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Abstract

Background Despite large morphological differences between the nervous systems of lower animals and humans,
striking functional similarities have been reported. However, little is known about how these functional similarities
translate to cognitive similarities. As a first step towards studying the cognitive abilities of simple nervous systems, we
here characterize the ongoing electrophysiological activity of the planarian Schmidtea mediterranea. One previous
report using invasive microelectrodes describes that the ongoing neural activity is characterized by a 1/f* power
spectrum with the exponent ‘x’ of the power spectrum close to 1. To extend these findings, we aimed to establish a
recording protocol to measure ongoing neural activity safely and securely from alive and healthy planarians under
different lighting conditions using non-invasive surface electrodes.

Results As a replication and extension of the previous results, we show that the ongoing neural activity is
characterized by a 1/f power spectrum, that the exponent’x’in living planarians is close to 1, and that changes in
lighting induce changes in neural activity likely due to the planarian photophobia.

Conclusions We confirm the existence of continuous EEG activity in planarians and show that it is possible to
noninvasively record this activity with surface wire electrodes. This opens up broad possibilities for continuous
recordings across longer intervals, and repeated recordings from the same animals to study cognitive processes.

Keywords Neural oscillation, 1/f law, Aperiodic component, Planarian, Animal cognition

Background

Comparative cognitive science often strives to examine
peak performance in different species [1]. To successfully
understand the foundations of biological intelligence,
it might be more constructive to examine the cognitive
functions of lower animals [2]. This will then allow test-
ing activity patterns related to stimulus processing and
cognition, as well as the reproduction of these patterns in
artificial neural networks. A first step into this direction
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is the characterization of the ongoing electrophysiologi-
cal activity of such lower animals. Remarkably, Adrian
[3] already recorded synchronized neural responses in
the optic nerve of a water beetle. Despite large morpho-
logical differences between the nervous systems of lower
animals and humans, striking similarities have since then
become evident [4]. For example, honeybees show neural
oscillations with a similar functional profile as the promi-
nent human 10 Hz alpha oscillation [5]. Moreover, Aoki
et al. [6] were able to record neural activity from the pla-
narian flatworm Schmidtea mediterranea. Whereas these
previous experiments were able to record a rich spec-
trum of neural activity, they involved decapitating the
animals, opening the head capsule, or implanting invasive
electrodes into the ganglia. To facilitate the recording of
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ongoing neural activity, ensure animal welfare and enable
repeated recordings of the same animals, noninvasive
recordings are necessary. The aim of the current experi-
ment was to demonstrate the possibility to record neural
activity safely and quickly from the planarian Schmidtea
mediterranea without harming the animals.

The planarian Schmidtea mediterranea, formerly called
Dugesia mediterranea is a small, approximately 20 mm
long and 2 mm wide freshwater turbellarian of the order
Tricladida, usually found around the Mediterranean Sea
[7]. Planarians have successfully survived for 800 mil-
lion years, and they are the closest living relatives to the
original bilateralians, the first animals with two distinct
hemispheres and a well-defined movement direction. In
research, they are often used as model organisms due
to their ability to regenerate the central nervous system
(CNS) even from small pieces of the body within a short
period of time [8]. This planarian is one of the simplest
animals with a bilateral body plan and cephalization [9].
Its CNS itself comprises two lobed cephalic ganglia con-
nected by the anterior commissure, which can be con-
sidered the most primitive brain in animal evolution. In
addition, a pair of ventral nervous cords run the length
of the animal, and both cords are connected by trans-
verse commissures [10]. The cephalic ganglia appear to
be remarkably complex, and using direct recordings from
electrodes implanted in the ganglia Aoki and colleagues
[6] were able to record ongoing neural activity character-
ized by a 1/f* power spectrum with the exponent x’ of
the power spectrum close to 1. Schmidtea mediterranea
can therefore be regarded as a primitive model organism
for the human nervous system.

