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Abstract.
Purpose: Transcorneal alternating current stimulation (tACS) has become a promising tool to modulate brain functions and
treat visual diseases. To understand the mechanisms of action a suitable animal model is required. However, because existing
animal models employ narcosis, which interferes with brain oscillations and stimulation effects, we developed an experimental
setup where current stimulation via the eye and flicker light stimulation can be applied while simultaneously recording local
field potentials in awake rats.
Method: tACS was applied in freely-moving rats (N = 24) which had wires implanted under their upper eye lids. Field potential
recordings were made in visual cortex and superior colliculus. To measure visual evoked responses, rats were exposed to
flicker-light using LEDs positioned in headset spectacles.
Results: Corneal electrodes and recording assemblies were reliably operating and well tolerated for at least 4 weeks. Transcorneal
stimulation without narcosis did not induce any adverse reactions. Stable head stages allowed repetitive and long-lasting record-
ings of visual and electrically evoked potentials in freely moving animals. Shape and latencies of electrically evoked responses
measured in the superior colliculus and visual cortex indicate that specific physiological responses could be recorded after tACS.
Conclusions: Our setup allows the stimulation of the visual system in unanaesthetised rodents with flicker light and transcorneally
applied current travelling along the physiological signalling pathway. This methodology provides the experimental basis for
further studies of recovery and restoration of vision.

Keywords: Noninvasive brain stimulation, animal model, freely-moving animal, vision restoration, visual evoked potential,
electrically evoked response
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1. Introduction

Transcranial alternating current stimulation (ACS)
interferes directly with ongoing brain oscillations,
modulating them and, as a consequence, influenc-
ing cognitive processes (Zaehle et al., 2010; Antal &
Paulus, 2013; Hermann et al., 2013; Neuling et al.,
2013). Moreover, such non-invasive stimulation may
also improve aberrant brain functions (Kirson et al.,
2007; Gonzales-Burgos & Lewis, 2008; Burns et al.,
2011; Yang et al., 2012; Brittain et al., 2013; Laczo
et al., 2014).

Another variant of ACS – transorbital alternating
current – was used as a treatment for patients with
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vision loss (Bechtereva et al., 1985; Shandurina et al.,
1996; Chibisova et al., 2001). But it was not until
recently that systematic, randomized clinical studies
were conducted showing therapeutic efficacy of non-
invasive brain stimulation to restore (recover) vision in
patients with visual system damage (Gall et al., 2011,
2013; Fedorov et al., 2011; Sabel et al., 2011).

Whiletranscraniallyappliedcurrentisknowntomod-
ulate cortical networks in a top-down manner (Chang
et al., 2012; Turi et al., 2013; Cancelli et al., 2015),
current injected through the eye stimulates the visual
system via the retina and optic nerve, as evidenced by
induction of phosphenes in patients (Sabel et al., 2011),
where cortical networks may be modulated throughout
the brain (Bola et al., 2014), which was also shown in
animal studies (Foik at al., 2015). Electrophysiologi-
cal evidence suggests that transorbital stimulation acts
in a more physiological mode because it can induce
responses in visual structures similar to visual evoked
potential (Potts & Inoue 1968, 1969).

This opens new opportunities to modulate activity
in subcortical and cortical visual structures via the
eye. However, to understand the underlying mecha-
nisms requires appropriate and meaningful preclinical
animal models because only here neuromodulation of
oscillations in subcortical structures can be measured.
This is of significant interest and there have been even
attempts to analyse such current-induced changes in
cortico-subcortical connectivity in humans (Polania
et al., 2012). However, such clinical studies clearly
face methodological limitations.

Besides such functional modulatory action, transor-
bital ACS has also been shown to protect retinal cells
from death, probably by influencing gene expression
and release of growth factors (Morimoto et al., 2005,
2007; Ni et al., 2009; Miyake et al., 2007; Henrich-
Noack et al., 2013).

However, when using animal models two essential
problems arise: Firstly, almost all existing preclinical
models of noninvasive brain stimulation use anaes-
thetized animals (Morimoto et al., 2005, 2007; Ni et al.,
2009; Henrich-Noack et al., 2013; Sergeeva et al.,
2012). But the very purpose of anaesthesia is to alter
brain oscillations to reduce consciousness; hence, if
the mechanisms of ACS action is to modulate oscil-
latory activity (Hermann et al., 2013; Neuling et al.,
2013; Antal & Paulus, 2013), anaesthesia will interfere
with stimulation effects, which are state-dependent
(Silvanto et al., 2008; Sergeeva et al., 2012, 2014;
Neuling et al., 2013).

