physiological
pathway of atVNS, the cognitive effects observed so far, and the optimal stimulation pa-
rameters to enhance cognition.

Secondly, we propose a brand new atVNS device to be used in mice: the S-pod. The
device consists in a left ear pod containing two electrodes for stimulation in the cavity
of the concha and cymba conchae, and a magnet in the top right part to ensure proper
holding. Additionally, we provide with the first technique, to the best of our knowledge,
to mark stimulation sites in atVNS delivering DC current in euthanized mice. The perfect
fitting in the ear combined with the marking of the stimulation sites supposes an advance
with respect to the previous and only atVNS model for anesthetized mice, easing the
stimulation procedure and enhancing the reproducibility of the electrode positions.
To test the correct functioning of the S-pod, we run a novel object-recognition test in
anesthetized naïve CD-1 mice, where atVNS condition shows increased memory persis-

26



tence with respect to no stimulation. This supposes a significant advance in atVNS in
anesthetized mice, being the S-pod more comfortable for use than the previous atVNS
device, and also enhancing reproducibility of stimulation sites thanks to the perfect fitting
in the concha.

Finally, we propose a preliminary model for a chronic atVNS setup for mice, account-
ing for the third tool. This is a 2-parts structure united by a Molex; the first part consists
of the S-pod and an Elizabethan Collar, and the second is simply a single-axis lever arm.
To prove the feasibility of the proposed model, we drive a behavioral test in CD-1 and
C57BL/6J mice when wearing the Elizabethan collar. Results show an adaptation of CD-
1 mice after 3 training days. Additionally, small trials in few individuals have shown the
setup to be robust and compatible with normal movement of the animal, being further
research needed for validation.

These three tools are complementary. Whilst the chronic atVNS setup requires the
S-pod for stimulation, the contrasted state-of-the-art supposes a guide to know which
directions to take in research performed with the setup to derive the activated cognitive
pathways in atVNS. All in all, the possibility to chronically and non-invasively stimulate
the auricle of mice could open new doors to better understanding the cognitive effect of
atVNS, subsequently permitting to advance in the grounding of new therapies to enhance
cognition in intellectually disabled individuals.
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6 Additional Information

6.1 Extended description of physiological mechanisms of action
of atVNS

The NTS serves as a major relay center of vagal afferent projections, being it also targeted
by some efferents from the spinal nucleus of the trigeminal nerve [12]. Namely, electrical
shocks to the ABVN activate action potentials in vagal primary afferent neurons, which
are conducted centrally to trigger action potentials in second-order neurons within the
NTS [33]. These second-order neurons project axons to different sites across the CNS, in a
way that the activation of ABVN has the potential to modulate the activity of subcortical
and cortical circuitry [34, 35].

Most pathways ascending from the interoceptive portion of the NTS reach the fore-
brain, and in particular, the bed nucleus of the stria terminalis. From this center of
integration for limbic information [58], projections to the amygdala come into beginning,
most of which end in its central and medial nuclei [59]. Nonetheless, vagal sensory infor-
mation from the thoracic and abdominal viscera is also transferred through the NTS to
the parabrachial complex (PBN) and the ventral posteromedial nucleus of the thalamus
(VPM) [60]. The activation of the former alters acetylcholine transmission to its diffuse
outputs, including the insular cortex, amygdala, hypothalamus and thalamus [26], the
latter of which connects to the anterior cingulate (ACC) and insular cortices [35].

The specific modulation of other brain structures by NTS have also been observed, includ-
ing the dorsal raphe nuclei (DRN) and the locus coeruleus (LC) [35]. On the one hand,
increased activity in LC results in elevation of norepinephrine (NE) concentrations within
multiple brain areas (i.e. the sub-thalamic nucleus, zona incerta, thalamus, claustrum,
globus pallidus, hippocampus, nucleus accumbens, amygdala, ventromedial striatum, pre-
frontal cortex, insular area, anterior cingulate cortex (ACC) and retrosplenial cortex [61,
62]). On the other hand, indirect projections by way of LC to the DRN have a regulatory
effect over serotonergic pathways [35] affecting the thalamus, hippocampus, hypothala-
mus, nucleus accumbens, cerebellum, dorsomedial prefrontal cortex, and anterior and
posterior cingulate cortices [12, 63].

