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To quantify the force impinging on the follicle we implemented a mechanical model of the rat whisker
(see Methods for details). Whisker displacement during active palpation onto a stationary target was
simulated as animals gradually approached the target according to behaviorally observed trajectories
(Fig.1). In all in silico experiments, only the last 3 cm of the approach was simulated where animals
with serotonergic dysregulation contacted the target less often than their counterparts in the
corresponding control groups (Fig.1E-F). For the simulation of non-adaptive whisking, the maximum

protraction angle of the whisker was kept constant (~ 27°). During adaptive whisking the protraction
angle gradually increased from 27 to 37 along the locomotion path per experimental observation

(Fig.2). The results showed that mechanical forces transmitted to the whisker follicle upon whisker
contact is increased as the animal approached the target (see red traces, Fig.3) independent from the
whisking strategy employed, due to the reduction in the relative distance between the target and the
body. Lack of adaptive whisking resulted in systematic reduction of the force transmitted to the whisker
along three axis (blue traces, Fig.3). These results argue that adaptive whisking increases the force
transmitted to the whisker base, increasing the feed-forward excitatory drive upon whisker contact.
Lack of adaptive whisking after fluoxetine treatment or SERT-/- reduces forces in the whisker base upon

whisker contact (Fig.3), thus reducing the sensory information originating from the periphery.

Figure 3. Lack of adaptive sensorimotor control upon altered serotonergic signaling reduces the
force transmitted along the whisker upon contact with a tactile target. (A) Whisker contacts with
objects in the plane of whisking change the
axial force (Fx), transverse force (Fy) and
the reaction moment (M;) at the whisker
base, and leads to mechanoreceptor
activation to initiate bottom-up propagation
of the sensory information. (B) Mechanical
forces at the whisker base upon whisker
contacts as the animal approached the target
(Axial force genotype effect: F=88; p
<0.001, 2-way ANOVA with df=l,
Transverse force genotype effect: F=113; p
<0.001, 2-way ANOVA with df =1). (C)
Change in Moment (M) at the follicle upon
whisker contact (Genotype effect: F=56; p
<0.001, 2-way ANOVA with df=1). The
data presented as mean + std, blue denotes
non-adaptive whisking conditions (SERT-/-
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, fluoxetine) and red adaptive whisking conditions (wild type, vehicle).

A network model of adaptive whisking

Sensory exploration and motor control are coupled processes. Considering that lack of adaptive
whisking reduces mechanical forces traveling along whiskers upon whisker touch (Fig.3), this change
in the sensory drive could potentially alter the motor control of whisker position in subsequent whisk
cycles. To address this question without the confounding variables (including compensatory change in
body position) of navigation in freely behaving animals, we used a simplified graph based network

model of whisking (Circuits of whisking; github.com/DepartmentofNeurophysiology/Circuits-of-whisking).

A computational circuit that could perform adaptive sensorimotor control necessarily requires
information from sensory circuits about the stimulus availability as well as motor control circuits that
perform phase to motor signal transformation given the current state of the sensory information. Based
on the known coding properties of the neurons along sensorimotor circuits, and the connectivity between
them (see Discussion), the graph network consists of the following nodes (Fig.4A): 1) primary
somatosensory cortex (S1; barrel cortex) where stimulus properties are encoded (Brecht and Sakmann,
2002; Ganguly and Kleinfeld, 2004; Crochet and Petersen, 2006; Curtis and Kleinfeld, 2009; de Kock
and Sakmann, 2009; Lundstrom et al., 2010; Azarfar et al., 2018a); 2) primary motor cortex (M1) which
provides adaptive motor control for whisker protraction (Berg and Kleinfeld, 2003a; Brecht et al., 2004;
Diamond et al., 2008; Petersen, 2014; Sreenivasan et al., 2016), through recursively adjusting the
amplitude and midpoint of whisking envelope (Hill et al., 2011); 3) central pattern generators (CPGs)
that control phasic motion of whiskers (Gao et al., 2001; Cramer and Keller, 2006; Kleinfeld et al.,
2015); 4) superior colliculus (SC) which translates phase and amplitude information to motor control
commands for facial motor nucleus (FMN) to drive whisking (Hemelt and Keller, 2008); 5) dorsal raphe
nucleus (DRN) that regulates excitability in cortical and subcortical (sensorimotor) nuclei (Schubert et
al., 2015); and 6) a control circuit, plausibly the barrel cortex (Matyas et al., 2010), that triggers whisker
retraction upon stimulation to maintain touch duration (Azarfar and Celikel, 2019). In this model output
of each node is a transfer function rather than a time and/or rate varying action potentials. Please note
that the aim of this model is not to mechanistically explain how the brain performs sensorimotor
computation. Rather, it is to provide the minimal circuit requirements for adaptive control of whisker