Whereas the CNS of Schmidtea mediterranea is com-
paratively simple, and resembles that of the early devel-
opmental stages of the CNS of vertebrates [11], the
animal is nevertheless capable of complex behavior [12].
For example, the animal shows environmental familiar-
ization, which persists across two weeks and even across
regeneration of the cephalic ganglia [13]. Moreover, the
planarians are mobile, avoid open spaces and are nega-
tively phototactic [14], which promises at least basic
cognitive capabilities such as sensory discrimination
and decision making. While previous research showed
ongoing neural activity, the cognitive ability to discrimi-
nate stimuli, and form long-term memory, it is currently
unknown how these cognitive abilities are reflected in
neural activity. As a first step towards shedding light on
this issue, we here aimed to establish a recording proto-
col to record ongoing neural activity safely and securely
from alive and healthy planarians under different light-
ing conditions. As a replication of the results by Aoki and
colleagues [6], we hypothesized that the ongoing neural
activity is characterized by a 1/f* power spectrum with
an exponent X’ close to 1, and that changes in lighting
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will induce changes in neural activity due to the reported
photophobia.

Methods

The aim of the current experiment was to establish a
recording protocol to noninvasively measure ongoing
neural activity from live planarians without harming the
animals. To this end, we developed a recording cham-
ber and used a mobile electroencephalography (EEG)
device to record the electrical signal from planarians in
darkness, under light, and from dead mosquito larvae as
a control group. To explore whether changes in neural
activity under light stimulation are due to activation of
the planarians’ eye spots, we also recorded electrical sig-
nals from decapitated animals. Please note that planar-
ians fully regenerate after decapitation.

Animal characteristics

Overall, we collected data from planarians of the asexual
strain of the species Schmidtea mediterranea. Because
we were unsure how the animals would respond to the
experimental setting and to limit the stress on the indi-
vidual animals, we chose a between-subjects design with
17 planarians recorded during darkness, and 19 recorded
under illumination in the initial experiment. To exam-
ine, whether the changes in neural activity under light
stimulation are due to the planarians’ response to light
with their eye spots [15], we replicated the initial experi-
ment with 20 decapitated planarians, of which 10 were
recorded during darkness, and 10 were recorded under
illumination. All planarians were bred for laboratory use
and reared in our dedicated breeding facility at the Chris-
tian-Albrechts-University Kiel. Animals in the different
groups were treated identically, fed daily, and all experi-
ments took place between 11 a.m. and 3 p.m. As a control
group to test how the recording setup responds to envi-
ronmental noise, we recorded data from six red mosquito
larvae purchased as food for our planarians. Mosquito
larvae were used as a control group, because they were
readily available in the laboratory, and because we were
looking for an intact but dead animal with approximately
the same size as a planarian.

Recording environment

All recordings took place in the animal laboratories of the
department of psychology at the Christian-Albrechts-
University Kiel and were conducted by instructed student
assistants supervised by specifically trained PhD stu-
dents. In the first step, we designed and built a 3D-printed
recording chamber to hold the electrodes and the planar-
ians (Fig. 1). A key challenge was the choice of recording
electrodes. Ring or cup electrodes used in human elec-
troencephalography were too large for the planarians.
Therefore, we chose wire electrodes, which are routinely
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Fig. 1 Schematic overview of the recording environment (left) and photograph of the device used in the experiments with one planarian on top of the
electrodes (right). The animal is fixated in 2% agarose gel and placed on top of wire electroretinography electrodes. The electrodes are held in place in a
3D-printed recording chamber and are connected to a mobile EEG recording device

used to record the electrical activity of the retina from
the corneal surface [16], and which allow recordings of
neural oscillations [17]. In the current setup, we used
low impedance 65 mm long silver wire electroretinogra-
phy electrodes (spesmedica DT0001, Italy). The ongoing
electric activity was recorded from a mobile EEG ampli-
fier (mBrainTrain Smarting, Serbia), and each electrode
was referenced to the same reference electrode (bipolar
montage). To immobilize the animals, they were placed
on ice-cooled specimen slides, enclosed in 2% agarose gel
(Roth, cooled down to 45 °C), and placed on top of the
wire electrodes, so that the animals were directly touch-
ing the electrodes. The recording electrode was close to
the head (or the decapitation site), and the reference elec-
trode was close to the tail of the animal (Fig. 1). Please
note that the mosquito larvae covered multiple recording
electrodes, and these multiple electrodes were treated as
independent recordings in the data analysis. The animals
stayed on top of the electrodes for approximately 10 min,
after which they were rinsed off to free them from the
agarose gel.