NTS, apart from directly or indirectly activating the CNS by innervating brain re-
gions, governs systemic parameters of cardiovascular, respiratory, and visceral functions
to stay within their homeostatic limits [7]. For instance, the caudal part of the NTS is an
important center for the regulation of blood pressure and vagal parasympathetic premotor
neurons controlling heart rate. NTS is also very relevant in the mediation of the visceral
sensation, and the control of motoneurons of the nucleus ambiguous innervating striate
muscles involved in swallowing [12, 14]. Last but not least, it regulates the expiratory
center, situated in the reticular formation of the brain medulla, by relaying inputs coming
from the vagal general visceral afferent fibers [14].

As a matter of fact, the activation of the VN not only can modulate brain functions
by activating the CNS, but also have systemic effects [25]. This is, the VN is involved in
closed-loop reflex pathways along efferent and afferent pathways, being it a master key in
thermo-regulation, immune-regulation, and blood pressure control of the body.
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6.2 Implication of atVNS in cognition

As mentioned in 1.2.3, the innervation of NTS by the VN triggers the activation of mul-
tiple brainstem nuclei, forebrain limbic structures and cortical regions. Such stimuli alter
neurotransmitter systems and neural circuit mediators in the pathway of multiple dis-
eases. Assuming atVNS to have the same cortical effects as VNS, given that these are
triggered by the stimulation of VN afferents and the consequent activation of NTS in
both stimulation techniques [7], the most common molecular and physiological cognitive
consequences of atVNS are listed in continuation.

LC activation. A greater activity in the LC results in major norepinephrine (NE) con-
centrations within some brain regions [35]. Such phenomenon facilitates both long-term-
potentiation (LTP) and long-term-depression (LTD) of synapses, triggers broad changes
in network excitability via effects on microglia and synaptic scaling, and syncs changes
in neural activity to changes in metabolic rate. Driving these changes optimal functional
responses on immediate and long-term timescales, LC activation provides a substrate for
the transformation of behaviorally relevant events into permanent changes in brain func-
tion and behavior. In consequence, major NE release mediated by LC can have effects
on network gating, plasticity and memory consolidation with a huge breadth of effects on
cognition [64].
Additionally, LC projections may promote activity in many structures of the Salience
Network (SN) like the fronto-insular cortex and the dorsal Anterior Cingulate Cortex
(ACC). This limbic-paralimbic network drives attention and working memory. Namely,
it is involved in cognitive and affective tasks by improving negative connectivity between
the Default Mode Network (DMN), a self-awareness network associated to inner speech,
day-dreaming or mind-wandering, and the External fronto-parietal Network (ExN), re-
sponsible for the relationship with the environment driving action selection [12].
Finally, NE boost seems to lead to enhanced gamma coherence, increasing awareness and
alertness [12].

Regulatory effect on serotonergic pathways. Delayed regulatory effect on the syn-
thesis and transmission of serotonin through dorsal raphe nuclei (DRN) modulation [35]
explains why although acute VNS fails at changing DRN neuronal activity [65], chronic
treatment maintains long-term enhancement of baseline activity [66]. This raises enthusi-
asm to using chronic VNS to treat psychiatric and neurodegenerative disorders, given the
potential implication of serotonergic dysfunction in their progression and in the deregu-
lation of the DMN [67, 12].

Regulation of acetylcholine transmission. Knowing that cholinergic dysfunction is
tightly related to cognitive impairment, psychosis, sleep abnormalities and autonomic
dysfunction, the hope to use VNS for their treatment is growing [68].

