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Summary

Rats are able to sample their surroundings foiléadiscrimination purposes by performing
series of whisker deflections. In this perceptuigtes called active perception, the animal
chooses how to best manipulate its mobile sensimeswhiskers) based on the incoming sensory
information it receives via these sensors, so getform better at the task at hand. On the other
end of the perceptual spectrum lies passive peacepthich can be described as a “wake-up”
call to investigate the surroundings if a sensati@s received which was not expected by the
subject. During active perception each deflecteadk to a mechanical stress at the base of the
whisker. Additionally, the touch of any object whithe whisker finds along its path also leads
to whisker deflections and hence whisker vibratiofisese combined vibrations are termed the
vibrotactile signal. The nature of the vibrotactdgnal is highly complex and it is still not
known which of its physical parameters are usethbyanimal for discriminatiodMoreover, it is

not yet clear if the tactile system of the rat gneges over this signal to reduce its complexity or
if the animals have access to instantaneous kinerpatameters such as minute details of the
whisker trajectory. Some of the possible parametdrish the animals could use for performing
tactile discrimination include the temporal freqagmf the signal (i.e. its spectral information),
its intensity (i.e. the mean speed of the signaljnstantaneous kinematic features (such as

details of the whisker trajectory).

In this work | established a new psychophysical N&@e(Go paradigm for spatidtequency
discrimination using actively whisking head fixeats in a virtual environment where a natural
stimulus is replaced by electrical microstimulatmiithe ascending sensory pathway. The major
advantage of replacing natural stimuli such asutest with electrical stimulation is the greater
level of stimulus control achieved from trial taatr
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The initial goal of the project was to investigdltee differences in neuronal activation in the
barrel and motor cortex arising in active versusspee perception. For the purpose | wanted to
train animals to discriminate sets of virtual grigish defined line spacing first in an active case-
where the animal has to sweep its whisker in spadereceive an electrical pulse in the primary
somatosensory cortex each time a grid line is edhsand then in a passive case- in which the
same animal is retrained to keep its whiskers atitl the stimulation patterns from the active
case are replayed in the cortex. To my great sepgaven after extensive training none of the
experimental animals was able to discriminate betwa set of two virtual grids with
significantly different spatial frequencies. Thuwas unable to proceed towards my initial goal
and showthat the motor program of the animal would be cleanigp order to optimize sensory

percept in active versus passive case.

Instead, | provided the animals with an additionis, increasing the amplitude of the electrical
stimulation on a No-Go trial as compared to a Gal,twhich led to immediate discrimination
for all tested animals. This finding speaks agajmste frequency discrimination but rather
indicates that rats are more able to use instaatenevents such as the electrical pulse amplitude
cues. This new knowledge implied that the curremtkimg hypothesis that frequency is the most
important parameter for rats during active or pasgerception had to be revisited. | thus
abandoned the pursuit to find the differences betwactive and passive perception, and
concentrated on fleshing out if the instantanednsrkatic events as given by the electrical pulse
amplitude were the actual parameter of a surfadgehathe animals use for active discrimination.
To thoroughly investigate this question, | varieyeral parameters of the virtual grids used in
the active whisking task described here, includimgr spatial frequency, the electrical pulse

amplitude and the position of the grid along theskimg cycle. | thus investigated an additional
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set of stimuli in which the electrical microstimtitm amplitude in a Go trial was increased in
even steps until it reached the value set for &3¥cstimulus. The stimuli providing an electrical
pulse amplitude cue were easily discriminated lgyahimals whereas the stimuli differing only
in spatial frequency were more challenging for éimémals, leading to an increased amount of
false responses. An experiment in which the virgrads varied only in spatial frequency and
starting position along the whisking cycle, thusuirbhg position information, proved the
behaviorally most difficult one for the animals. eltperformance improved in a control
experiment which kept the virtual grid arrangemsanne as in this experiment but provided the
No-Go grids with electrical pulse amplitude cuee3é results show that the rats were able to use
the position information given by the virtual gridsr discrimination. Altogether, one can
conclude that the rats were not using the tempfrejuency cues but used the electrical

amplitude and grid position cue when available.
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Introduction

1. Introduction

1.1.Active/passive perception and surface parameters

Humans extract sensory information from their sundings on a daily basis. Even the simplest
activities, like pouring oneself a cup of coffeequire minute detail about the surfaces of
objects, their form, weight and temperature. Altlidse sensory inputs, combined with feedback
from visual and motor systems, allow the persobedsuccessful in even the most complicated
activities. Even though it has been the subjeahmfimerable studies, human sensory perception
is still not thoroughly understood. Somatosensatian be subdivided in two modes- a state of
passive perception and a state of active percefftanl). Passive somatosensation can be
desicribed as a “wake-up” call for a subject to lesp its environment and understand the
occurrence of an unexpected sensory stimulus. ignstiate the subject evaluates the incoming
sensory stimulation in a mere bottom up fashionctvliioes not lead to utilization of a proposed
internal hypothesis, which holds the “world viewf’tbe subject. The “world-view” of a subject
is a description of the real world to which thidoget has been exposed to and holds all the
knowledge the subject has gathered throughoutifisAs such, the “world-view” can also be
described as the subject’'s bias for interpreting mew incoming information which is not
familiar- for example in biological mimicry a peatobutterfly which bears marks on its wings
resembling predator’s eyes would be perceived Wyird as a predator, rather than as the
butterfly it is. In an actively conducted perceptidthe subject has access to both the incoming
sensory signals and his own internal hypothesisitaibe surroundings. For example, in a typical

hunting situation a predator, which sees its prag aence has all the incoming sensory
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Introduction

information needed to locate and predict the furnowements of its pray would be acting in an
active perception manner modifying for example ingnspeed or path trajectory such as to
faster reach its pray. The pray on the other hasdn example of passive perception, receives a
sort of a “wake-up” call upon seeing the hiddendpter on which it has to react if it wants to
survive. In the state of active perception the scibghould be able to use the incoming sensory
information to perform bettet the task at hand, i.e. tactile exploration. Tdusld be achieved
by modifying the neural activity in motor controly areas of the brain and/or the areas holding
the internal hypothesis based on the sensory fe&daven though it is probably not directly
related to an adaptation of the motor pattern, ugmoswitch between the states of active and
passive perception has been shown to exist. Thesstd passive and active perception have
been shown to lead to different activatiaristhe neurons in the deep layers of barrel cortex
(Hentschke et al., 2006). In this study an objeas wither actively touched by the palpating
whiskers of the awake, head fixed rats or themtaty whiskers were passively deflected by the
object, thus recreating the states of active aisgipa perception respectively. The authors found
that active perception is described by lower respamplitudes to the object touch and elevated
background firing as compared to the state of pagserception. Moreover, by transecting the
infra-orbital nerve, which carries the sensory infation from the whisker pad and whisker
follicles, and delivering electrical stimulatiorava cuff electrode to the caudal end of this nerve
the authors were able to show that the observedgesafrom active to passive state are of

central and not peripheral origin.
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Figure 1 Active versus passive perception mode

Seminal work on sensory perception has proposedhibdrequency contained in a surface is the
primary parameter read out by the sensory systehus@d for further computation (Lamotte and
Mountcastle, 1975), (Romo et al., 1998).monkey discrimination experiments these authors
claim to have been able to train the subjects sorominate between stimuli varying only in
spatial/temporal frequency. A mechanical sinusostiahulus was presented to the fixed hand of
a monkey or a human, and a second comparisonrfhiiteulus varying only in frequency was
presented either mechanically to the hand or astrigal stimulation pattern in the hand
representation of primary somatosensory cortex. ldtteir vibration is defined as the

mechanoreceptive mode of somatic sensibility, estolkg mechanical sinusoids of 10-50 Hz

delivered to the skin (Mountcastle et al., 1998gl{nas and Romo, 1997).
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In this experimental arrangement one can obtaimghts into the state of passive perception,
since the subject is confronted with the stimulng does not have the chance to actively explore
it. There are several candidate physical parametbish could be used by the sensory system
for perception (Gerdjikov et al., 2010), (Waiblimget al., 2013). First, events which exceed a
threshold of high amplitude, velocity or accelevatcan be extracted instantaneously from the
vibrotactile signal originating in the skin durirgurface exploration. Second, the physical
intensity of the tactile stimulus as described tsymean absolute velocity, kinetic energy or
power can be extracted. And third, the frequencyhef stimulus as described by the spectral
centroid or by the number of cycles per secondrépetitive stimuli can be extracted. These
three possible physical parameters could not bestigated properly in the primate experiments
described before. The use of sinusoidal pattemstimulation does not allow the experimenter
to disentangle the physical parameters of frequearay kinematic events, because these are
interrelated. This problem has been addressedeinvtirk of Salinas and colleagues (Salinas et
al., 2000), as well as by Gerdjikov and colleag(®erdjikov et al., 2010) who used pulsatile
stimuli whose intensity can be modulated indepetigdoy either modifying the inter pulse
intervals (frequency) or the pulse wave form (threeknatic events). Another significant problem
in the primate tactile perception literature ascdégd so far is the missing active movement of
the subject’s receptor (i.e. the monkey finger awertexture of interest) during the task. These
studies try to deduce properties of the tactilessgnsystem based on passive application of
sensory stimuli to the fixed hand of a primate. To@ent model system offers the possibility to
more precisely investigate active perception ssingle moving whiskers can be tracked during
tactile exploration with high temporal and spagie¢cision. Rodents, such as rats, which possess

movable snout hairs called whiskers, are valuab# subjects in active sensory perception
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research. These nocturnal animals live subterranednrely for navigation primarily on their
whiskers (Vincent, 1912), (Ahl, 1986). In the lahiry they have performed very fine object
and texture discrimination tasks using only thectowf the whiskers (Carvell et al., 1990),
(Harvey et al., 2001). The head- fixed animal ipafticular interest when the sensory stimulus
is to be presented with constant stability (Schwetral., 2010). Head-fixed rats are able to
perform well on detection or discrimination taskishwibro-tactile mechanical stimuli delivered
to the whisker (Gerdjikov et al., 2010). Even thioubis is a well controlled way of sensory
stimulation it is not suitable for the investigatiof active perception because of the passiveness
of the whisker during the stimulation. Whisking free air and simultaneous recording of the
trajectories of one or all of the whiskers hasadsebeen established as a technique (Bermejo et
al., 1996), (Bermejo and Zeigler, 2000). | went abep further and trained rats to perform a
guided exploratory movement with one whisker ineortb receive a sensory stimulus, which in
my case was a virtual grid, composed of three liné® virtual grid substitutes for a real grid
and is realized by delivering a biphasic electrjgallse to the barrel cortex of the rat when the
whisker crosses each of the lines of this virtuad gy space. This allows the conversion of the
spatial frequency of the virtual grid into the tesrgd frequency of neuronal activation in the
barrel cortex of the animal. The composition of wasker movement was freely chosen by the
rat and the virtual grid spacing was controlledthy experimenter. The main objective was to
investigate if and how the animal modifies its vdmg patterns when confronted with the
different spatial frequencies of the virtual grids, if it whisks slower or faster when crossing a
virtual grid of a lesser spatial frequency as comm@ao one with a higher spatial frequency. |
trained head-fixed rats on a Go/No-go paradigntked the movement of one single vibrissa

with a laser sensor and delivered electrical statnoih to the primary barrel of this whisker based
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on its movement in real time. Electrical stimulatito the cortex has been shown to produce
perceptual effects markedly similar to the onesaioled via natural (mechanical) sensory
stimulation (Butovas and Schwarz, 2007), (Romd.etl898). It has also been shown to lead to
neuronal sensory activations of barrel cortex sintib the activation observed when mechanical
stimulation was applied to the whiskers (Simons/8H), (Butovas and Schwarz, 2003). The
periphery of the rat's sensory system has a fawmiyplicated construction in which several sets
of intrinsic and extrinsic muscles embedded inwhesker pad control the whisker movement
(Dorfl, 1982), (Hill et al., 2008). Sensory signalsch as vibrations of the whisker shaft induced
by movement of the whisker or by it touching aneabjactivate groups of mechanoreceptors
situated at the base of the whisker inside itsidell(Arvidsson and Rice, 1991). The exact
contribution of the activation of these receptarghte formation of sensory percept remains yet
to be described. Electrically stimulating the pnignasomatosensory cortex allows us to
circumvent this hurdle and to build a stable virtsansory percept for the animal with each
discrete electrical pulse in the barrel cortex nokimg the effect of an action potential emitted
by the trigeminal ganglion upon a real whisker-ocbjwuch. Thus the virtual gridshich |
designed for this study differed in their spatr@dquency, which was translated into the temporal
difference of activation in the barrel cortex. Té#ects of the electrical microstimulation as
delivered in our experiment are not unlike the $yonous activation of the sensory system
when the whiskers are sweeping over a point lile seructure, such as a grid made from rods.
Moreover, the pattern of activity observed in bbho@tex after the whiskers touch a rod with
single, short bursts of spikes followed by a pewbdhhibition (Hentschke et al., 2006) strongly
resembles the pattern observed in barrel cortegr afh electrical pulse microstimulation