Stimulation protocol

The initial experiment comprised a between-subjects
design with three groups. One group of planarians was
recorded during darkness. The animals were enclosed in

agarose gel and placed on the wire electrodes, afterwards
the recording chamber as well as the EEG amplifier were
covered with a mason tub (0 Ix) and the EEG data were
recorded for 10 min. The second group of planarians was
recorded during light stimulation. As in the first group,
the animals were enclosed in agarose gel and placed on
the wire electrodes under ambient lighting. In this group,
a light source (35 W Grow Light Bulb) 43 cm above the
animals was switched on (approx. 40,000 Ix), and the EEG
data were recorded for 10 min. The surface temperature
of the planarians was on average 18.97 °C (SD=0.56 °C)
before the light stimulation and 19.95 °C (SD=1.21 °C)
at the end of the experiment. The third group comprised
dead mosquito larvae, which were placed on the wire
electrodes without enclosing in agarose gel, and the EEG
data were again recorded for 10 min. In the follow-up
experiment, two groups of decapitated planarians were
recorded in the identical recording environment as the
first two groups in the initial experiment.

Data processing

In the current experiment, we recorded continuous EEG
at a sample rate of 500 Hz at 24 bits resolution with a
bandwidth of 0-250 Hz and one common reference elec-
trode for 10 min. All raw data and data analysis scripts
are available on OSF (https://osf.io/xf5cd/). All data
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analyses were performed in Matlab using the Fieldtrip
toolbox [18] and custom-written code (https://github.
com/juliankeil/VirtualTools). The entire data for each
recording were imported into Matlab and filtered using
two-pass Hamming-windowed FIR filters, with an order
of 8250, a -6 dB cutoff frequency of 0.1 Hz, and a pass-
band edge of 0.2 Hz for the high pass and an order of 288,
a -6 dB cutoff frequency of 23 Hz, and a pass- band edge
of 20.1 Hz for the low pass. The 23 Hz low-pass filter was
chosen due to the high contamination with environmen-
tal noise at harmonic and subharmonic frequencies of
the power line frequency. Moreover, Aoki et al. [6] report
continuous spectra across the 0.1-5 Hz range. Subse-
quently, the first and last 500 ms of each dataset were
removed to avoid edge artifacts, and the entire dataset
was cut into non-overlapping 6 s segments. In order to
automatically and reproducibly remove artifacts from
the data, we then computed the mean signal amplitude
for each channel and trial and removed channels and tri-
als with peaks 5 standard deviations above or below the
mean signal amplitude. Moreover, channels and trials
were removed if they exceeded a threshold of 2.5 stan-
dard deviations above the mean variance, z-value, or kur-
tosis across channels and trials (using the “vt_autoreject”
function). If at least one channel and more than 5 data
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segments survived the automatic artifact removal, spec-
tral power and the exponent ‘X’ of the 1/f* power spec-
trum (i.e., the so-called aperiodic component, [19]) were
estimated using a multitaper fast Fourier transform with
discrete prolate spheroidal sequence (DPSS) tapering
with a spectral smoothing of +1 Hz (using the “ft_freqa-
nalysis” function). The frequency band of 0.5-20 Hz was
divided into 23 steps with logarithmic spacing (Fig. 2).
Using this approach, we obtained 14 datasets for the first
group of planarians recorded during darkness, 11 data-
sets for the second group of planarians recorded during
light stimulation, and 18 datasets for the third group of
dead mosquito larvae. Please note that the mosquito lar-
vae covered multiple recording electrodes and we treated
the single electrodes as independent recordings. In the
follow-up experiment, 10 datasets were obtained for the
first group of planarians recorded during darkness, and
10 datasets for the second group of planarians recorded
during light stimulation. To examine the data at higher
frequencies, we repeated the data analysis with dedicated
notch filters at 25, 50 and 100 Hz, and examined the fre-
quency space between 0.5 and 80 Hz in 44 steps with log-
arithmic spacing (Additional File 1).
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Fig. 2 Overview of the data of one planarian recorded during darkness along different processing stages. Raw data was imported into Matlab. In the
next step, the raw data were filtered between 0.1 and 23 Hz to remove line noise artifacts. Subsequently, the data were cut into 6 s-segments, and noisy
segments were removed. Finally, data were transformed into the frequency domain between 0.5 and 20 Hz
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Data analysis