Increase of the latency of somatosensory evoked potentials (SSEP). Thalamo-
cortical SSEP are a series of waves that reflect sequential activation of neural structures
along the somatosensory pathways. The growth of their latency strengthens connections
to the anterior cingulate cortex [35, 69], the impairment of which is bound to feelings of
anxiety and alterations in cognition, mood, threat recognition, and conscious urges [70].
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Alteration of amygdala and hippocampus plasticity. Upregulation of important
drivers of excitatory synapse formation such as neurexin-1a, cadherin 13, and a2d1 pro-
teins in the amygdala and piriform cortex have been documented following 1 week of
stimulation [35]. VNS has also shown to boost hippocampal gene expression of brain-
derived neurotrophic factor (BDNF) and fibroblast growth factor (FGF) [71]. Finally, it
induces neurogenesis within the hippocampus and long-term potentiation (LTP) of den-
tate gyrus synapses [44]. These are crucial in declarative memory, resulting the latter in a
lateral inhibition of structures such as the hippocampus, parahippocampus, anterior cin-
gulated cortex, frontal cortex and amygdala in declarative memory [72]. All these effects
have been postulated to be attuned by noradrenergic and serotonergic inputs [35]. Ac-
cordingly, the odds are that the formation of new synapses and rewiring of dysregulated
circuitry in the amygdala and hippocampus comes from the stimulation of LC, which
gives place to a major NE release [72].

Limbic Circuitry Reorganization. Findings pose possible connectivity changes be-
tween areas promoting positive effects on memory mediation, and cognition [35, 73].

CNS inflammation reduction. Raised inflammatory processes could disrupt neuro-
biological mechanisms regulating cognition such as Hebbian and homeostatic plasticity,
neurogenesis, neurotrophic factor synthesis, the hypothalamic–pituitary–adrenal (HPA)
axis interaction, and the kynurenine pathway [74]. Therefore, the reported antiinflama-
tory effect of VNS via inhibition of cytokine production and activation of the adrenocorti-
cotropic hormone–glucocorticoid pathway [35, 75, 76] could make from it an encouraging
treatment to beat cognitive impairment and dementia in older age [77], or even in psy-
chiatric conditions (e.g. major depressive disorder, bipolar disorder, schizophrenia, and
posttraumatic stress disorder) [74].

Boost of c-Fos expression. Up-regulation of this marker of neuronal activity, which
is a master switch that transduces short-term stimuli into long-term responses [78], has
been observed within the NTS, paraventricular nucleus of the hypothalamus, parabrachial
nucleus, ventral bed nucleus of the stria terminalis, and locus coeruleus [34, 79].

6.3 Trial and error process to design the S-pod

The final design of the S-pod was preceded by a long trial and error process, where we
designed, produced and tested multiple materials, support methods, and external sup-
porting elements. This was essential to derive the possibilities offered by the anatomical
characteristics of the mouse, always having in mind the comfort of the animal, and the
ensuring of a correct functioning of the atVNS device. Here, we present the most relevant
trials, all of them performed in euthanized mice, and explain why they were discarded,
and what conclusions we extracted from them.

6.3.1 S-pod material

With the aim of using the left ear of euthanized mice as a mold, our approach was to use
a liquid material that could solidify under a certain condition. We selected 3 of them:
Loctite, Dentalon and UV Resin. Loctite and Dentalon solidify at room temperature, and
UV resin curates under UV light.
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Loctite was classified as ineffective to generate the pod for two main reasons: (1) large
solidification time (2) extreme stickiness. The waiting time was a limitation, as the mouse
had to be kept in the same position to avoid pouring out of the ear. Also extreme stickiness
was uncomfortable, as the pod was difficult to remove.
Dentalon showed good results. However, it was discarded given the variability of the
viscosity before solidification. Dentalon is sold in the form of dust, and then it has to be
mixed with water to result in a solid after some time. The main drawback was the setting
of the level of viscosity. While too low viscosity dramatically increased the solidification
time, a large viscosity hindered the easy pouring of Dentalon in the concha.
UV resin was selected as the material to be used. The fact that it is delivered inside a
tube with a small tip, and the ideal and reproducible viscosity among use sessions make
the utilization more comfortable than Dentalon. Additionally, the cured pod is very easy
to remove from the concha, leaving intact skin. A picture of a final result can be seen in
Figure 7.