Second, when manipulating the visual system
in humans (both normal subjects and patients),
stimulation-induced phosphenes are used as a corre-
late of visual processing and success of stimulation,
and phosphene threshold changes are interpreted as
excitability changes of visual cortex (Antal et al.,
2004, 2011; Paulus, 2011; Kanai et al., 2010). Studies
in animals, obviously, can not use phospene percep-
tion thresholds as a measure, and the reporting of
phosphene intensities in patients is highly subjec-
tive and somewhat unreliable. Therefore, we need an
objective electrophysiological correlate of electrical
stimulation such as the electrically evoked response
(EER) which is induced by current and which can be
recorded from visual structures (Potts & Inoue 1968,
1969; Shimazu et al., 1999; Chen et al., 2006).

Because an animal model is needed without the
interfering effects of anaesthetic agents and with EER
as a functional read-out, we developed a new preclin-
ical model of freely-moving rats which has several
advantages as it allows long-term, chronic experiments
with (i) transcorneal alterning current stimulation
(tACS), (ii) recording of local field potentials, (iii) elic-
iting and recording of visual evoked field potentials,
(iv) recording of EER as an oscillation correlate of
stimulation, and (v) behavioural testing.

2. Methods

Adult Lister hooded rats (N = 24) were kept on a 12-
h light – 12-h dark cycle at an ambient temperature of
24–26 ◦C and humidity of 50–60%. Food and water
access was ad libitum. All procedures conformed with
the requirements of the German National Act on the use
of Experimental Animals and local ethics committee
approval was obtained.

2.1. Surgery

Rats were anaesthetised with ketamine (75 mg/kg,
i.p.) and medetomidine (0.5 mg/kg, i.p.) in saline and
fixed in a stereotaxic frame (Stoelting, USA). After
applying local anaesthetic proparacaine, a scalp inci-
sion was made, the periosteum scraped off and the skull
surface cleaned with 3% hydrogen peroxide.

Recording electrodes were custom-made with stain-
less steel teflon-coated wires 75 �m uncoated diameter
and 140 �m coated (SS-3T/HH; Science products
GmbH), impedance range about 100–500 kohm. They
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Fig. 1. Experimental setup for recording of local field potentials and transcorneal current stimulation in freely moving rats. (a) Implantation
scheme: the rats have electrodes implanted into the primary visual cortex (V1) and superior colliculus (SC); the reference electrode for recording
was implanted into the nose bone; fine wires for current stimulation were inserted under the upper eye lids and passed through under the skin
to the skull surface; the reference electrode for stimulation was implanted into occipital bone. (b) Spectacles construct. (c) a rat with connected
preamplifier, stimulation conductor and embedded spectacles.

were stereotaxically inserted through a drill-hole in
the skull into the brain (after piercing the dura) and
implanted bilaterally into the primary visual cortex
(7 mm posterior to bregma, 3 mm lateral from mid-
line) and the superficial superior colliculus (6.8 mm
posterior to bregma, 1 mm lateral from midline, 3 mm
deep) according to Paxinos and Watson (1998). The
reference electrode was implanted into the nose bone
(Fig. 1(a)).

To prevent that rats could damage or remove the
stimulation electrodes we did not use the normally
employed technique for transcorneal stimulation in
anaesthetised animals, i.e. contact lens- or ring- elec-
trodes, but we rather applied a modified technical
concept used for electroretinograms, i.e. a DTL fiber
(Dawson et al., 1979) as employed in chronic elec-
troretinogram recordings in rodents (Szabo-Salfay
et al., 2001; Guarino et al., 2004). We implanted
teflon-coated Platinum-Iridium wires, 50 �m uncoated
diameter and 114 �m coated (101R-2T; Science prod-
ucts GmbH) in each eye, with one end peeled to achieve
a 10 mm tip placed onto the cornea-sclera’s surface
immediately beneath the upper eyelid. The other end
was passed through under the skin to the skull surface
(Fig. 1(a)). The eyeball was not pierced and the retina

and optic nerve were left intact. A stainless-steel screw
with a shaft diameter of 1.17 mm (Fine Science Tools,
Heidelberg, Germany) was inserted as a reference elec-
trode into the occipital bone. An additional screw was
implanted into the parietal bone to strengthen the fix-
ation of the head stage. All electrodes were connected
with pin-sockets (separate for recording and stimula-
tion) and fixed with dental cement.

The eyes and skin around the head stage were treated
with Aureomycin antibiotic ointment and the animals
were allowed to recover for at least one week before
handling procedures started. Bepanthen eye ointment
was applied daily during recovery.