To differentiate neural activity between the three groups
of the initial experiment, we assessed differences in oscil-
latory power and the exponent of the power spectrum
between the two groups of planarians, and between each
group of planarians and the control group of dead mos-
quito larvae (using the “ft_fregstatistics” function). To
correct for multiple testing across the three comparisons,
we adjusted the critical alpha-level to 0.01, and used the
FDR correction for the correction for multiple compari-
sons across the different frequencies within each com-
parison. For each comparison of the power spectra, we
conducted a nonparametric permutation test. The exper-
imental test statistic was evaluated against a permuta-
tion (10,000 permutations) distribution to test the null
hypothesis of no difference between the neural activity of
the different groups using three two-tailed independent-
samples tests. For each of the three comparisons of the
exponents, we conducted two-tailed independent-sam-
ples t-tests.

The same data analysis approach was used in the fol-
low-up experiment with decapitated planarians to exam-
ine the role of light perception from the eye spots, with
the exception that four groups were compared here, i.e.,
the two groups of intact planarians of the initial experi-
ment and the two groups of decapitated planarians,
with one group recorded during light stimulation and
one group record during darkness, respectively, in both
experiments.

Results

The aim of the current experiment was to record the
electrical signal from planarians in darkness, under light,
and from dead mosquito larvae as a control group, as
well as from decapitated planarians. As a replication of
the results by Aoki and colleagues [6], we hypothesized
that the ongoing neural activity is characterized by a
1/f° power spectrum, and that changes in lighting will
induce changes in neural activity due to the reported
photophobia.

Power spectrum exponent

In a first step, we estimated the scaling exponent X’ of
the individual power spectra, which should follow a
1/f° power law [20]. Larger exponents indicate steeper
slopes, a value of 0 would indicate a flat slope, such as in
white noise, and the exponent of human EEG is approxi-
mately 0.828 [19]. For the first group of intact planarians
recorded during darkness, we found an average exponent
of x=1.23 (SD=0.59), for the second group of intact pla-
narians recorded during light stimulation, we found an
average exponent of x=1.31 (SD=0.59), and for the dead
mosquito larvae, we found an average exponent of x=2.72
(SD=0.22), as can be discerned from the comparison
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between power spectra in Fig. 3. Whereas the exponents
did not differ between the two groups of intact planarians
(t(21.61) = -0.35, p=0.73, CI = [-0.57, 0.41]), it was sig-
nificantly smaller for the darkness group compared to the
mosquito larvae (t(15.78) = -8.99, p<0.001, CI = [-1.83
-1.14]), and significantly smaller for the light stimulation
group compared to the mosquito larvae (t(11.69) = -7.61,
p<0.001, CI = [-1.81 -1.00]). In the follow-up experiment
with decapitated planarians, we found an average expo-
nent of x=1.32 (§SD=1.16) during darkness, and x=1.48
(SD=0.93) during light stimulation. These values neither
differed within the decapitated group (t(17.15) = -0.33,
p=0.75, CI = [-1.15 0.84]), nor within the darkness group
(t(12.29) = -0.24, p=0.81, CI = [-0.97 0.77]), or the light
stimulation group (t(14.98) = -0.49, p=0.63, CI = [-0.89
0.56]).