6.3.2 Support methods

The decision to use a pod brought to the next step: the need for a method to hold it in
the ear. Bearing in mind that in the previous and only atVNS device for mice there was
a need for pressure against the ear to make proper contact, we assumed that this was a
mildstone. The first support method that we tried was a pair of headphones. Namely, we
built a pod for each ear, and stuck them to the tips of a 3D-printed 180º arch using UV
resin. Arches with different diameters (13 mm, 14 mm, 16 mm) and widths (1.5 mm, 2
mm) were printed using Creality Ender 3. The infill and perfil parameters were set to 20
and 0.2, respectively. A 3D representation of the 16 mm arch together with the pods can
be seen in Figure 14.

Figure 14: Concept of headphones. Structure including two pods built as depicted in 2.2, and a
plastic arch as a uniting piece; (A) frontal view (B) diagonal view

This support method failed at maintaining the pod in the concha. Due to the laying of
the ear of mice in the upper part of the head, a slipping up occurred. Additionally, the
placement of the two pods in each respective ear was uncomfortable and challenging.

To avoid slipping up, there was a need for a more stable uniting piece. We designed
an extended arch (320º) with two bands instead of one in the upper half that we called
"helmet". The goal was to enhance fitting to the head to prevent the pod from getting
off the concha.
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Pieces with a width of 1.5 mm and different diameters (15.5 mm, 16 mm, 17 mm) were
printed using Creality Ender 3. The infill and perfil parameters were set to 40 and 0.2,
respectively. A representation of this support method can be seen in Figure 15.

Figure 15: Helmet concept. 320º arch with two bars in the upper half thought to be placed in the
head of mice to pressure the pod of the left ear and avoid slipping up.

The new support method eliminated slipping up, but also resulted in a new problem: the
challenge to correctly place the helmet fitting the pods in the ears. Under such premise,
we decided to separate the helmet from the pod.

6.3.3 External supporting elements

This new approach for the helmet was not a uniting piece between ear pods, but an exter-
nal supporting element instead. Namely, the placing of the arch took place once the left
pod was already in the concha. This brought 2 big advantages with: (1) need for just the
left pod (2) easing of the placement of the pod. The idea was to maintain it still in the
concha with the lateral bar separating the upper and lower part of the arch. Following
with the idea of the helmet, we made some variants from this concept taking three main
directions: (1) try of different heights of the lateral bar (2) redesign of the lateral bar to
enhance holding of the pod in the concha (3) addition of a structure compatible with the
electrodes in the lateral band to disregard the pod (4) changing of the lower half of the
arch to enhance fitting to the head. A recompilation of all designed variants can be seen
in Figure 16.

In the first place, we observed that the proposed height in Figure 15 was the optimal.
Secondly, the redesign of the lateral bar showed no better performance than the basic
horizontal bar. In the third place, the 3D printed pieces that disregarded the pod were
not feasible due to the lack of resolution of Creality Ender 3. Finally, the addition of a
bar in the lower half of the arch demonstrated not to enhance adaptation to the head, and
to reduce comfort. Apart from the failure of all the variants, we also observed that the
placement of the helmet by itself, even without the pods, was still complicated. Therefore,
we decided to add some vertical sticks in the upper bands to easen the opening of the
arch with a single hand, as perceptible in Figure 17.
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Figure 16: Helmet variants. (A) helmet with two below bars for enhanced support (B, C, E and
F) helmet including cable incorporators in the lateral band to disregard the pod (D) helmet with the
lateral band at a lower level and presenting an extra diagonal bar for better maintenance of the pod in
the concha.

Figure 17: Easy-open Helmet. 320º arch with two bars in the upper half including each of them two
vertical bars to easen the opening of the piece.

Despite the improved functioning of this new approach, the fitting of the helmet around
the head was still a very challenging task. We observed the high compressibility of the
head of the mouse to be the main hindering feature. 17 mm diameter structures were
easy to place, but were not holding good enough in the head. Conversely, 15.5 mm diame-
ter arches were very difficult to place, but once placed, the provided pressure was optimal.

The impossibility to find a diameter permitting easy placement of the helmet, pro-
viding enough pressure, and ensuring comfort, we decided to discard it as an external
supporting method. As a last try, we thought of a combined approach between the head-
phones concept, and the helmet approach. Namely, we designed an extended 320º arch
with a single band including the two vertical sticks for easy opening. A representation of
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this combined approach can be seen in Figure 18.