2.2. Flicker light stimulation

For flicker light stimulation self-constructed metal
spectacles with embedded white light LED sources of
2.5 mm diameter (Fig. 1(b)) were fixed on the rat’s
head to cover the eyes completely. The spectacles were
coated with opaque soft plastic tissue to prevent inter-
ference with ambient light, damage of the rat’s skin
with sharp edges as well as the static electricity due to
scratching off of metal particles. Spectacles were pro-
vided with adjustors of the distance for rats of different
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size so that the light source was about 10 mm from the
eye, illuminating the whole visual field. The screw for
fixation of the spectacles was mounted into the den-
tal head stage over the nose bone during implantation
surgery. Trigger signal to induce flickers was created
with isolated pulse stimulator (A-M Systems, USA).
Flicker parameters were regulated with those of the
pulse. During the experiment the intensity of the light
was set to a maximum level corresponding to 1300
mcd. The trigger signal was also sent to the amplifier of
the acquisition system as a marker of events for further
analysis of visual evoked potentials (Fig. 1(b)). The
spectacles were removed after the stimulation so that
the rats could be kept under normal visual conditions
in their cages between experiments.

2.3. Electrophysiology

Data acquisition: The pin-sockets were connected
with flexible cables to allow the rat to move around
within the box. For recording a preamplifier was con-
nected to the head stage to prevent artefacts from
movements. Local field potentials (LFP) recordings
were performed under dark room conditions. The sig-
nal was bandpass filtered between 0.1 Hz–2 kHz using
an 8-channels Porti system by Twente Medical Sys-
tems International B.V. (Netherlands) and digitized
with a 2 kHz sampling rate.

For the evoked potentials stimuli were delivered 1
per second. To minimize the artefact after the electrical
pulse, the average reference montage for recording of
electrically evoked response (EER) was used. Visual
evoked potentials (VEP) were recorded using a refer-
ence electrode in the nose bone.

Analysis of the LFP data was carried out in Mat-
lab and EEGlab. Evoked responses were averaged over
100 stimulus repetitions. Peak-to-peak amplitude was
calculated and monitored in a group of rats (N = 24)
during two weeks starting from the 14th day after the
surgery to evaluate the stability of implantation and
suitability of setup for long-term chronic experiments.

2.4. Transcorneal alternating current stimulation
(tACS)

To measure EER we used square wave biphasic
2 msec pulses of 300 �A intensity, 1 per sec which
were generated by an isolated pulse stimulator (A-M
Systems, USA). To test tACS tolerance rats were stim-
ulated for 20 min according to the protocol described
by Sergeeva et al. (2012).

2.5. Handling and observation

After about one week of recovery from surgery rats
were placed daily into the experimental box (trans-
parent plastic box 60 × 60 × 60 cm) for one week of
adaptation to the experimenter and environmental con-
ditions. From the third day on the spectacles were fixed
for 30 min daily for habituation and from the fifth day
on the cables were connected with the head stage. The
condition of the rat was considered as adapted when
the animal was not demonstrating any signs of anxiety
and tolerated spectacles and cables well.

We monitored the dynamics of eyes’ recovery after
implantation of stimulating electrodes, as well as the
integrity of wires in the eyes using a microscope.

Figure 1(c) shows the experimental setup for flicker
light and current stimulation via the eye with recording
of local field potentials in freely moving rats.

3. Results

During the post-operative period we observed a
decreasing reaction/inflammation around the head
stages and in the eyes: 40 out of 48 operated eyes were
completely recovered within one week, and the cornea
proved not to be damaged by the electrode. After one
week of handling, rats were habituated to the experi-
mental conditions and tolerated cables and spectacles
without signs of stress or aggravation. Recording was
found to be reliable during the 4 weeks of testing. In
41 eyes the implanted electrodes were unbroken.

Head stages were stable and stayed intact for at least
3 months after the surgery. Analysis of VEP peak-
to-peak amplitudes measured on 14–26 days after the
electrodes implantation revealed relative steadiness of
the values, with no trends of reduced amplitude during
the following experimental days (Fig. 2(a)). This con-
firmed the stability of the electrodes and implantation
and demonstrated our set-up to be stable and reliable
for long-term chronic studies.

When the current was applied via the corneal elec-
trodes, the rats’ behavior showed increased alertness,
sniffing and grooming. Stimulation induced a short ini-
tial involuntary tremor of the cheek ipsilateral to the
side of stimulation and eye blinking, which is inter-
preted as a benign muscle twitching elicited by the
current pulses. Rats did not show any signs of stress
or pain reactions like freezing, hunchback postures,
piloerection or thigmotaxis.
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Fig. 2. (a) Steadiness of peak-to-peak amplitude of visual evoked potentials recorded on 14–26 days after the surgery demonstrates stability of
the electrodes. (b) raw LFP data with pulse artefacts and single electrically evoked responses recorded from V1 and SC.

Current pulses applied transcorneally with param-
eters similar to those used for restorative treatment
(Morimoto et al., 2005, 2007; Sergeeva et al., 2012;
Henrich-Noack et al., 2013), produced tolerable arte-
facts in the recordings, allowing assessment of brain
activity during stimulation (Fig. 2(b)).