(Butovas and Schwarz, 2003), (Fanselow and Ni®I€li999). The manipulation of the
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amplitude, the frequency and the positions of tiveual grids achieved by using electrical
microstimulation is comparable in precision to tree described in prior primate reseafthe
use of electrical microstimulation as described nny experimental paradigm allows the
investigation of active touch at a high precisionickh was not achieved in previous research in
rodents or primates. The already mentioned sirtiggrion both the neuronal as well as on a
perceptual level between electrically stimulatitg toarrel cortex of a rat and mechanically
stimulating its whiskers speak in favor of usingatfical microstimulation for this work. The
virtual grids consist of point-like virtual rodsesembling the vibrotactile stimulation using
pulsatile stimuli and thus circumventing the probde occurring when using sinusoidal
stimulation. Their delivery is made contingent on the movemehthe rat's whisker thus
allowing us to investigate active perception. Attiger, the great advantage of this experimental
set-up is the high degree of experimental contfadm the whisker movement, precisely
monitored in time and space, to the delivery of #ensory inputs by using electrical

microstimulation.

1.2.0riginal experimental idea

A spatial frequency discrimination task based atual reality stimuli was designed in order to
disentangle active and passive perception staties.task is based on electrical stimulation
delivered to the ascending sensory system, whiokerts spatial parameters of the stimulus into
temporal activation patterns of the sensory systemset of easily distinguishable virtual reality
grids is presented to the animal, which is suppoattdr actively palpating over the virtual grid-
to discriminate between a rewarded and a non-reagastimuli varying only in spatial, hence

temporal frequency. The animal is free to choosgh&sker movement pattern and actively
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samples the virtual environment. Once a stableridigzation level is reached in this state of
active perception the animal is to be retrainelidep its whiskers stationary. Thus, the sensory
system of the rat would be passively stimulatedhwilie temporal patterns of activation
responded best by the animal during active pemep8ince the only parameter varying between
the two states is the self generated whisker momgmehich can be easily tracked and
investigated, one can derive knowledge about tfferdnces in the state of the animal during
active versus passive perception. For both theaeimd the passive case a Go/ No-go behavioral

paradigm was to be ustglinvestigate the animal’s percept.

A major set-back for this work was the finding timaine of the experimental animals trained on
the first step was ever able to reach a signifieanat stable level of discrimination on a Go/No-
Go task in the active case when presented with penmeporal frequency cues for the
discrimination. Thus, | was unable to move to tkeosid step of the project and investigate
passive perception. The work described here corateston investigating if the animals are at
all able to manipulate the frequency of a stimwush as to perform better at a specific tasik

they prefer to use some other parameter of theukisn such as its overall intensity or the
instantaneous events it provides. Based on thadrenentioned inability of the animals to
perform when only frequency cues were given, my fgpothesis was that it is rather the
contribution of the instantaneous events to thenals percept which needed to be further

investigated in this work.

As a first step | needed to show that the inabitifythe rats to perform on the Go/No-Go
paradigm as described here does not come fromeaherg task design, i.e. the elements of the

task that had nothing to do with the perceptuabbdpies of the animal. For instance the rats
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had to learn to put their whiskers behind a spediftarting point before issuing the whisk, and
they had to obey waiting periods and periods frecks, etc. Increasing the electrical pulse
amplitude of the non-rewarded stimulus led to aomapprovement in the performance of the
experimental animals. This confirmed that thateék&ablished Go/No-Go paradigm is in fact, a
task that the rats can learn, given they are abpetceptually discriminate the stimuli presented.
This motivated the experiments described in thiskwavhich try to answer the question which

parameter of a sensory stimulus do the animalsIyntasite into consideration when actively

palpating and discriminating objects in their surrdings- the frequency, the overall intensity or

the instantaneous kinematic events

1.3.Animal psychophysics and the Go/No-go behavioral test

Psychophysics tries to elucidate the relation betwstimulus and sensation, usually by
systematically varying the properties of the stinsubnd investigating the arising percept of a
subject. Animal psychophysics, as the name impéiearches to find answers comparable to the
ones given by human psychophydics also complemented with knowledge (usually inxely
gathered) about the anatomy and physiology of yls¢ems of interest. (Blough and Blough,
1977). Of main interest to us were psychophysipak@aches which allow for a high degree of
stimulus control and for stringent animal responsadout. One such behavioral test is the

Go/No- go paradigm (Tablel).



Introduction

Table 1 Go/No-Go paradigm response matrix for a twatimulus set

stimulug preser absen
response (predicting reward)| (predicting no reward
hit false alarr
present
(rewarded) (punished)
abser miss correct rejectiot
(unrewarded) (unrewarded)

Each trial of the Go/No- go test holds only onenstus which has to be responded by the animal
by a certain manipulation. If a rewarded stimulusswvdelivered the animal has to respond by
eliciting a response (Go). If a non-rewarded stimulvas presented the animal has to withhold
the response (No-go). In both cases the responsput@ndum is always the same — i.e. a lick.
A correct response to a rewarded stimulus (hitjidetp positive reinforcement (water) and a
wrong response to a non-rewarded stimulus (falseralleads to negative feedback (tone, time
delay for the begin of the next trial). All misq@® response to a rewarded stimulus) and correct
rejections (no response to a non-rewarded stimaleshot rewarded or punished and lead to the
beginning of a new trial. The Go/No-go paradigm atwl relatively easy concept allow
experimenters to assess the animal’s percept antisety by presenting a range of stimuli to be
discriminated to the animal. Drawbacks of this lvitral test are the non-balanced reward
matrix, in which only a rewarded stimulus leadstoappetitive for the animal reward such as a
drop of water and the possibility for a responsestid occur. A bias to elicit a response would
lead to a higher proportion of false alarms to a-rewarded stimulus. A bias to withhold a
response would lead to more correct rejectionsalsat to more misses of the rewarded stimulus.

Another problem of the Go/No-Go paradigm is for &xperimenter to tell apart misses from a

13
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disengagement of the subject from the task or falsems from impulsivity. If used as a
detection test the Go/No-Go paradigm should thusitoiothe impulsivity and the motivatiaf
the animal throughout the experiment (Schwarz et2010) This can be accomplished by
introducing “catch” trials and “reference” trialn a catch trial, no stimulus is delivered to the
animal thus allowing the experimenter to monitowhionpulsive the test subject is to lick. A
reference trial presents a highly supra-threshtbdudus to the subject, which it should be able
to detect on each presentation, thus providingd oait for the motivation of the animal to work
throughout each experimental session. Since “caichéference trials are not usually useth
discrimination tasks which seek to find a measuréhe ability of the animal to discriminate
between stimuli and not to find the mere detectltmeshold for a stimulus, a possible way to
overcome excessive licking of the rat is to introgla longer inter stimulus interval, which could

be reduced once the animal does not impulsivekyditymore.

In my Go/No-go discrimination paradigm | used stleth“no activity windows, which were to
be free of licks prior to stimulus presentation this window a lick leads to a time out, which
acts as a punishment ensuring that no stimulusvislia lick by less than the duration of the time
out. Also, | used time out as a punishment for fatge alarms together with a tone as a feedback

for the wrong response, to discourage impulsivan.

The particular Go/No-go paradigm used in this wotkizes licks as the response parameter,
water as the reward and a tone, light and timeasuhe feedback mechanisms. The head fixed
animal is required to actively whisk and sampleetad$ virtual girdpresented next to the snout
across the experimental session. On each trial @myof the grids is presented, and based upon

its prediction (rewarded, non-rewardéd@ animal is supposed to emit a lick at a wateuspr
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to withhold the lick. The discrimination parameisrthe spatial frequency of the grids or a
combination of spatial frequency and electricalspubmplitude. The first correct lick to a
rewarded stimulus leads to a water drop at thetspod the first false alarm lick leads to a tone
feedback. The movement of the animal’'s whisker Widefines the beginning of a new trial is
controlled by a light on/off cue. This Go/No-gottéslds a certain memory component because
there is only one stimulus on each trial, whosatithehas to be decided against the other stimuli

in the set.

1.4. The rat whisker system

The somatosensory system of the rat is one of tbst mften used systems in neuroscience
research. In short, there are five arcs and fosita@ows of whiskers on the rat’'s snout, and this
arrangement can be observed as cell aggregatiaesiions of the brain stained for cytochrome
oxidase on the level of the trigeminal ganglionr(blettes), the thalamus (barreloids) and cortex
(barrels)(Woolsey, T. A. and Van der Loos, 1970), (Welked &oolsey, 1974) (Fig.2). The
later name barrel cortex reflects the resemblarfcéh® stained neuronal clusters found in
tangential sections in layer IV of the somatosepsmrtex to a barrel. Spaces between the
barrels, which are not stained in a cytochrome asadsection, are termed septa. The barrel
cortex is strictly structured in the horizontalvasll as in the vertical direction, with each barrel
comprising a separate cortical column, delineateddptal columns. In the vertical direction the
barrel cortex is organized in 6 layers, with theréla residing in layer IV. Neurons residing in a
specific barrel column tend to respond strongestfastest to stimuli delivered to one specific

whisker, which is termed the principihisker (found on the contra lateral mystacial paadql
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only to a lesser degree to stimuli delivered t@eent whiskers (Welker, 1971), (Welker, 1976),

(Simons, 1978b).