position (see Discussion).
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Simulations in this circuit showed that adaptive whisker protraction (Fig.4B, left) is an emergent
computation and can be dysregulated by either removal of the serotonergic reuptake or increasing the
excitability in the sensory cortex, which was previously shown in SERT-/- animals (Miceli et al., 2017)
(Fig.4B, right). Although simulated animals, similar to rats (Fig.2), continue remapping whisker position
as they approach the tactile target (Fig.4C), in circuits simulations without adaptive sensorimotor control
do not result in a change in increased whisker protraction, similar to the observations in SERT-/- and

fluoxetine animals (Fig.4D, compare it to Fig.2B).
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Figure 4. A computational circuit model of adaptive sensorimotor control. (A) Circuit components
in the network: Barrel cortex subregion of the primary somatosensory cortex (S1), vibrissal motor cortex
(M1), dorsal raphe nuclei (DRN), Superior colliculus (SC), central pattern generator (CPG) and facial
motor nuclei (FMN) are modeled. See Discussion for details on the known anatomical and functional
projections along this network. (B) Relative distance of a whisker tip to the tactile target during
simulated adaptive whisking (red; left figurines) and simulated non-adaptive whisking (blue; right). The
black line is an experimentally observed, randomly selected approach trajectory in a 2D plane, i.e.
change in relative Euclidean distance to the target (dn) as a freely behaving animal approaches a
stationary tactile object. In adaptive whisking, sensory information modulates the motor command:
protraction angle increases given the sensory information collected prior to the current whisk cycle,
whisking amplitude decreases, and whisker retraction is actively controlled to keep the touch duration
constant. Figures summarize the experimental observations regarding whisker protraction amplitude,
set-point and mid-point in the respective group of animals. (C) Simulated tip distance to target (dw) in
relation to body-to-target position. Left: adaptive whisking (red, 1?=0.89); right: non-adaptive whisking
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(blue, r*=0.78). (D) Protraction amplitude, in respect to mid-point, versus the nose distance dn from
target in silico. Left: adaptive whisking (red, r>=0.40); right: non-adaptive whisking (blue, 1><0.01).

Adaptive whisking improves tactile scanning resolution and this difference in whisking pattern is
sufficient to explain the reduced sensory exploration during serotonergic dysfunction (seen in Fig. 1).
The aforementioned computational model might help to unravel whether the reduced likelihood of
tactile exploration observed in the SERT-/- and Fluoxetine groups is a product of the lack of adaptive
motor control. To address this question we simulated sensorimotor exploration of a stationary target in
silico (Fig.5). In this experiment the object was “touch transparent”, as such contact with the target did
not change whiskers’ motion trajectory. This is akin to the “virtual whisker tip position” mapping
described previously (Voigts et al., 2015) and ensures that intended whisker tip position could be
visualized (Fig.5A).

The simulations showed that tactile navigation using adaptive whisker protraction results in in silico
whiskers being positioned at the virtual target (Fig.5A, left) while non-adaptive whisking introduce
localization errors (Fig.5A, right). These results could potentially explain the reduced tactile exploration
observed in experiments (Fig.1E) with SERT-/- and fluoxetine injected animals as the likelihood of
whisker contacts with the target observed in silico closely resemble the experimental observations
(compare Fig.1E to Fig.5B). After the first touch event, the whisker motor commands are modulated
and directed towards the target in adaptive whisking. This target alignment directly increases the

probability of touch events.