Figure 18: Combined approach. 320º bent arch with a single bar including two vertical sticks to
easen the opening of the piece.

In parallel to the design of the 3D-printed arches, we though of a head cap to hold
the pod in the ear and make pressure. For the cap, we cut a part of a finger of a latex
glove. Again, the extreme compressibility of the head of the animal triggered the fail of
this technique. Whilst a low cap diameter resulted in difficult placement, a larger one did
not hold the pod.

With the aim of avoiding piercing at all costs, which would make the stimulation
method minimally invasive, we tried to use a pair of magnets to hold the pod in the
left concha. This approach presented 3 main advantages: (1) need for a single pod,
accounting for the one in the left ear (2) avoiding of slipping up (3) no need to deal with
head compressibility. In contrast, it presented one big disadvantage, which was the reason
why we discarded the option in the first place: it only holds the pod, but it makes no
pressure against the ear.
Against all odds, by incorporating the pod as depicted in Electrode System, the elec-
trodes showed to make proper contact. In consequence, what we had considered to be a
mildstone, accounting for the pressure, was not necessary for the correct functioning of
the atVNS device.

This is why, in the end we selected the UV resin body containing the two silver wires
and the magnet as our final atVNS device, which we called S-pod.

6.4 Trial and error process to design the chronic atVNS setup

As depicted in 2.8, the setup consists in a 2-parts structure. The first part includes the
pod and the Elizabethan collar; the second part only consists of the single-axis lever arm.
Additionally, these two parts are joint together with a Molex.

In the trial and error process we were hindered by two main problems. The first one
accounted for the selection of the union piece between the single-axis lever arm and the
Elizabethan collar. As stated above, we finally decided to use a Molex. Secondly, we also
faced challenges in the selection of the type of cable to connect the electrodes of the S-pod
to the Molex, and in the methodology to do so.
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6.4.1 Single-axis lever arm connection to Elizabethan collar

Having in mind the idea to separate the structure in two parts to easen the placement on
the animal, a connector was mandatory.
The first connector that we tried was a jack connector (Lumberg; female connector man-
ufacturer reference: KLB 13; male connector manufacturer reference: KLS 13). This was
tested in a single animal, but the discomfort was patent. The movement was conditioned
by the elevated weight of the connector, in a manner that the well-being and locomotion
of the mouse was hindered. Accordingly, we decided to discard this option.

Looking for a lighter and simpler connector, we decided to use a Molex. The much
lower weight, and also the smaller dimensions resulted in success. Namely, we decided
to use the Molex as the connector between the single-axis lever arm and the Elizabethan
collar. With such purpose, we welded the cables of the single-axis lever were attached to
crimp terminals and inserted into the crimp housing part of the Molex.

6.4.2 Elizabethan collar connection to pod

Apart from the connection between the single-axis lever arm and the crimp housing part
of the Molex, a further connection between the electrodes and the lower limbs of the
wire-to-board header of the Molex was necessary to permit stimulation.

In the first place, we tried a quite rigid multiwired cable. In the process of welding
the cable to the electrodes, we observed that the body of the S-pod was modified due to
the heat. This was undesired, as the position of the electrodes was altered. Alternatively,
we decided to use epoxy resin (Chemtronics) for the connection between the electrodes of
the pod and the cable. When it comes to the connection of the cable to the lower limbs
of the wire-to-board header of the Molex, we observed welding to be optimal.
To test the functioning of the cable, we placed this first part of the chronic atVNS setup
- Elizabethan collar + cable + S-pod - to an euthanized mouse. Although the collar
was very easy to place, the rigidity of the cable made the placement of the S-pod very
challenging.

Seeking for a more flexible cable, we decided to use a coated copper cable (Multicomp
Pro). Epoxy resin and welding were used for connection to the pod, and Elizabethan
collar, respectively. The testing of this new approach in an euthanized mouse resulted in
success. However, the cable shows susceptibility to breaking, which might be problematic
in long term.
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Table 2: CD-1 Behavioral Test Parameters. Statement of the number of times each parameter
action was carried out by 4 different mice (a1, a2, a3, and a4) along three consecutive days divided in 3
periods of time.