Barreloids in VPN
Thalamus

Barrels in S1
Neocortex

Contralateral

e o " p
A / @ A .}:“
X, ® X ] thalamus
b v

Barrelettes in

ganglion

Whiskers on the Snout

Figure 2 Arrangement of the rodent somatosensory syem from periphery to cortex. Counterclockwise:
whisker pad, barrelettes, barreloids and barrels (nodified from (Zembrzycki et al., 2013)

The neurons residing in septal columns have beeesiigated less thoroughly but are
predominantly activated by multiple whiskers (Clmgdio986). It is believed that barrel and septal
columns comprise two separate information procgssystems with different origins (Kim and
Ebner, 1999), (Alloway, 2008). The trigeminal gaoglis the first station in the whisker sensory
processing of the rat. It holds the bodies of celisch send axons towards the whisker follicle
and towards the trigeminal nucleus in the brainstegurons sitting in the barrels receive input
from axons following the lemniscal pathway origingtin the principal sensory trigeminal
nucleus (PrV)which synapse on cells sitting in the ventropostexdial (VPM) nucleus of the
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thalamus and from there reach cortex. Septal neunonthe other hand receive their input via
the paralemniscal pathway- it originates in theerpolaris division of the spinal trigeminal
nucleus (SPVi) and has its first synapse in thegromedial nucleus of the thalamus (POm) and
from there projects to neurons in the septal spandsalso to the barrel column layer Va and I.
(Diamond et al., 1992). The major thalamic inpubtorel cortex is in layer IV for the barrels
and layers Va and | for the septal spaces, whereass of pyramidal neurons residing in layer V
are the main output element of the system (McGeiiral., 1984), (Sherman, S M and Guillery,
1996), (Feldmeyer and Sakmann, 2000). The barméxaes highly interconnected with other
cortical and subcortical areas, in particular witle primary motor cortex. Axons from the
whisker representation in motor cortex projectéptal areas in the barrel cortex, as well as to
thalamus and to the facial nucleus in the braimstehich is involved in generating the

whisking movement (Miyashita and Mori, 1995).

Many other animal species are known for having dns on their snouts (the cat is a prominent
example) but contrary to these species the ratheability to actively move its whiskers. The
set of whiskers rats possess are not mere hairsnbuéible sensors on their snouts. A set of
several intrinsic and extrinsic muscles (Dorfl 198@Berg and Kleinfeld, 2003) allows the
animal to actively whisk and palpate objects andutes in its surroundings. Classical studies
have shown that rats heavily rely on their whiskersnavigation and texture discrimination-
animals deprived of the whiskers on one side offélse move along walls positioning the body
site with the spared whisker set along the walbihwpen spaces and are more prone to errors
on water maze and other behavioral tests (Vincd®tl2). These studies were conducted using
freely running animals, thus providing virtually stimulus control to the experimenter. In a
classical paradigm which again shows the degreéhtoh rats rely on their whiskers to navigate
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the surroundings- the gap crossing test (HutsonMasterton, 1986), (Barnéoud et al., 1991)-
visually impaired rats or mice were asked to lo@atkstant platform and jump on it only relying
on sensory input from the whiskers. Animals hatketm forward, whisk along the surfaces and
make a decision. Even though elegantly showing ridust rely on their whiskers to process the
surrounding, this experiment also does not giveetkgerimenter much stimulus control. Later
on head fixed preparations were implemented andjlesinvhiskers were tracked using
optoelectronic whisker tracking (Bermejo et al.. 98 (Gao et al., 2003). The head fixed
preparation, even though diverging from the natatate of the animal, gives the experimenter
the opportunity to present highly controlled stimard to faithfully record the whisking activity

of the animal during the test (Schwarz et al., 2010

1.5.Electrical microstimulation in the barrel cortex of the rat

Naturalistic stimuli and the way the subject exptothem are very difficult to control from trial
to trial in an experimental paradigm. In order teer@ome the limitations imposed to stimulus
control by naturalistic stimuli | opted for electi current as a stimulus of choice. Electrical
current has been extensively used in neuroscieasie besearch as well as for the treatment of
neurological diseases in the form of brain prosthdevices. The electrodes delivering the
electrical stimulation can be positioned in differ@arts of the brain dependent on the desired
effect. Deep brain stimulation of the subthalamiclaus, the globus pallidus interna or the
periaquaeductal gray for example has been implesdefar treatment of movement disorders
such as Parkinson’s disease or tremor, or agaimstnic pain (Kringelbach et al., 2007).
Electrical stimulation can also be used on theaserbf the brain as a means to map the function
of a specific portion of the cortex. Microstimutati has been used in attempts to restore motor
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functions (Barbeau et al., 1999), visual (Schmidile 1996) or auditory (McCreery et al., 1992)

percept.

Electrical microstimulation has been shown to preihantly activate axons passing through the
area in the vicinity of the stimulation electrodgifovas and Schwarz, 2003). The general notion
is that the amount of electrical current injectetigh an electrode which is needed to activate a
neuron is proportional to the square of the distabetween the neuron and the electrode tip
(Asanuma and Sakata, 1967), (Stoney, S D, ThompsbD, Asanuma, 1968), (Yeomans and
Tehovnik, 1988), (Jankowska and Roberts, 1972). Sfaial spread of activation in the cortex
when using electrical microstimulation has beerestigated in a study by Butovas and Schwarz
(2003). Even stimulus intensities close to the ghodd for activating the barrel cortex in this
study led to a spread of activation of up to 1.3B o each side around the stimulation
electrode. It is known that if the electrical stiation is delivered in the vicinity of an axon an
action potential is generated which propagatesgalire axon. The initiation of the action
potential can happen either in the cell body, theddites or the axon of the neuron (Stuart et al.,
1997). Experimental and modeling studies have shthah the electrical stimulation mostly
activates axons and rarely cell bodies or dend(®sstafsson and Jankowska, 1976), (Mcintyre
and Grill, 1999), (Mcintyre and Grill, 2000). Thet&ation order of the neural elements was
investigated in slice experiments (Nowak and BglliE998) and was based on the temporal
properties of the elements such as rheobase, ctiebaad membrane time constants. Rheobase
is defined as the minimal current of infinite tirdaration which results in an action potential.
The minimum time in which a current twice the rhasdé current is needed to produce an action
potential is called the chronaxie. The membrane tamnstant determines how quickly current
flow changes the membrane potential of the neutatepends on membrane properties of the
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cell, as well as on the geometrical arrangemeritsoélements in space. Via investigation of
antidromic action potentials elicited by extrackdiuactivation of the axons, intracellular current
injections to the cell bodies or extracellular stiation of the gray matter, these studies have
shown that the chronaxie for axonal activationpsa forty times shorter than the chronaxie for
a direct cell body activation, making the axon finst element to get activated via electrical
stimulation in the vicinity of a neuron. These awi® measurements reflect the major
differences between the cell body and the axon. tDudéeir large size cell bodies have higher
capacitance than axons (Colombo and Parkins, 198@y, are also thought to have higher
membrane resistivity (Major et al., 1994), as veslla lower sodium channel density (Ritchie et

al., 1976), (Ritchie and Rogart, 1977), (Pellegethal., 1984).

In rats, single biphasic electrical pulses in theraampere range delivered to barrel cortex can
elicit an artificial sensory percept mimicking thercept elicited by the whisker touching a real
object (Butovas and Schwarz, 2007), (Dobelle andddjovsky, 1974), (Tehovnik, 1996),
(Rousche et al., 2003). A disadvantage of this pteih that it does not take into consideration
any mechanics involved on the level of the whigkad, the whisker follicle and the whisker
shaft. However, | opt for using electrical stimidatbecause it allows for better stimulus control
compared to using real surfaces as sensory inpaifiolvs the manipulation of the frequency of
the virtual grids and the amplitude of the eleetripulses independently of each other,
comparable to pulsatile vibrotactile stimuli. Itdlso made contingent on the whisker movement,
precisely tracked in time and space. Because dadltkady mentioned spread of activation in the
cortex when using electrical microstimulation ttiteets of the electrical stimulation as used in
my paradigm would spread over several columnsebturrel cortex, with an initial activation of

the C1 column.
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2. Methods

This work was performed on nine male Sprague Dawlegd fixed rats used in preliminary
experiments and three male Sprague Dawley head fiats used in the final psychophysical
experiments, equipped with 2 by 4 mobile electrateays in the C1 barrel of primary

somatosensory cortex for electrical microstimulatio

2.1.Pre-operative animal handling

All animals used for this study were obtained fr@inarles River at the age of 10 weeks and
were accustomed to the experimenter for at leasteks prior to surgical procedures. This phase
was crucial for the consecutive training, as itpkel diminish fear or stress of the animal. In
short, during the first several days of handlingrats were gently picked up, lifted and then
released in their home cage until they were comalidet with this movement. Usually, signs of
stress, such as vocalizations were never obsenedha initial tense muscle tone of the animal
upon touch was not seen after 2-3 sessions. Nexgriimals were acquainted with the restrainer
box and were let run freely through it in their orage. For the animals the restrainer box was
an object of novelty which all of them eagerly extpd without any sign of stress, probably due
to its resemblance to the natural habitat of thenahbeing a dark underground tunnel. Once a
sufficient level of acceptance of the experimerdad the restrainer box was achieved, the
animals were placed on a 2-day antibiotic treatm(@atytril® 2.5 %, oral solution, Bayer,

500ml), after which surgical procedures were pentt.
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2.2.Surgical implantation of electrode arrays

Animals were anaesthetized with 2% isofluran (Fe®&n250 ml, Abbott) and 90 mg/kgbw
ketamin (Ketamin 10% (100 mg/ml), WDT) in medicaky@en. Temperature was monitored
with a rectal probe and set to 37°C. The fur ongkéll was shaved and the skin was cleaned
with sodium chloride solution. The head was fixedistereotaxic apparatus using blunt ear bars
covered in Lidocain (Xylocain gel 2%, Astra Zened&)r local pain relief Lidocain (Xylocain
solution 1% Astra Zeneca) was administered subeotasly along the midline of the head. After
foot withdrawal reflex was gone, an incision wasdman the skin along the midline; the skin
was retracted to both sides covering the ears amsl fixed with surgical thread. Lidocain
(Xylocain solution 1% Astra Zeneca) was adminigieire the 2 lateral chewing muscles, the
neck muscles and under the connective tissue caydre bone. Using a sharp spoon this tissue
was removed and the lateral and neck muscles vegritygletached from the skull. The exposed
skull was cleaned with Hydrogen peroxide soluti@fo( Otto Fischar) and sodium chloride
solution (0.9%, Fresenius Kabi). The so cleaned skas gently etched with Gluma Etch Gel
(Gluma® Etch 20 Gel, 2.5 ml, Heraeus Kulzer) toanbbetter adhesion of the dental cement in
a later step. After having estimated the stereotagprdinates of the barrel cortex the desired
positions of the miniature screws (J.I. Morris Ag5) were mapped on the skull surface. The
screws were brought into place and the skull wasma with bonding agent (OptiBond FL, 2
component, 48% filled dental adhesive, Kerr) fokolvby layers of dental cement (Tetric
EvoFlow, light curing, flowable, resin-based dentastorative, Ivoclar Vivadent). The area
where electrode arrays were to be implanted anghdsé&ions of the screws used for grounding

were left uncovered.
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The position of the C1 barrel column in the primagmatosensory cortex was estimated using
electrophysiological mapping and manual whiskemslation. Multielectrode arrays were
custom made. Eight pulled glass-coated platinumgdten electrodes (80m shank diameter, 23
um diameter of the metal core, free tip length nt) impedance > 1 K4; Thomas Recording,
Giessen, Germany) were placed inside a polyimiééngu(HV Technologies, Trenton, USA),
with distance between tips of about 3@, arranged in a 2 by 4 fashion and assembled in a
microdrive fashion as described before (Haiss gt24110). The electrodes were soldered to
Teflon-insulated silver wires (Science Products,fiidom, Germany), which in turn were
connected to a microplug (Burklin, Munich, Germarnifje array was brought into place, fixed
using dental cement and protected by a custom mkdtic tower from manipulation of the
animal. A fixation screw was embedded head dowthénrear part of the implant, on the bone
covering the cerebellum. Silver LFP reference, ahignound and stimulation ground wires were
positioned on the miniature screws above the céueblfactory bulb respectively and covered
with dental cement. The whole implant was coverétth wsilver conductive paint (Electrolube),
skin was sutured and after administration of a pagdication ((Rimadyl Injection solution,
20ml, Carprofen, Pfizer), local antibiotic Nebanefll5g Astellas Pharma) and 5 ml Glucose
(Glucosteril 5%, 100ml, Glucose-Monohydrat, FreaenKabi) the animal was allowed to
awake. Regeneration took at least 10 days with padication for the first 2 days after surgery.
In the first week of the regeneration period themahs were given an antibiotic treatment

(Baytril® 2.5 %, oral solution, Bayer, 500ml) Watard food were provided ad libitum.
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2.3.Post-operative animal handling and head fixation

After complete regeneration, the animal was putomater-controlled diet. Water was given to
the animal only when successfully completing a tasikh as running through the restrainer box
or accepting holding the head screw by hand. Aféseral sessions most animals tolerated head
fixation for several minutes. Once this level wasahed, the animal was transferred to the

training set-up and water was delivered using #-buivater spout.