Considering that the body locomotion together with the whisking pattern govern the forces at the follicle,
the localization errors observed during non-adaptive whisking could contribute to the reduction in
mechanical forces transmitted to the follicle upon whisker contacts. Simulations showed that the contact
induced forces were indeed significantly smaller during non-adaptive whisker protraction (Fig.5C).
Larger touch induced mechanical information (i.e. force) at the follicle, improved tactile resolution
(reduced localization error), and increased likelihood of sensory exploration argue that adaptive

whisking results in higher signal to noise ratio during sensory acquisition.
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Figure 5. Lack of adaptive motor control alone is sufficient to explain the sensory exploration
pattern upon altered serotonergic transmission. (A) Whisker tip position during exploration of a
stationary target in silico. Grey shaded area represents the edge of tactile target. Density plots quantify
the relative position of the whisker tip during tactile exploration with (Wild type: Contours are drawn
with a step size of 16.5%, range: 16.5-100%) and in the absence of (SERT-/- contours: step size of 12%,
range: 9-100%) adaptive control of whisker protraction. (B) Probability of whisker contact with target
in silico. Red: Adaptive whisker protraction (as seen in rats in wild type and vehicle injected groups);
Blue: Non-adaptive whisker protraction (as performed by SERT-/- and after transient pharmacological
intervention. (C) Mechanical forces (Fx and Fy) and Momentum (M,) evolution at the whisker base
(mean + std) during simulated whisker contacts with tactile target in silico. Color code as in B. The
approach trajectory for the adaptive and non-adaptive whisker protraction are based on behavioral
observations. Touch number 0 in the X axis refers to the last whisking cycle prior to first contact with
the target.

Discussion

Here we showed that persistent or transient SERT inactivation induce lasting impairment of
sensorimotor computation, and interfere with the development of adaptive sensorimotor control during
tactile object localization. Specifically, after serotonergic interventions animals fail to integrate sensory
information to regulate the whisker positions in the subsequent whisk cycles (Fig.2B). Nonetheless these

rats are able to perform object localization successfully, similar to the wild-type and vehicle groups. To
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address whether changes in sensorimotor strategies alter sensory information mechanically transmitted
along the whisker upon whisker contact, we modeled the forces generated at the follicle during active
whisking based on the behavioral data. The results showed that adaptive whisking maximizes the forces
transmitted along the whisker, although this nonlinear mechanical gain modulation is spatially
constrained. A computational circuit model of adaptive versus non-adaptive (uniform) whisking showed
that inactivation of the communication between primary somatosensory and primary motor cortices
impairs adaptive whisking sensorimotor control. The results also indicated that adaptive whisking
improves tactile scanning resolution and confirmed the finding that adaptive whisking strategy increases
sensory information transmitted during tactile exploration. Higher scanning resolution and stronger
signal representation at the follicle translates to higher signal to noise ratio in sensory acquisition. The
outcome of the simulation further proposed that the difference in whisking pattern between the two

groups is sufficient to explain the sensory exploration pattern after alterations in serotonin transmission.

Altered excitation/inhibition balance might explain serotonergic phenotypes

Changes in the serotonergic drive early in life might have long-term behavioral consequences including
depression and anxiety (McAllister et al., 2012; Francis-Oliveira et al., 2013; Kiryanova et al., 2013;
Kroeze et al., 2016), deficit in circadian rhythmicity (Kiryanova et al., 2013), reduction in body weight
(McAllister et al., 2012; Kroeze et al., 2016), decreased social behavior (Kiryanova et al., 2013), reduced
sexual motivation (Kiryanova et al., 2013; Vieira et al., 2013; Rayen et al., 2014), (Kiryanova et al.,
2013; Kroeze et al., 2016), and might alter reward processing and learning & memory (Kiryanova et al.,
2013). Impaired sensorimotor integration, upon serotonergic dysregulation, might contribute to the
expression of many of these phenotypes (Francis-Oliveira et al., 2013; Kroeze et al., 2016). Altered
serotonergic drive might also result in miswiring of sensorimotor circuits, and thus cause sensorimotor
deficits. Elevated serotonin levels during the critical period disrupts locomotion (Bairy et al., 2007; Lee
et al., 2008; Lee and Lee, 2012; Kiryanova et al., 2013; Kroeze et al., 2016), decreases novel object
exploration (Rodriguez-Porcel et al., 2011; Kiryanova et al., 2013; Kroeze et al., 2016) and causes delay
in development of several reflexes and muscle strength (Deir6 et al., 2006; Bairy et al., 2007;
Zimmerberg and Germeyan, 2015; Kroeze et al., 2016) possibly via structural changes in the circuit
organization (Kiryanova et al., 2013). On the other hand, the lack of adaptive sensorimotor control in
adult rats with early changes in serotonergic drive is also seen in juvenile animals which have not been
fully matured yet. Interestingly, it has been demonstrated that fluoxetine exposure leads to a juvenile-

like state of neurons across brain regions, including sensory cortices, in adults (Umemaori et al., 2018).