Figure 3(a) shows a typical VEP contalateral to the
stimulated eye and Fig. 3(b) a typical EER. For a given
stimulation parameter peaks of EER were available
for analysis starting at about 15 ms after the electri-
cal pulse was delivered. The presence of a multi-peak
complex similar to visual evoked potentials is in line
with the assumption that tACS induces physiologi-
cal neuronal signalling and that we do not measure
only passive current flow through the brain. This con-
clusion is supported by the fact that we registered
amplitude differences between EERs ipsilateral versus
contralateral to the stimulated eye. The inversion of the

response in the visual cortices as compared to those in
the superior colliculus may suggest current flow and
stimulation of the tectum.

4. Discussion

We successfully established a new technique for
transcorneal electrical current stimulation and flicker
light stimulation in freely moving rats as well as a
chronic setup to record field potentials from visual
cortex and subcortical structures (superior colliculus).

A substantial advantage of this new animal model
is that we can now stimulate non-anaesthetized rats,
which was not described in any of the previous stud-
ies (Sergeeva et al., 2012; Henrich-Noack et al., 2013;
Morimoto et al., 2005, 2007). Our preclinical model
is a critical step for further experimentation because,
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Fig. 3. (a) Typical VEP from contralateral superior colliculus and visual cortex of rat averaged over 100 stimulus repetitions. (b) Typical EER
from contralateral and ipsilateral superior colliculus and visual cortex of a rat, averaged over 100 stimulus repetitions. Stimuli: square biphasic
2 msec pulses of 300 �A intensity, 1 per sec.

as Silvanto (2008) already noted, behavioural effects
of non-invasive brain stimulation (in the Silvanto pub-
lication: transcranial magnetic stimulation; TMS) are
determined by the initial neuronal activation state.
Neuling and co-authors (2013) showed with EEG
recordings that sustained effects of transcranial ACS
depend on the brain state at the time of stimula-
tion. Moreover, it is well-known that narcosis strongly

influences brain oscillations and thus interferes with
stimulation effects which, in turn, critically depend on
inducing or modifying such oscillations. Therefore, it
is especially important to consider the initial brain state
when evaluating stimulation-induced changes in brain
activity. This argument has been corroborated by the
recent demonstration that tACS induced EEG “after-
effects” can only be achieved when stimulating during
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a “shallow” (late) narcosis stage but not in a “deep”
(early) slow-wave sleep stage (Sergeeva et al., 2012).

Another advantage of our new animal model is
that rats are not restrained, i.e. they can move around
freely (Luft et al., 2001). This opens the possibility
of simultaneously stimulating and recording in freely
moving rats, and it permits behavioural testing in par-
allel to investigating electrophysiological effects of
stimulation. In fact, animal models such as the one
we have developed are a prerequisite for discovering
causal relationships between brain oscillations altered
by electrical stimulation and behavioural functions
(Herrmann et al., 2013; Neuling et al., 2013).

There was one concern during the development
of our new technique of tACS: whether the elec-
trodes are stable over time. But implantation proved
to be appropriate for long-term chronic experiments
as demonstrated by VEP which was stable for several
weeks (Fig. 2(a)).

We were also able to register EERs in different visual
structures which suggests that electrical pulses may
induce visual processing. Evaluation of amplitudes and
latencies of components – particularly when compar-
ing EER and VEP – can help to identify the target sites
of the treatment and clarify optimal parameter settings
for stimulation to achieve maximal responses in the
visual system (Potts & Inoue, 1968, 1969; Shimazu
et al., 1999; Chen et al., 2006).

We found that the stability of head stages depends
directly on the animal’s adaptation to the experimental
setup: if rats are handled properly for adaptation to
cables and spectacles mounted on the head, they will
not try to scratch them and damage their integrity; one
week of daily handling was found to be sufficient to
habituate the rats.

Another concern addressed by our study was
whether unanaesthetized, freely moving animals toler-
ate tACS and electrodes. But we found that stimulation
– with the parameters applied – did not induce any
adverse reaction. This is in line with our studies in
humans where also no pain or discomfort is reported
by the volunteers or patients. Furthermore, our rats
tolerated the stimulating electrodes well as we found
no indication of them scratching at the closed eye
lid. Though in 8 out of 48 eyes the inflammation
lasted quite long – which was probably caused by the
implanted wire – we believe that this may be due to sub-
optimal surgery rather than due to intrinsic intolerance
to electrodes. This can be minimized with increasing
surgical experience.

We conclude that our new preclinical technique for
brain stimulation and recording in freely moving lab-
oratory animals is suited to study non-invasive brain
stimulation effects on brain physiology. It is a crucial
step forward as it avoids narcosis-induced alterations
in neuronal responses. It opens up new possibilities
for animal studies in the field of experimental neu-
romodulation with the goal to achieve restoration of
vision.
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