2.3.1. Classical and operant conditioning

The first step of the training was associationhef water spout with a water reward. Water drops
were presented to the animal through the watertspay if a randomized interval free of licks
has passed. At the beginning of the training thisrval was around 2s. The animal learned to
lick at the spout in order to collect the water aggvand to suppress excessive licking which
would otherwise delay the water drop presentafidre association between spout and reward
was almost immediate. Next, a train of electrigdahsli (5-15 biphasic electrical pulses, 30-50
HA) was delivered to the barrel cortex simultangowegth the water reward. Gradually the
number of electrical pulses was brought down tg dmeinterval that had to be free of licks was
increased up to 5s and the water reward was nowedetl only if the animal successfully
detected an electrical stimulus by licking at thgowd in the 1s interval after stimulus
presentation. Next, the active whisker movement wasditioned to acquire the electrical
stimulation. To do this the C1 whisker was inseite@ polyimide tube and tracked at ~ 2 cm
away from the snout using a Metralight laser sefBermejo et al., 1998) (Metralight Inc., San

Mateo, USA) with high temporal and spatial preaisallowing whisker tracking in real-time.
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Whisker position was then tracked in real time vatframe rate of 0.4 ms), and whenever the
animal brought its whisker behind a specified stgrposition (usually the resting position of the
whisker) the house light went off to signal thertst a trial in which the animal then had to
move forward to receive an electrical stimulushet €1 representation of the barrel cortex. At
this point special care had to be taken to asfwatthe animal kept associating the stimulus to
reward and not the movement: Firstly, movementscivtoccurred outside a specified time
window did not lead to stimulus presentation. Seépmovements started with house light on
(i.e. whisker on the wrong side of the starting)idid not yield any stimulus presentation. After
the whisker was placed in the starting range aedhtiuse light went off the animal had 1s to
perform a whisk. Gradually the distance betweenstagt and goal position (at which electrical
stimulation was applied) was increased until a &miplitude whisk was reached covering the
Metralight sensor extent of 28 mm. Up to now sirmlése stimulation was applied whenever the
whisker reached a certain protracted position. Nbig stimulation was replaced by a grid
consisting of three spatial points, each of whitggered the application of a single electrical
biphasic pulse to the barrel cortex whenever thesketn passed the point in forward direction
(protraction). In this way the spatial virtual offje- so to say a 3-line spatial grid - was traeslat
into a temporal series of three electrical pulselsvered to the barrel cortex. The final goal of
this training was to have the animal working on@N&-go paradigm discriminating between a
set of stimuli varying in spatial frequency or sphfrequency and electrical pulse amplitude.
The animal had to whisk across the virtual gridspreed in each trial and based on its identity

(Go or No-Go grid) to lick or to withhold the lick the window of opportunity.
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2.3.2. Importance of the spatial frequency parameter in virtual texture
discrimination

After successful conditioning to active sampling \@ftual grids, as explained above, all
experimental animals went through a set of behalimsts designed to answer the question if
the spatial frequency of the grid is the physicalgmeter on which rats base their active tactile
percept. The concrete set of experiments was thgeduof an extensive set of preliminary
experiments in which all task parameters were dpécth Importantly, in these preliminary sets
of rats, the strategy of the tests was adaptedhéo fact that rats had great difficulty to
discriminate spatial frequency alone (this wasrd#@son that the animals could not be confronted
with pure spatial frequency cues from the startabse then they could not learn the complex
psychophysical task).

2.3.2.1. Task 1- Spatial frequency and electrical pulse amplitude
cues discrimination

The first behavioral experiment was used to estrtiad ability of the rats to discriminate stimuli
that differed in pulse amplitude and spatial fregpye A set of 2 discriminanda was presented in
a 1:1 ratio: a rewarded stimulus (Go) with low sgdarequency (f) and low electrical stimulus
amplitude (a) was presented on 50% of the triald, @ non-rewarded stimulus (No-Go) with
high spatial frequency (F) and high electrical sims amplitude (A) was presented on the other

50% of trials. The stimulus matrix was as followsile 2):
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Table 2 Virtual grid and electrical stimulation parameter matrix for task 1

Go No-Go
Virtual texture frequency ( | low high
Electrical pulse amplitude ( | low high
Abbreviatior fa FA

The biphasic electrical pulses used had duratids06fus and amplitudes as follows (Table 3):

Table 3 Electrical stimulation parameters for taskl

Go (MA) | No-Go (HA)

Rat 1, Rat 30 15C

Rat 2 5C 20C

2.3.2.2. Task 2- Spatial frequency cues discrimination

After reaching a stable discrimination performanoehis task the animals received a new set of
stimuli: 4 rewarded stimuli (Go 1 to Go 4) and omen-rewarded stimulus (No-Go). The
amplitude of electrical stimulation increased fr@o 1 to Go 4 in equal steps, so that the last
one (Go 4) would have the exact same amplitudeh@sNib-Go. In particular these were as
follows: al (for Go 1), a2 (for Go 2), a3 (for Gpahd a4 (for Go 4). As mentioned, a4 equaled
A, which was the amplitude used for the No-Go shusu The spatial frequency of all 4
rewarded stimuli was equal and was lower than thettia frequency of the non-rewarded
stimulus (Table 4). Thus, by design, Go 1 and Noweoe identical to the stimuli presented in
subtest 1, whereas Go 4 and No-Go differed onbpatial frequencyput not in electrical pulse

amplitude. This test provides information about abdity of the animal to take frequency as the
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discrimination parameter in a sample of stimulieTbur rewarded stimuli together comprised

50% of the trials in an experimental session with®b providing the other 50% of trials.

Table 4 Virtual grid and electrical stimulation parameter matrix for task 2

Gol Go 2 Go 3 Go 4| No-Gd
Virtual texture frequency (| low low low low high
Electrical pulse amplitude (i | al a2 ac ad4=A | A
Abbreviatior fal fa2 fa3 fA FA

The biphasic electrical pulses used had 500 pgidnorand amplitudes as follows (Table 5):

Table 5 Electrical stimulation parameters for task2

Go 1(uA) Go 2(nA) Go 3(nA) Go 4(pA) | No-Go(uA)
Rat 1, Rat | 30 7C 11C 15C 150
Rat 2 50 10C 15C 20C 20C

2.3.2.3. Task 3- Spatial frequency and temporal (positional) cues
discrimination

Next, | designed a reversed set of stimuli with sawarded stimulus (Go) and four non-
rewarded stimuli (No-Go 1 to No-Go 4). In this segitall stimuli (rewarded and non-rewarded)
had the same electrical pulse amplitude but diffenespatial frequency and in absolute position
on the whisker protraction path. The rewarded dtisinad a lower spatial frequency than the
non-rewarded stimuli, which in turn had exactly Haene spatial frequency from No-Go 1 to No-
Go 4 but were positioned displaced to one anothig, No-Go 1 being the most dorsal and No-
Go 4 the most rostral on the whisker protractiothgd@able 6). Thus, the four No-Go stimuli

introduced an uncertainty about the absolute mwsitf the grid, which earlier could have been
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used to do the discrimination. Here No-Go 1 andotild begin or end where the Go stimulus
began and ended. The other No Go stimuli were éocat between. Together the four No Go
stimuli comprised 50% of the trials whereas thglgirGO stimulus was presented in the other

50% of the trials.

Table 6 Virtual grid and electrical stimulation parameter matrix for task 3

Go No-Go 1| No-Go 2 No-Go3 No-Go 4

Virtual texture frequency (| low high high high high
Electrical pulse amplitude (i | low low low low low
Abbreviatior fa Fe Fe Fe Fe

The electrical pulse amplitude in this task for #iighe stimuli was as follows (Table 7):

Table 7 Electrical stimulation parameters for task3

Go (MA) No-Go 1 to 4 (UA)

Rat 1, Rat 10C 10C

Rat : 15C 15C

2.3.2.4. Task 4- Spatial frequency, electrical pulse amplitude and
position cues discrimination

The last task was used as positive control antedilthe same stimuli as task 3 but provided an
additional electrical pulse amplitude cue. All n@warded stimuli (No-Go 1 to No-Go 4) had
now higher stimulation amplitudes as the rewardedwdus and had the same absolute positions
on the whisker protraction path as the stimuliaiskt3 (Table 8). The ratio of rewarded stimuli to

non-rewarded ones was again 1:1.
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Table 8 Virtual grid and electrical stimulation parameter matrix for task 4

Go No-Go 1| No-Go 2 No-Go 3 No-Go 4

Virtual texture frequency ( | low | high high high high

Electrical pulse amplitude (i | low | high high high high

Abbreviatior fa FA FA FA FA

The electrical pulse amplitude for rewarded and-reswarded stimuli in this task was as follows

(Table 9):

Table 9 Electrical stimulation parameters for task4

Go (MA) | No-Go 1to 4 (uA)

Rat 1 | 5C 20C
Rat z | 5C 10C
Rat : | 5C 15C

2.4. Data Analysis

Whisker tracking and real-time electrical pulseindgly were accomplished using National
Instruments LabView RealTime software. All datalgsia was performed offline using custom
written Matlab software (Version 7.9.0.529, R2008be MathWorks, Inc.). The velocity of the

whisker was obtained by differentiation of the raisker position trace. Whisker velocity

distribution was calculated for all whisker protians in the 1s stimulation interval of the active
whisking task. Also, exact whisker velocity upoross of each grid line was calculated and
presented as a distribution over the 1 s stimulatterval. The number of whole grid crosses in
each trial was calculated and plotted as a didtdbuover all behavioral sessions of the
respective test and with respect to the responsigecdinimal (hit, miss, correct rejection or false

alarm). The resulting distributions for both themer of grid crosses and the respective
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velocities were plotted using box whisker plots.skmort, a box whisker plot describes data
distributions by providing medians (central marktba box plot), 28 and 7%' percentile values

(edges of the box plot), extreme data points sbiisidered as a part of the distribution (box plot
whiskers), as well as any outliers (asterisks). dis&ributions of grid crosses were analyzed for
significant differences with respect to the behealioesponse of the animal using pair wise
independent-samples Kruskal-Wallis non-parameteist {IBM SPSS Statistics 21). Same

analysis was performed also for the distributiohthe whisker velocity.
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3. Results