Oscillatory activity

In the second step, we estimated the power of oscilla-
tory activity between 0.5 and 20 Hz with logarithmic
frequency spacing. The permutation-based comparison
between groups with FDR correction for multiple com-
parisons indicated that the power of oscillatory activity
differed between the planarians recorded during dark-
ness and under light stimulation in a low frequency
range between 0.488 and 1.098 Hz and in a higher fre-
quency range between 3.174 and 20.019 Hz (see Table 1
for details), as indicated by the green horizontal lines in
Fig. 3. The power spectra from the planarians under light
stimulation differed across the entire frequency range
from the spectra recorded from the dead mosquito lar-
vae. However, only the power above 7.324 Hz differed
between the planarians recorded during darkness and the
dead mosquito larvae.

In the follow-up experiment, we found that the power
of oscillatory activity recorded from decapitated planar-
ians during darkness and under light stimulation did
not differ across the entire frequency range (see Table 2
for details). Similarly, during darkness, the power spec-
tra of intact and decapitated planarians did not differ. In
contrast, under light stimulation, low-frequency power
between 0.488 and 1.342 Hz was higher for the intact
than for the decapitated animals, as indicated by the
green horizontal line in Fig. 4, which suggests that the
eye-spots are necessary for the perception of light.

We conducted the same analysis on the data in the
frequency range between 0.5 and 80 Hz, and the results
remained qualitatively similar. However, the frequency
range above the first powerline subharmonic was heavily
contaminated by noise (Additional File 1).
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Fig. 3 Overview of the power spectra for the three groups. The red line indicates the power spectral density for the first group of planarians recorded
during darkness, the blue line indicates the power spectral density for the second group of planarians recorded during light stimulation, and the black
line indicates the power spectral density for the third group of dead mosquito larvae recorded as a control group. Bold lines represent the mean across
individuals, and the light lines represent the individual power spectra. The horizontal green lines indicate the frequency range in which the power spectra

significantly differed between the first and second group

Discussion

A large part of the field of comparative cognitive sci-
ence aims to examine peak performance across different
species [1]. An alternative approach is searching for the
most primitive nervous system capable of a certain cog-
nitive task such as memory or sensory discrimination.
Here, we studied Schmidtea mediterranea, a small pla-
narian with only 50,000 neurons capable of astounding
cognitive tasks, in an attempt to pin down neural activity
corresponding to stimulus processing in a relatively sim-
ple nervous system. A previous study [6] used invasive
monopole recordings in cooled planarians, and observed
ongoing activity between 0.1 and 5 Hz with a power spec-
trum characterized by a 1/f! relationship. Our main goal
of this research project was establishing a recording pro-
tocol to record ongoing neural activity safely and securely

from alive planarians under different lighting conditions.
As a replication of the previous results, we hypothesized
that the ongoing neural activity is characterized by a 1/f*
power spectrum, and that changes in lighting will induce
changes in neural activity likely due to the reported
photophobia.

Power spectrum exponent

Studying neural oscillations and their relationship to cog-
nitive processes is a hallmark of cognitive neuroscience
[21]. However, neural oscillations, defined as rhythmic
activity within a narrow frequency band, are embedded
in aperiodic activity [19]. This aperiodic part of the neu-
ral power spectrum has been related to the integration
of excitatory and inhibitory synaptic currents [22] [20].
The power spectral density of the aperiodic component
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Table 1 Statistical results for the comparison of oscillatory power between 0.5 and 20 Hz for the three groups (planarians recorded during darkness and under light stimulation, and
dead mosquito larvae). T- and p-values result from permutation-based between-groups comparisons, and significance thresholds are FDR corrected for multiple comparisons
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of neural data follows a 1/f* power law and the exponent
‘x” describes how steep or flat the power spectral den-
sity is [23]. Larger values of x indicate steeper slopes, a
value of 0 would indicate a flat slope, such as in white
noise. The smaller the exponent the larger the excita-
tion to inhibition ratio. Accordingly, in a vigilant state
the exponent is smaller than in unconscious states which
indicates more neural excitation [24]. The exponent of
human EEG is approximately 0.828 [19], and the planar-
ian EEG previously showed good correspondence with an
exponent of 1 [6]. Here, we observed that the exponent
of the planarian EEG is 1.31 during darkness and 1.23
during light stimulation (1.48 and 1.32 in decapitated pla-
narians), indicating a slightly steeper slope compared to
humans and previous planarian EEG recordings, but still
within the expected range of biological neural networks
(cf., Fig. 5e in [19] which indicates an exponent range of
approximately 1 to 1.75 for younger participants). The
current results also closely resemble Fig. 5 in [6] with a
reference line for an exponent of 1 (Additional File 2).
Importantly, we observed a vastly steeper slope from the
recordings of the dead mosquito larvae. We can there-
fore conclude that we were successful in recording neural
activity from planarians with our current setup, because
the exponent of the power spectrum resembles the expo-
nents observed in recordings of neural activity from pla-
narian and human EEG and differs significantly from the
exponent extracted from recordings of dead animals.
However, the steep slope extracted in the latter record-
ings indicates the presence of low frequency noise in our
recording setup, which we will need to address in future
experiments.