Day 1 Day 2 Day 3

a1 a2 a3 a4 a1 a2 a3 a4 a1 a2 a3 a4

Defecation 13 min 0 3 0 1 0 0 0 0 1 2 0 0
21 min 0 2 2 1 0 2 0 4 0 2 0 4
29 min 1 3 0 0 0 1 1 0 0 0 0 0

Locomotion 13 min 4 3 3 2 3 2 2 2 3 2 2 2
21 min 3 3 3 3 2 3 2 3 2 2 2 2
29 min 3 4 3 2 2 2 2 2 2 2 2 2

Jumps 13 min 0 0 0 0 0 0 0 0 0 0 0 0
21 min 0 0 0 0 0 0 0 0 0 0 0 0
29 min 0 0 0 0 0 0 0 0 0 0 0 0

Wall 13 min 10 6 6 11 26 8 11 6 17 8 4 8
stand-ups 21 min 5 9 1 34 6 18 1 13 3 8 2 4

29 min 5 18 3 2 11 13 11 7 11 10 1 11

Stand-ups 13 min 0 1 0 0 9 1 0 0 7 0 0 1
21 min 0 1 0 0 10 1 0 0 2 2 0 1
29 min 1 3 0 0 4 1 0 0 1 2 1 0

Scratching 13 min 1 1 27 0 0 0 7 8 0 0 39 13
21 min 14 11 43 2 4 0 49 0 5 24 61 3
29 min 0 18 44 13 6 2 21 15 5 15 75 31

Grooming 13 min 3 7 8 4 12 4 7 6 2 4 6 17
21 min 7 14 14 4 9 9 13 0 4 13 11 1
29 min 4 13 15 16 10 22 8 14 7 16 18 32

Ear- 13 min 0 0 0 0 0 0 0 0 0 0 1 0
touches 21 min 0 0 0 0 0 0 0 0 0 0 0 0

29 min 0 0 0 0 0 0 0 0 0 0 0 0
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Table 3: C57BL/6J Behavioral Test Parameters. Statement of the number of times each parameter
action was carried out by 4 different mice (b1, b2, b3, b4) along three consecutive days divided in 3 periods
of time.

Day 1 Day 2 Day 3

b1 b2 b3 b4 b1 b2 b3 b4 b1 b2 b3 b4

Defecation 13 min 0 0 0 0 0 0 1 1 0 0 0 0
21 min 0 0 0 0 0 0 0 0 0 0 0 0
29 min 0 0 0 0 0 0 0 0 0 0 0 0

Locomotion 13 min 0 0 1 1 1 1 0 1 0 0 1 0
21 min 1 1 0 2 1 1 1 1 1 0 1 1
29 min 1 1 1 1 2 0 0 0 0 2 1 0

Jumps 13 min 0 0 0 0 0 0 0 0 0 0 0 0
21 min 0 0 0 0 0 0 0 0 0 0 0 0
29 min 0 0 0 0 0 0 0 0 0 0 0 0

Wall 13 min 0 0 0 0 0 0 0 0 0 0 0 0
stand-ups 21 min 0 0 0 0 0 0 0 0 0 0 0 0

29 min 0 0 0 0 0 0 0 0 0 0 1 0

Stand-ups 13 min 0 0 3 0 0 0 0 0 0 0 0 0
21 min 0 0 0 0 0 1 0 0 2 0 0 0
29 min 0 0 0 0 0 1 0 0 0 1 0 0

Scratching 13 min 0 0 0 0 0 0 0 0 0 0 0 0
21 min 0 0 0 0 0 0 0 0 13 0 0 0
29 min 0 0 0 0 1 0 0 0 0 0 0 0

Grooming 13 min 0 0 0 0 5 3 0 0 3 0 0 0
21 min 4 0 0 3 6 5 0 0 11 0 0 0
29 min 0 0 0 0 0 4 0 0 0 11 0 0

Ear- 13 min 0 0 0 0 0 0 0 0 0 0 0 0
touches 21 min 0 0 0 0 0 0 0 0 11 0 0 0

29 min 0 0 0 0 0 0 0 0 0 0 0 0
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