In the course of this doctoral thesis work | trairfeead fixed rats to whisk in free air and to
perform a Go/ No-Go discrimination task based om plerceived spatial frequency difference
between virtual grids of three lines delivered bgams of electrical microstimulation in the C1
whisker column of the barrel cortex. In a firstpstef the training, all animals were conditioned
to respond faithfully to passive electrical pulsécnmstimulation. Single biphasic electrical

pulses (30-50 pA) were delivered to the C1 barreaaandomized time interval schedule and
the task of the animal was to lick when it detectad electrical pulse. All rats achieved

significant levels of detection after 5-6 sessimnaverage (Fig.3)

1 1 T Figure 3 Percentage correct responses for all
_ 1 I experimental animals over all sessions with passive
£ 08 I electrical pulse stimulation (biphasic electrical plses,
o mean + standard deviations)
c
S 06
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The active whisking part of the training started®m robust detection of the passive electrical
stimulation, without excessive spontaneous lickirgg achieved. The movement of the rat's C1
whisker was tracked using a MetralLight sensor, madvith LabView Real Time software and
used for a real-time electrical stimulation basedtlee whisker position in each specific time

point. (Fig 4A)
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Figure 4 A: conversion of virtual grid spatial frequency into temporal frequency of electrical stimulgéion in

the barrel cortex; B- Go/No-Go task schematics (eafse alarm leads to a waiting period for the duratin of the
tone (2s) not schematically depicted here)

The electrical stimulation was delivered only opratraction movement of the whisker and upon
crossing a line of the virtual grid. The animabsk was to start a trial by positioning its whisker
behind a virtual baseline and withholding any li¢ks ~200ms. (Fig 4B) When this condition
was met, an indicator light was turned off anddhenal had 1s time to perform a movement of
its own choice and to sample the presented vigudl A trial was counted as valid if at least
one full crossing of the whole virtual grid had betne in this 1s interval. The animal then had
500 ms time to indicate its response by a lick taaer spout if a rewarded stimulus was
perceived and withholding the lick to a non-rewardémulus. The performance of the animals
was estimated for each training session by caloglab discrimination index (di). The
discrimination index was calculated by subtractthg relative number of false alarms in a

session from the relative number of hits.
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In task 1 | investigated the ability of the animadsdiscriminate virtual grids varying in spatial
frequency, as well as in electrical pulse amplitutiee electrical pulse amplitudes used for the

pair of rewarded/non-rewarded stimuli differed betw rats (Table 3).

All three rats achieved significant levels of disgnation on task 1 already in the first 3-4
training sessions (for the three rats: di in thege0.84 to 0.94) compare Fig 5 B and D,
condition 1). The discrimination indices for alaiming sessions during task 1 are presented in
Figure 5B and D. For task 1 the animals accomplist® 12 or 10 sessions respectively, with on

average 85- 160 trials per session.
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In task 2, which investigates the ability of thenaal to discriminate using frequency cues, (Fig.
5 B and D, condition 2) | introduced a set of redea stimuli with equal spatial frequency but
increasing electrical pulse amplitude and a norarded stimulus with a higher spatial
frequency and electrical pulse amplitude matchimg one for the fourth rewarded stimulus
(Table 5). In this task the impulsivity of the amil® increased. The consequence was that they
appeared to correctly respond to the rewarded Btibut failed to correctly reject the non-
rewarded stimulus on the majority of experimentalg. (for the three rats: dil in the range 0.5-
0.77, di2 in the range 0.66-0.77, di3 and di4 ia thnge 0.68-0.77). In task 2 the animals
accomplished 21, 10 and 9 sessions respectively ant average 11-21 trials for each non-

rewarded stimulus and 55-100 trials per rewardiecusts.

In task 3 (Fig. 5B and D, condition 3) | investigatf the animals take the absolute start and/or
end position of the No-Go grid in space, rathenttiee spatial frequency cue as the basis for the
discrimination. A set of four high spatial frequgndo-Go stimuli was introduced in this task
(Table 7). The location of these stimuli was disited in between the start and end virtual line
of the Go stimulus with No-Go 1 being the most @lydpositioned one and No-Go 4 the most
rostrally positioned one. In this task the aninpsformed on 10, 9 and 10 sessions respectively;
with on average 45-87 trials per session for thearded stimulus and between 10- 18 trials per
session for each of the non-rewarded stimuli. Téréopmance of all three experimental animals
dropped even further (for the three rats: dil i thnge 0.34- 0.64, di2 in the range 0.45- 0.91,

di3 in the range 0.37- 0.78, and di4 in the ran@8-00.5).

This result suggests that some of the remaininfppeance of the animals had been due to the

unique position cue in task 2. Blurring this cue gmsitional variation in task 3 made them
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perform even worse. This result speaks in favahefhypothesis, that the animals could not use
the frequency cue, but were able to use the posdiege at least as long the position cue was

constant across trials.

Task 4 utilized the same discriminanda as task 8 vith re-introduced electrical pulse

amplitude cues for the non- rewarded stimuli. Tagk provided the subject with electrical pulse
amplitude cues missing in task 3. The discrimimaimdices for the three rats were: dil in the
range 0.56-0.81, di2 in the range 0.7- 0.93, dighimrange 0.7-0.95 and di4 in the range 0.7-
0.95. During this experiment one of the three atsnwas trained on a task with four NoGo

stimuli (Table 9, Rat3). It was able to return ttegel of discrimination comparable to the ones
observed during task 1 or task 2 (as presentedyi®®). This animal performed 15 sessions on
the task 4-schedule with an average of 84 rewastietlli per session and 17 trials per each of
the non-rewarded stimuli presented. The other mwmals were retrained on task 1 using 50 pA
electrical amplitude for Go and 200 pA for the No-&imulus. Here the di mean values were
0.80 and 0.71 and di max 0.9 and 0.8. These anipeafermed 6-8 sessions on the control-task

schedule with an average of 50-66 trials per reecahd non-rewarded stimulus.

In short, from the first psychophysical experimene could conclude that the rats were able to
discriminate well between stimuli with differenteetrical pulse amplitude and different
positions. In the second experiment, taking awayftbquency cue for one of the discriminanda,
the performance of the rats was worse than initeedxperiment, but the animals were still able
to discriminate the two stimuli. This discriminatiability could be due to the different positions
of the two grids on the whisking cycle. Once thisigonal cue was deteriorated by positioning

the non-rewarded grids at different positions amisking cycle (in test 3) the discrimination
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ability of all animals was severely diminished. Tforth experiment, which provided the
blurred positional cue together with an electrimalplitude cue, showed that the animals can use
the electrical amplitude cue for discrimination lghivhisking. This control experiment points
towards a more important role of the electricaspumplitude for discrimination as compared to

the position or frequency cues.

In further analyses, | investigated the whiskimgitstgy of the animals used to solve each of the
tasks. | compared how often the animals would cesssh virtual grid in the 1 second time
interval they had to sample the grids and what twkisker velocity was upon crossing each of
the lines of a virtual grid. In the example tracesented in Fig 6 the animal crosses the rewarded

virtual grid 3 times during the stimulation period.

Figure 6 Trajectory of the C1 whisker during a

I \ ”\ [\/W crossing over a rewarded grid. Green lines represeén
the virtual grid, red dots specify the time of eletrical

stimulation, black line is the movement of the

WA/ v whisker. An upward movement along the black line

represents protraction of the whisker and a

<50°
o
—
-
]
=

downward movement along the same line represents
1s retraction of the whisker.

For task 1 | found no consistent pattern for a gleain the grid crossing numbers based on the
virtual grid identity. There was only a slight tcethat the animals would sample the non-
rewarded virtual grid less often (1 to 2 crossesawerage) than they sample the rewarded grid
(3-4 crosses on average, Fig.7 A). The same wastale for the velocities with which the
whisker crossed each grid (Fig.7 B). The velocty & rewarded grid crossing in two animals
was found to be slightly higher than for a non-redea grid. The medians of the velocity

distribution for a hit were 518 and 561 mm/s, wlsreéhe respective medians for a correct
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rejection lay at 477 and 496 mm/s. The third animbich crossed the rewarded and non-
rewarded grids in a more uniform fashion (mediarnhef grid cross distribution for a hit was 4
times and for a correct rejection 3 times) dispthyeedian velocities of 533 mm/s for a hit
response and 548 mm/s for a correct rejection respd found very few consistent differences
for the velocity profiles during this test includira slight difference for a “hit” versus “correct
rejection” trial for all animals and a slight dife;mce between a CR and FA trial in only one
animal (Bonferroni-adjusted p-values for comparimglocities in a “hit” versus “correct

rejection” response were p= 0.005, 0.001, 0.004 @n@.009 when comparing CR versus FA

response).
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Figure 7 A: Box-whisker plots of the number of grid crossesluring all sessions of task 1 with respect t
the identity of the grid and the response of the @mal. For each box plot the upper and lower bounday
of the box plot mark the 28" and 75" percentile of the distribution, the central red line is the median of
the distribution, the broken line (whisker) extendsto the most extreme data points of the distributia and
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the outliers are plotted separately with red crosse

B: Box-whisker plots of the velocities with which he whisker crossed the stimulation points of the gu
during all sessions of task 1 with respect to theléntity of the grid and the response of the animalfFor
each box plot the upper and lower boundary of the dx plot mark the 25" and 75" percentile of the
distribution, the central red line is the median ofthe distribution, the broken line (whisker) extend to the
most extreme data points of the distribution and tle outliers are plotted separately with red crosses.

In task 2 the trend that all four rewarded gridsevalso sampled more often than the non-
rewarded grid was also present (8+£3 grid crosseseiwarded grids and 3x1 grid crosses for a
non-rewarded grid, Fig. 8 A). There was no diffeem the number of grid crosses for a correct
rejection versus false alarm. The velocity disttitds changed only slightly throughout animals
and behavioral responses (Fig 8 B). One of the alsiperformed the task using a stereotypical
whisker velocity (median of the distributions wasthe range of 530-570 mm/s) which was not
statistically different for any of the possible pegsses. A second animal also used a stereotypical
whisker velocity (medians of 520- 550 mm/s) whidried only when crossing the first of the
four rewarded grids, which also had the least datian intensity. This grid was crossed with
velocities similar to the velocities used for a rewarded grid (medians of 234 and 275 mm/s
respectively). The third animal crossed the rewduglads with velocities slightly higher than the
velocities used for a non-rewarded grid crossingdian 510 and 580 mm/s respectively,
Kruskal-Wallis non-parametric test p<0.001). Fomaof the animals did | find a statistical

difference in the velocity when comparing a corregtction versus a false alarm response.
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Figure 8 A: Box-whisker plots of the number of gridcrosses during all sessions of task 2 with respect the
identity of the grid and the response of the animalFor each box plot the upper and lower boundary ofhe
box plot mark the 258" and 75" percentile of the distribution, the central red lne is the median of the
distribution, the broken line (whisker) extends tothe most extreme data points of the distribution ad the
outliers are plotted separately with red crosses. e missing box-plots in the “miss” cases indicatedD percent
detection rates for the rewarded stimulus

B: Box-whisker plots of the velocities with which he whisker crossed the stimulation points of the g during
all sessions of task 2 with respect to the identityf the grid and the response of the animal. For €a box plot
the upper and lower boundary of the box plot mark he 28" and 78" percentile of the distribution, the central
red line is the median of the distribution, the brden line (whisker) extends to the most extreme dataoints of
the distribution and the outliers are plotted sepaately with red crosses. The missing box-plots in éh“miss”
cases indicate 100 percent detection rates for tmewarded stimulus