Oscillatory activity

In addition to the aperiodic component of the spectrum
of neural activity, periodic parameters like frequency and
power can change with cognitive tasks or different stimu-
lation conditions [25]. A vast amount of research across
species has related different frequency bands of neural
activity to different behaviors, perceptual or cognitive
processes, or conscious states [26] [27]. Much of this
research has focused on prominent peaks of neural activ-
ity visible in the power spectrum of neural activity, such
as the 10 Hz alpha rhythm in humans related to atten-
tion [28] [29], the 6 Hz theta rhythm in rodents related
to memory [30] [31], or the higher beta rhythm between
15 and 35 Hz related to perceptual decision making or
motor activity [32] [33]. In planarians, the previous work
by Aoki and colleagues [6] did not uncover specific peaks
in the power spectrum, aside from a “plateau” between
0.1 and 0.4 Hz. Similarly, the data recorded in our experi-
ment under darkness did not show any specific peaks
aside from a plateau in lower frequencies. However, the
low-frequency signal was not significantly different from
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Fig. 4 Overview of the power spectra for the follow-up experiment for recording during darkness (left) and under light stimulation (right). The red line
indicates the power spectral density for the intact group of planarians, and the blue line indicates the power spectral density for the group of decapitated
planarians. Bold lines represent the mean across individuals, and the light lines represent the individual power spectra. The horizontal green lines indicate
the frequency range in which the power spectra significantly differed between the intact and decapitated animals

low-frequency noise even in the recordings from the
mosquito larvae, and strong signal contamination from
the power lines, even at sub-harmonic frequencies (Addi-
tional File 1). Therefore, we need to optimize our current
recording environment to shield it from environmen-
tal noise, for example with a Faraday cage. Whereas we
show changes in the power spectrum between darkness
and light stimulation, other stimulations should be con-
sidered, such as vibrations [6]. Moreover, recent advances
in RNA injection suggest that it is possible to specifically
remove eye spots or block UV light responsiveness [34]
[15]. These manipulations could further help determining
whether the recorded signals reflect neural activity.

Conclusion

Overall, we can confirm the observations by Aoki and
colleagues [6], that the power spectrum of continuous
neural activity of planarians exhibits a broad rise in the
low frequencies, and that the spectrum conforms to a
1/f* pattern with an exponent ‘X’ close to 1. Moreover, we
extend this observation by showing that light stimulation
induced an increase in higher frequency activity. Record-
ing neural activity from planarians with wire electrodes
allows continuous recordings across longer intervals,
and repeated recordings from the same animals without
harming the animals to study changes in neural activ-
ity linked to stimulus processing and cognition. Study-
ing nervous systems with a small number of neurons to
understand the foundations of biological intelligence
is an interesting interdisciplinary bridge to the field of
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artificial intelligence. Simulations and hardware imple-
mentations of artificial neural networks strive to disen-
tangle the mechanisms underlying different cognitive
performances such as memory or perception. It would
be highly interesting to compare biological and artificial
neural networks with similar properties to quantify the
minimal number of neurons necessary for a certain task.
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