The blurred positional cues and the absence otlgwtrical pulse amplitude cue in task 3 forced
the animals to use diverse whisking strategies. @mmal crossed the rewarded grid and the

most rostral of the non-rewarded grids equallyrofie median 5 times, but chose to sample the
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other three non-rewarded grids less often in methartimes, Fig. 9 A). Another animal crossed
the rewarded grid equally often as the three musttal non-rewarded grids (median 5 times) but
chose to cross the most caudal non-rewarded gedditen (1-2 times).The third rat crossed the
rewarded grid equally often as the two most extreme-rewarded grids (median 3 times) but
crossed the two intermediate non-rewarded gridsrotien (median 7-8 times). However, these
varying whisking strategies did not lead to markedifferent behavioral outcome, since the
discrimination indices were the lowest observedmiduall experiments for all three rats. There
were only some minor variations observed in theaig} distributions (Fig. 9 B). One of the

animals used a stereotypical whisking velocity whded not differ between the various possible
behavioral outcomes (450 mm/s in average for a ndseh grid and 460 mm/s for a non-

rewarded grid). A second animal crossed the mostalaof the non-rewarded grids with

velocities higher than the velocities used for siog the rewarded grid (median of the velocity
distribution for a hit was 420 mm/s, for a corregjection 520 mm/s, and for a false alarm 490
mm/s, Kruskal-Wallis non parametric test p= 0.086 & correct rejection and p= 0.003 for a
false alarm response). This was the only animathiiisplayed a statistical difference in the
whisker velocity distributions for a correct reject versus false alarm for the third most rostral
non-rewarded grid (median of the velocity distribatwas 470 mm/s for a correct rejection and
375 mm/s for a false alarm, Kruskal-Wallis non pae&ric test p=0.034). The third rat crossed
the rewarded grid with velocities higher than theovities used for the non-rewarded grids
(median of the velocity distribution for a hit w83 mm/s and ranging from 460 to 540 mm/s
for a correct rejection). These observed differenicethe velocity distributions were so small

and inconsistent that | feel they do not reflegt aologically significant phenomenon, but are

more representative for the small sample sizeisfdkperiment.

42



Results

>

1000
800
600

s 2

number of grid crosses
=
2
I ===
T
Cry T
b_F===
o
ot
velocity at stimulation points U9
(mm/s)

T T T I T i T
|
; 400 H H H
' |
H 200} i ol LT
I ] | 1 1
G o ; i 0 1 1 1 1 ! 1 1 i 1
X 1] ~ B (2] ~
< 2 o3 v 0 ~ v ™ v g 9 o> 3% () o ~ v [or} v~
§ ¢ & & g & & & g o § &§ 8§ & & <&
20 . 1000
18l : o o L A e A
+ + + + + 1
| e : ¥ 5 ¥ : + : 600
00, 1 AR
H ; : . : H 400t &
H + + ' ! ! H | 1
5 ! + \ H H H ' ! | 1 1
| ¥ * 200 | i | 1 1 | 1
. B I | I
ol= H o g EI H H H i 0 ! 9 L 1 H I i 1 ’ L
B j2) ~ B 2} ~
< 9 o v 0 g ~ ™ v I 9 o v [1] A\ ~ v ™ A
£ § § 8§88 7§ & &3 § & § &§ 8§ g & f&2&
20 1000

N 800
15) +

600
I 400

Bl ;ob00g500 =

Y o s S
i s s S
e s SR

S i S

|

&
g

b -1 -
Miss | - T -
CRy t----CI3-:

CRy f--LT -

C,qe
Cry
] >
F,q 3

=
I

Figure 9 A: Box-whisker plots of the number of gridcrosses during all sessions of task 3 with respect the
identity of the grid and the response of the animalFor each box plot the upper and lower boundary othe
box plot mark the 258" and 78" percentile of the distribution, the central red Ine is the median of the
distribution, the broken line (whisker) extends tothe most extreme data points of the distribution ad the
outliers are plotted separately with red crosses

B: Box-whisker plots of the velocities with which lhe whisker crossed the stimulation points of the g during
all sessions of task 3 with respect to the identityf the grid and the response of the animal. For e& box plot
the upper and lower boundary of the box plot mark he 25" and 75" percentile of the distribution, the central
red line is the median of the distribution, the brden line (whisker) extends to the most extreme dataoints of
the distribution and the outliers are plotted sepaately with red crosses.

Only one animal performed well in task 4, which ditke same set of stimuli as task 3 but
providing additional electrical pulse amplitude doe the non-rewarded stimuli. Interestingly,
this animal tended to cross the most rostral navarded grid the most often (comparable to the

number of crosses it performed on a rewarded-§e&, versus 812 times, Fig. 10 A). The other
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three non-rewarded grids were sampled less oftdn &1, and 5x1 times respectively. There
were only negligibly small correlations between tredocity with which a whisker crossed a

virtual grid and the behavioral response of therahi(Fig. 10 B).
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Figure 10 A: Box-whisker plots of the number of grd crosses during all sessions of task 4 with respedo the

identity of the grid and the response of the animalFor each box plot the upper and lower boundary othe

box plot mark the 258" and 75" percentile of the distribution, the central red Ine is the median of the
distribution, the broken line (whisker) extends tothe most extreme data points of the distribution ad the

outliers are plotted separately with red crosses.

B: Box-whisker plots of the velocities with which he whisker crossed the stimulation points of the gl during
all sessions of task 4 with respect to the identityf the grid and the response of the animal. For €& box plot
the upper and lower boundary of the box plot mark he 25" and 75" percentile of the distribution, the central
red line is the median of the distribution, the brden line (whisker) extends to the most extreme dataoints of
the distribution and the outliers are plotted sepaately with red crosses

Data for the animals which did not perform well test 4 is given in the Supplementary Fig.1.
These two animals were retrained on test 1 witltesslevels comparable to the levels reached
at the beginning of training. For these animalsund some inconsistent variations between the
grid crossing patterns as well as some negligilleations in the whisking velocities (data in

Supplementary Fig. 2).

There was a slight trend that with increasing #sk tifficulty the animals would try to sample
the virtual grids more often. Moreover, in two dietanimals | observed an increase of the
absolute amplitude of a whisk coupled with a hidtisking speed. These movements, which the

animals started performing during task 3, which waes most difficult discrimination task,
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resembled foveal whisking with frequencies up te205Hz. Interestingly, this change in

whisking strategy did not prove helpful for the foemance and the discrimination index level
were lowest for task 3. During task 4, which preddadditional electrical amplitude cues, one of
the animals abandoned this energy- costly stragegyreturned to its original whisking strategy,
whereas the second animal continued using thewigsking strategy. These animals were not
able to use the offered intensity cues optimalipppbly due to the frustration level which they
experienced in the previous task. Nevertheless pnesented with a fairly easy to discriminate
stimulus set such as the one in the control expmarir(repetition of task 1, with one Go and one
No-Go stimulus with different spatial frequency adiifferent electrical amplitude) both of the

animals returned to discrimination index levels iEmto the ones in the beginning of the

training.

The investigation of the licking behavior of alk¢le rats during the different tasks showed that
the animals tend to increase the false alarm witsincreasing task difficulty. Figure 11 shows
the response probabilities for each rat and eaetults set. In task 1 the licking responses to the
No-Go were low for all three rats, whereas in taskhe most difficult one for all three animals,
the responses to a No-Go stimulus were signifigamtiher and approached the response level
for a Go stimulus. For the one animal which perfedntask 4 with frequency and electrical
amplitude cues the false alarms were at a levelpaoable to the level in task 1. Same
observation was true for the other two animals wiperformed the control experiment. From
the lick response patterns shown here one can wmdhat the psychophysical performance
shown in Figure 5 strongly depends on changesarfdlse alarm levels. Figure 11 shows high
hit levels for all rewarded stimuli in the diffetetasks and for all animals. The discrimination
index as presented in Figure 5 is calculated adiffierence of hits and false alarms. Thus,
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increasing the false alarm rate while keeping titepkrformance constant leads to lower

discrimination indices, and vice versa.
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Discussion

4. Discussion

How are we able to tell the difference betweenafsand a paper tissue when going through a
bag without looking at its contents? This deceilyinigvial question which everyone can answer

by “Well, they feel different” still does not haweprecise scientific answer. What parameter of
these very different surfaces do we actually “f@difow are the mechanoreceptors in our skin
activated by these different textures while ourdsago over them, and what does our cortex

make out of this incoming information?

These questions have been addressed in seminaatpriexperiments, postulating that the
frequency of the surface is one of the main impuarparameters the sensory system cares about
(Lamotte and Mountcastle, 1975), (Mountcastle amdn® 1990). With few exceptions, (see
(Gamzu and Ahissar, 2001)) primate literature haaniy investigated the state of passive
perception and it is difficult to conclude from Heeexperiments how the important surface
parameters might change between the state of paasi active perception. Moreover, by using
sinusoidal stimuli of varying frequencies the aushoot only changed the frequency but also the
intensity (calculated as the mean absolute velpoitghese stimuli. The frequency and the wave
form of a sinusoid are interrelated and changing definitely leads to changes in the intensity
of the stimulus. This problem does not apply tcsptile stimulations in which the frequency or
the form of the pulse can be independently modifiggusing such pulsatile stimulations at the
base of a rat’s whisker Waiblinger and colleagu#aiblinger et al., 2013) were able to show
that instantaneous cues in the vibrotactile sigmal a primary candidate used by the animal
during passive whisker deflections. The findingt tvhiiskers and human skin are both bioelastic

elements whose vibrations add instantaneous kinemagés to the vibrotactile signal based on
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the surfaces at hand (Scheibert et al., 2009)h&ladnd Feldman, 2010) suggest that these cues

might very well be present, but overlooked, in @ieperception.

In the course of this thesis work | tried to invgate if the instantaneous kinematic cues are also
used during active perception. Several parametdfgeovirtual grids used in the active whisking
task described here were varied, including theatiapfrequency, the electrical pulse amplitude
and the position of the grid along the whiskingleyén the first experiment the animals received
spatial frequency cues, electrical pulse amplitwdes and positional cues (task 1). The
discrimination levels reached in this task were lighest reached during this study. Next, |
introduced a pair of stimuli having the spatialginency and the positional cues, but delivered
with the same electrical pulse amplitude (taskH&re, even though there was a decrease in the
discrimination index, the animals were still abtediscriminate between these virtual grids. A
possible explanation for this finding is that tla¢srwere actually able to use the positional cue if
forced by the experimental design. When this pmsa#i cue was made less reliable by
introducing an array of non-rewarded grids (taskv@h different starting positions along the
whisking cycle, all rats failed to discriminate. Bytroducing electrical pulse amplitude cue for
these non-rewarded grids (task 4) the discrimimaj@rformance recovered. These results
suggest that the animals were able to most reliaftythe information provided by the electrical
pulse amplitude cue. The deliverance of the eltrstimulus to the cortex based on the
instantaneous position of a whisker in space ispaoable to the instantaneous changes in the
whisker position used by Waiblinger and colleag(@&iblinger et al., 2013). Recordings of
primary afferents in rats (Jones et al., 2004a)n€3 et al., 2004b), (Shoykhet et al., 2000),
(Stuttgen et al., 2006), (Chagas et al., 2013) els ag from all stages of the ascending sensory
system (thalamus, (Petersen et al., 2008)); bawsgkx ((Pinto et al., 2000), (Stuttgen and
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Schwarz, 2008) ) showed that fast kinematic changebe whisker trajectory are faithfully

represented by spikes with high temporal precisiewen though it has not been explicitly
investigated in my work, | assume that the actoratf barrel cortex achieved by the electrical
microstimulation would be comparable to the natatlvation of the cortex during a whisker
sweep over a real grid of three lines. Electricarostimulation of the barrel cortex has already
been shown by Butovas and Schwarz (2003) to generadtereotypic pattern of activation,
starting with a fast and short excitation followsga longer period of inhibition. The amplitude
of the electrical pulse was shown to have similtiecés to a repetitive stimulation. The

increment of the electrical pulse amplitude, simita bigger pulse or ramp- stimuli, generates

bursts of activity in the cortex with higher numioérspikes.

It is interesting that the proposed instantaneaes seem to be used by the sensory system in
both the passive perception state (investigatedVaiblinger et.al) and in the active sensation
case, as described here. This finding speaks ior fai’ instantaneous events being of utmost
interest for the somatosensory system of themraspective of the perceptual state. It also comes
in contrast to the existing primate literature whpostulates that frequency is the most important
surface parameter used for discrimination. In gsidiy Hernandez and Romo (Hernandez et al.,
2002), (Romo et al., 1998), (Romo et al., 2000)akgerimental monkey was confronted with a
discrimination between a mechanical sinusoidal i pattern applied to the skin of a finger
tip and electrical stimulation pattern deliverededtly to the cortex. As a first step towards this
test the authors trained the animal to discrimiriatefrequency of two sinusoidal mechanical
vibrations delivered to the finger tip. In the aatiexperiment comparing the mechanical
stimulation and the electrical microstimulatione tAuthors modified the amplitudes of their
electrical stimulation pulses such as to matchdihigiective intensity perceived by the animal
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from the mechanical stimulus. A problem with thiperiment was the fact that the authors did
not asses the subjective intensity curves of adirtindividual test subjects but used the
subjective intensity curve estimated in a firstexment for all subsequent ones. Even though it
is labor-intense, one should investigate the stibgdntensity curve for each individual

separately as these may significantly vary betvgedmects.

Interestingly, (Lamotte and Mountcastle, 1975) adfusted the amplitudes of their mechanical
stimuli so that the perceived intensity was eqoa tomparison stimulus and used this set-up to
test the ability of humans and monkeys to discratenstimulus frequencies. The amplitude of
these sine waves at different frequencies was tdjtsich as to correct for subjective intensity.
Doing so, the authors generated sine waves with dierent peak velocities and amplitudes.

These could potentially have been used by the drfondhe discrimination task instead of the

assumed frequency differences. Thus, the percégh@rn the somatosensory system of the
subjects cannot be ascribed with certainty to glsistimulus parameter, such as the amplitude

or the frequency of the stimulus.

When a comparison between pure frequency diffeensesought to be made electrical
microstimulation is a good method of choice. It bagn successfully used to produce a sensory
experience mimicking the natural one (Salzman et1890), (Romo et al., 1998), (Cohen and
Newsome, 2004), (Thomson et al., 2013), (O’Dohettyl., 2012). Because the spike patterns
evoked by our virtual grids resemble those of fduésaleflections they are free from the
dependency of frequency and waveform known frore giaves. Like the mechanical pulse in a
pulsatile deflection the electrical pulse (andetfect) is independent from pulse frequency, and

thus, can be modulated independently from it (Wiagdr et al., 2013).
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The head-fixed active whisking rats used in thiglgtdid not seem to modify their whisking
with increasing task difficulty. Crossing a statictual grid with different speeds would produce
also different neuronal activation patterns in barel cortex and would lead to a markedly
different sensory experience, which could potelytiae helpful in a discrimination task. This
was however not the strategy used by the experahamimals, not even when there were no
electrical stimulus amplitude cues. If one imagitles whisker movement in the horizontal
direction around a pivot point on the snout, thertask 2, by design, the rewarded and non-
rewarded stimuli have a fairly different arrangemdrhe non-rewarded stimulus is situated in
the most caudal part of this region of whisker moeat and the virtual lines of the rewarded
stimuli are spaced equally over the region of wiiigkovement. Thus, the first stimulation point
for the rewarded and non-rewarded stimuli liesfengame part of the whisker trajectory, but the
second and the last points of stimulation are diffe This arrangement provided both spatial
frequency cues and positional cues for the anilslshown in task 3, spatial frequency is not
used by the animals, thus most of the discrimimaperformance seen with task 2 must have
come from the positional cues. Thus, due to thesg salient sensory cues the animals were able
to perform well on this task while actively whisgina behavior which goes a step further than
what mice showed in a previously described polallration task, (O’Connor et al., 2010). In
this Go/No-Go test, the animal had to localize dloeurrence of a vertical pole in a target or
distracter position and discriminate between the pwsitions by emitting a lick if the pole was
in a target position. Even though the authors cléiat mice perform this task using active
whisking, it is actually the pole which descends ithe reach of the whiskers on each trial. This
very artificial stimulus design is in clear contres my task in which, even though presented as a

virtual reality, the rat encounters a very well tsgdy defined texture on each trial. O’Connor
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and colleagues state that “mice predominantly erplbe region of the rewarded stimulus and
avoid the no-go stimulus”, referring to a possiti@tegy of the animal to solve the task. What is
a more probable explanation is that these mice \aeteally performing a detection task by
estimating the presence or absence of a pole. ®teetdifferent task design of my experiment
the rats were actually prevented from doing whatrtiice of O’Connor and colleagues did and
actually used whisking to locate the virtual obgedthis shows that rodents are capable of using
whisking signals for object location and rather this=best possible solution given a specific task

than using a stereotypic strategy.

Based on the behavior observed during the diffetests described in this thesis, one can
conclude that the rats did use the positional oupetform the discriminations, but were faced
with a major challenge when this cue was made mbseure by varying the starting positions of
the stimuli (task 3). The performance in task 2jolhincorporated a set of stimuli varying in
virtual grid spatial frequency but not in electfieanplitude cues, was still above chance level.
This could be explained by the presence of theadirementioned positional cues- the non-
rewarded grid had a higher spatial frequency argltivas present only on the starting phase of a
whisker protraction. To test if the animals baseeirt behavioral reports on knowledge of the
position of their whisker in space a set of nonasled virtual grids was introduced in task 3.
The starting points of these virtual grids were cgplequally over the region of whisker
movement, with the two outmost lines of the rewdrdad coinciding with the first line of the
most caudal non-rewarded grid and the last linethef most rostral non-rewarded grid
respectively. This was the experimental conditionwihich all animals reached their lowest
discrimination indices. The non-rewarded virtuaidgr were not correctly rejected when
delivered via electrical stimulation matching thecgrical stimulation for a rewarded virtual
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grid. In this task the information about the pasitof the grids was still available to the animals
but was probably not as consistent as comparedsto 2, hence the failure of the animals to

discriminate.

The Go/No-Go paradigm as used in this thesis wods Wwehaviorally challenging for the
experimental animal because it demanded from theao give a report about the identity and
not the mere presence of a stimulus. It could Wwellthat the rats could detect the absolute
position of a stimulus with respect to the snout till failed to discriminate when given only
spatial frequency cues. The fact that the perfooman the Go/No-Go discrimination task as
presented here was at its best when there waetniehl amplitude cue together with the spatial
frequency cue of the virtual grids suggest a retatinimportance of frequency cues during
active discrimination and speaks for the use afamsineous kinematic fast intensity cues, such
as mimicked by the electrical pulse amplitude.he teal world of a rat such instantaneous cues
are present as kinematic events observed in theketirajectory during real texture exploration
(Wolfe et al., 2008). The number and absolute sfabese so called slip-stick events, which are
high-velocity and high- acceleration changes in wisisker trajectory, corresponds to the
coarseness of the sampled texture and is potgntiaded by the animal for texture
discrimination. The transfer function of the actiga of receptors in the whisker follicle and the
mechanical vibrations of the whisker shaft durihgse slip-stick events to the sensory cortex is
still not known. In their work, Waiblinger et ahvestigated if the instantaneous characteristics
of the vibrotactile signal can be used for perap{Waiblinger et al., 2013). The authors trained
rats on a detection of change task in which comgpautsatile vibrotactile stimulation was

delivered near the base of one whisker of a heaudl fiat with a piezo element.
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In a first test the animals were asked to deteetatcurrence of a second stimulus which had
either the same overall intensity or the same faqy as the comparison stimulus. In both of
these cases the test stimulus provided an absatapditude difference cue to the animals and
they were able to discriminate. In a second stepkinematics of both stimuli was matched, so
that there was no change in amplitude, velocityaeeleration and here the animals were no

more able to discriminate.

With the experimental set-up used in my work it was$ possible to show that rats can reliably
discriminate between stimuli with different spatiedquencies. The experimental results found
by Waiblinger (Waiblinger et al., 2013) and the ®wkescribed by my work argue in favor of a
similar coding scheme for passive and active peimepOut of the three main parameters
relevant for the sensory percept described betbeefrequency, the intensity and the kinematic
cues- both studies found the instantaneous kinem&ti be of the highest importance for the
sensory system. In the electrical stimulation expents the kinematic cue is mimicked by the
amplitude of the electrical pulse, where as thdagnaf the mechanical intensity cue, would be

the integrated electrical current delivered petual grid.

Another finding of the present study is that norfetlee experimental animals noticeably
modified the parameters of its whisking strategyewhvorking on the different discrimination
tasks. The velocities with which the rats crosdsel rewarded virtual spatial grids were only
minimally diverging from the velocities used to s non-rewarded grid. Moreover, there were
very few instances in which a change in the vejoaitthe whisker could be correlated with the
decision of the animal on correct versus wrond bath for the rewarded and the non-rewarded

stimuli. This difference could hence be disregardedbiologically insignificant. The spatial
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frequency differences between the rewarded andrewwarded grids were not fully utilized by
the animals- the behavioral performance of allgmas was at its worst when the stimuli were

devoid of electrical amplitude cues (task3).

From preliminary data and the experiments preseinteithis thesis, as well as based on the
findings of Waiblinger et al. (2013), the instamaus kinematic events are to be considered the

most probable candidate feature of a surface wikiaksed for discrimination.

A valid consideration for future experiments is tige the highly controllable electrical
stimulation to mimic the stick and slip events daadconstruct virtual textures resembling real
textures and present them to the animal. To aaivaich a strictly controlled way to deliver the
electrical stimulation, one should first investigahe physical parameters changing when a
whisker touches real objects during active whiskiflge vibrations occurring in a whisker shaft
upon object touch most probably carry the imporsantsory information used by the animal. It
would then be of interest to investigate how shdftations relate to instantaneous kinematic
events such as the slip-stick events and to apmbential generation in the trigeminal ganglion,
the first stage of sensory processing. By recordhmg movements of an identified whisker
rubbing along a well defined surface at certaitagicses by using videography one can estimate
the forces acting on the whisker shaft at spegifisitions and how they depend on the whisker
velocity and surface roughness. Such highly presigséaces have been described and used in
human finger tip research (Skedung et al., 201BiceSthe instantaneous kinematic events are
the major candidate feature for discrimination, sheuld investigate how their properties (their
kinematics and probability of occurrence) changdenrdifferent conditions such as different

texture roughness or different whisker velocitiBisen in a second step one can use probabilistic
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electrical stimulation with a certain amplitude tdizution to mimic these different slips. This
will allow us to go from investigation of the fregucy parameter as described in this thesis, to
the investigation of kinematic events such as tleetcal pulse amplitude during active
whisking. For example, the probability of occurrerand the amplitude of the electrical stimuli
can be made dependent on the whisking speed tif slee animals would adopt a specific
strategy to optimize their percept. The use oftatesd stimulation to construct virtual textures is
artificial but it will allow for the highest degres stimulus control and will allow us to connect
the movement strategies and performance of theasito the occurrence of kinematic cues.
The difficulty of the task could also be reduced éyminating the now existing memory
component and replacing the Go/No-Go task with fferdint behavioral paradigm. Two
possibilities would be a detection of change taslhich the stimuli to be discriminated come
seamlessly one after the other, or a Yes/No taskhaas a symmetric reward matrix and thus

keeps the motivation of the animal to work on tekthigh.

Even at this preliminary stage of investigatiorg tdutcome of this project opposes current views
on the functioning of the somatosensory system rohaies. It is, in my view, unwise to
disregard the inability of rats to faithfully disgmrinate spatial frequencies as a simple drawback
of the rodent somatosensory system. Even thougbntecand primates are distinctly different
species, separated by evolution, it is not impdssibat their somatosensory systems hold
common processing mechanisms. It would thus beeadty interesting to see how a non-human
primate would fare on an active perception spdtieduency discrimination task as the one

described in this work, which provides only freqogdifferences and no other sensory cues.
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7. Supplementary

Statistical significances found by an independemh@es Kruskal-Wallis test for pairs of the

behavioral responses of all animals and each task.

Table 1 Bonferroni- adjusted significance values fothe medians of the grid cross number distributiors in
respect to the behavioral response of all animalef task 1 (Independent samples Kruskal-Wallis Test)

animal | Samplel- SampleZ | Bonferroni- adjusted g-value
1 CR-hit 0.001
FA-hit 0.0001
2 CR-hit 0.000:
FA-hit 0.000:
CR-FA 0.000:
CR-miss 0.000:
miss-hit 0.041
3 CR-hit 0.000:
CR-FA 0.000:

Table 2 Bonferroni- adjusted significance values fothe medians of the whisker velocity distributionsin
respect to the behavioral response of all animalef task 1 (Independent samples Kruskal-Wallis Test)

animal | Samplel- Samplez | Bonferroni- adjusted g-value
1 CR-hit 0.00¢
2 CR-hit 0.000:
FA-hit 0.00¢
3 CR-hit 0.00¢

Table 3 Bonferroni- adjusted significance values fothe medians of the grid cross number distributiors in
respect to the behavioral response of all animalef task 2 (Independent samples Kruskal-Wallis Test)

animal | Samplel- Samplez | Bonferroni- adjusted g-value

1 CR-hitl <0.001
CR-hit2 <0.001
CR-hit3 <0.001
CR-hit4 <0.001
FA-hitl <0.001
FA-hit2 <0.001
FA-hit3 <0.001
FA-hit4 <0.001

2 CR-hitl <0.001
CR-hit2 <0.001
CR-hit3 <0.001




CR-hit4 <0.001
CR-miss1 0.017
CR-FA 0.04¢
hit2-miss2 0.036
FA-hitl <0.001
FA-hit2 <0.001
FA-hit3 <0.001
FA-hit4 0.001

3 CR-hit1 0.00¢
CR-hit2 <0.001
CR-hit3 <0.001
CR-hit4 <0.001
CR-miss] 0.001
hit1-hit2 <0.001
hit1-hit3 <0.001
hit1-hit4 <0.001
FA-hitl <0.001
FA-hit2 <0.001
FA-hit3 <0.001
FA-hit4 <0.001

Table 4 Bonferroni- adjusted significance values fothe medians of the whisker velocity distributionsin
respect to the behavioral response of all animalef task 2 (Independent samples Kruskal-Wallis Test)

animal | Samplel- Sample2| Bonferroni- adjusted p-value
1 CR-hitl <0.001

CR-hit2 <0.001

CR-hit3 <0.001

CR-hit4 0.00¢

FA-hitl <0.001
2 No significant differences between samples
3 CR-hitl <0.001

hit1-hit2 <0.001

hit1-hit3 <0.001

hit1-hit4 <0.001

FA-hitl <0.001

Table 5 Bonferroni- adjusted significance values fothe medians of the grid cross number distributiors in
respect to the behavioral response of all animalef task 3 (Independent samples Kruskal-Wallis Test)

animal | Samplel- SampleZ | Bonferroni- adjusted g-value
1 hit-CRZ 0.001

hit-CR< 0.001

miss-CRZ <0.001

miss-CRE <0.001




CRZ-FA2 0.04¢

2 hit-CR1 <0.001
hit-CRZ <0.001
hit-CR3 0.009
miss-hit 0.001
hit-FA1 <0.001
hit-FA2 <0.001
hit-FA3 <0.001

3 hit-CR1 <0.001
hit-FA1 <0.001
hit-FA2 <0.001

Table 6 Bonferroni- adjusted significance values fothe medians of the whisker velocity distributionsin
respect to the behavioral response of all animalef task 3 (Independent samples Kruskal-Wallis Test)

animal | Samplel- Samplez\ Bonferroni- adjusted p-value
1 No significant differences beten sample
2 hit-CRZ 0.001
hit-CR4 0.009
hit-miss 0.011
hit-FA3 0.033
hit-FA4 <0.001
3 hit-CR1 0.02¢
hit-FA1 0.00:
CR3-FA3 0.03¢

Two of the animals did not reach proper levelsistdmination in task 4, which used the same
set of stimuli as task3 but providing additionaéattical pulse amplitude cue for the non-
rewarded stimuli. For these | found that one anionaksed the rewarded grid more often than
the non-rewarded grids (in median 8 times for aaredd grid and 1 to 10 times for a non-
rewarded grid) and one animal chose to cross iatuitequally often (in median 4 times for a

rewarded grid and 3 times for a non-rewarded giftdy.1 A). | found very few correlations

between the velocity with which a whisker crossedrtual grid and the behavioral response of

the animal (Fig. 1 B). In one animal the most rstif the non-rewarded grids was crossed with



median velocities slightly lower than the mediafoegies used for a rewarded grid (474 versus

527 mm/s respectively, Kruskal-Wallis non paraneetest p=0.006).
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Figure 1 A: Box-whisker plots of the number of gridcrosses during all sessions of task 4 with respect the
identity of the grid and the response of the animalFor each box plot the upper and lower boundary othe
box plot mark the 258" and 75" percentile of the distribution, the central red Ine is the median of the
distribution, the broken line (whisker) extends tothe most extreme data points of the distribution ad the
outliers are plotted separately with red crosses.

B: Box-whisker plots of the velocities with which lhe whisker crossed the stimulation points of the @i during
all sessions of task 4 with respect to the identityf the grid and the response of the animal. For €& box plot
the upper and lower boundary of the box plot mark he 28" and 75" percentile of the distribution, the central
red line is the median of the distribution, the brden line (whisker) extends to the most extreme dataoints of
the distribution and the outliers are plotted sepaately with red crosses

Table 7 Bonferroni- adjusted significance values fothe medians of the grid cross number distributiors in
respect to the behavioral response of all animalef task 4 (Independent samples Kruskal-Wallis Test)

animal | Samplel- Samplez | Bonferroni- adjusted g-value
1 hit- CR4 0.031

hit-FA1 0.02:
2 hit-CR1 <0.001

hit-CR2 <0.001

hit-CR3 <0.001

hit-CR4 0.00:

hit-FA1 <0.001

hit-FA2 <0.001




hit-FA3 0.002
CR1-FA1 0.004
CRZ-FA2 <0.001
CR3-FA3 <0.001
CR4-FA4 <0.001
3 hit-CR1 <0.001
hit-CR2 <0.001
hit-CRz <0.001
hit-miss 0.027
hit-FA1 <0.001
hit-FA2 <0.001
hit-FA3 <0.001

Table 8 Bonferroni- adjusted significance values fothe medians of the whisker velocity distributionsin
respect to the behavioral response of all animalef task 4 (Independent samples Kruskal-Wallis Test)

animal | Samplel- SampleZ | Bonferroni- adjusted g-value

1 miss-FA1 0.03¢
miss-FA2 0.02¢
miss-CRZ 0.01:
miss-CR4 0.02¢

2 hit-CRz <0.001
hit-CR4 <0.001
hit-FA2 <0.001
hit-FA3 <0.001
hit-FA4 <0.001
miss-CR3 0.032
miss-CR4 0.001
miss-FA2 0.039
miss-FA3 0.007

3 hit-CR4 0.00¢
miss-CR1 0.00¢
miss-CRz 0.00¢
miss-FA2 0.00¢
hit-miss 0.02(

For two of the animals | repeated test 1 and fotlmedopposite behavioral strategies. The first
animal chose to cross the rewarded grid more aften the non-rewarded (in median 6 times for
a hit versus 1 time for a correct rejection), whasréhe second animal crossed the rewarded grid

in median 3 times for a hit and the non-rewarded grtimes for a correct rejection (Fig. 2 A).



The median velocities in the first animal were leiglior a hit (574mm/s) than for a correct
rejection (506mm/s, Kruskal-Wallis non-parametrastt p<0.001) or false alarm (485mm/s,
Kruskal-Wallis non-parametric test, p<0.001) (Fig3. For the second animal | found a
statistical difference between the median velcgitised in a hit versus false alarm case (510
mm/s for a hit and 440 mm/s for a false alarm raspp Kruskal-Wallis non-parametric test,
p=0.001), but no statistical difference in a hitstes correct rejection comparison (510mm/s for a
hit and 480 mm/s for a correct rejection, Fig 16 Ajain, there was no statistical difference in

the whisker velocity distributions for correct refiens versus false alarms.
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Figure 2 A: Box-whisker plots of the number of gridcrosses during all sessions of the repetition oagk 1
(control) with respect to the identity of the gridand the response of the animal. For each box plohé upper
and lower boundary of the box plot mark the 28 and 75" percentile of the distribution, the central red Ine is
the median of the distribution, the broken line (wlsker) extends to the most extreme data points ohé
distribution and the outliers are plotted separatey with red crosses

B: Box-whisker plots of the velocities with which he whisker crossed the stimulation points of the gl during
all sessions of the repetition of task 1(control) ith respect to the identity of the grid and the reponse of the
animal. For each box plot the upper and lower boundry of the box plot mark the 258" and 75" percentile of
the distribution, the central red line is the median of the distribution, the broken line (whisker) exends to the
most extreme data points of the distribution and tle outliers are plotted separately with red crosses.




Table 9 Bonferroni- adjusted significance values fothe medians of the grid cross number distributiors in
respect to the behavioral response of all animalef task 1 (control) (Independent samples Kruskal-Wéis
Test)

animal | Samplel- Sample2| Bonferroni- adjusted p-value
1 hit-CR <0.001

hit-FA <0.001

miss-FA 0.031
2 Hit-CR <0.001

Hit-FA <0.001

Miss-CR <0.001

CR-FA <0.001

Table 10 Bonferroni- adjusted significance valuesof the medians of the whisker velocity distributiors in
respect to the behavioral response of all animalef task 1 (control) (Independent samples Kruskal-Wéis
Test)

animal | Samplel- Sample2| Bonferroni- adjusted p-value
1 hit-FA 0.001

miss-FA 0.04¢
2 hit-CR <0.001

hit-FA <0.001