16


http://f1000.com/work/citation?ids=4844623,4846152,4827028,4846158&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=4844623,4846152,4827028,4846158&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=4844623&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=4846152,4827028&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=4844623&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=4844623,4846156,4846155&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=4844623,4827028&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=4844623,4827028&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=4844623&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=4844623&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=4827028,4846158&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=4844623,4827028,3906639,4827230,4827219&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0
http://f1000.com/work/citation?ids=4844623,4827028,3906639,4827230,4827219&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0
http://f1000.com/work/citation?ids=4844623,4827028,4827248&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=4827028,4827185,4827230,3373653&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=4827028,4827185,4827230,3373653&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=4844623&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=5585531&pre=&suf=&sa=0
https://doi.org/10.1101/762534

bioRxiv preprint doi: https://doi.org/10.1101/762534; this version posted September 10, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Accordingly, the non-adaptive whisking seen in SERT-/- rats and postnatally fluoxetine exposed rats
may be a by-product of increased exploratory drive compensating for the lack of adaptive whisking.
Alternatively, the sensorimotor deficits might be a consequence of an altered balance between excitation
and inhibition (E/I) as elevated serotonin levels during development impairs feedforward inhibition and
facilitate excitatory drive in the somatosensory system (Miceli et al., 2017). Considering that altered E/I
balance is critical for preventing runaway excitation, sharpening stimulus selectivity, and increasing the
overall sparseness of stimulus representations, a local change in E/I balance in sensory systems might
have global consequences on the perceptual, cognitive and motor deficits (Pang et al., 2011; Murray et
al., 2014; Juczewski et al., 2016; Lainscsek et al., 2019), even in invertebrates (Hughes and Celikel,
2019). Given the regulatory close-loop between serotonergic drive and sensory experience (Yan et al,

submitted) the impact of the transient alterations in E/I balance could be sustained in longer time scales.

A network model of whisking

To provide a simplified circuit model of adaptive computation where serotonergic dysregulation to
sensorimotor integration can be quantitatively studied, we deployed a graph based network model
whisking. The model is based on the known principles of neural representations and circuit connectivity
across sensorimotor nuclei (see results and below). We have repeated the behavioral experiments
(Fig.1-2) in silico to validate our model, and finally used it to address the circuit mechanisms of adaptive

whisking.

Behavioral and in silico experiments showed that control animals (wild-type and vehicle groups)
modulate the whisker protraction based on the recent sensory information by adjusting the midpoint of
whisking. In control animals peak to peak amplitude of whisking decreases and whisking rhythm is
regulated to keep the contact duration constant independent from the relative position of the body and
whiskers in respect to the target. M1 is a possible candidate that controls the amplitude and midpoint of
the envelope of whisking (Berg and Kleinfeld, 2003a; Brecht et al., 2004; Diamond et al., 2008). Hill et
al. (Hill et al., 2011) found that the majority of single units in vM1 cortex code for variation in amplitude
and midpoint of whisking. Since these motor representations are not influenced by inactivation of the
trigeminal sensory input, these signals should be generated by a central source, plausibly in M1. In our
whisking network model, we have a modulatory unit that applies the same controls on whisking pattern
upon activation (see Figure 4A). When simulated whiskers contact the target, incoming sensory
information drives the M1 module to apply goal-oriented modulation on whisking pattern. The peak to

peak amplitude decreases and the maximum protraction angle increases.
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Touch events modulate whisking by driving the adaptive motor control as well as through a regulatory
circuit that keeps the duration (duty cycle) constant (Azarfar and Celikel, 2019). S1 (barrel cortical)
neurons encode the touch event and its duration both at the single-cell and population levels (Brecht and
Sakmann, 2002; O’Connor et al., 2002; Ganguly and Kleinfeld, 2004; Crochet and Petersen, 2006;
Derdikman et al., 2006; Ferezou et al., 2006; Hentschke et al., 2006; Yu et al., 2019). S1 spiking
correlates by rapidly varying signals that represent the phase of the motion during rhythmic whisking
(Crochet and Petersen, 2006; Curtis and Kleinfeld, 2009; de Kock and Sakmann, 2009; Lundstrom et
al., 2010). S1 is also linked to adaptive whisking; whisking increases phase-locking between vibrissa
movement and electrical activity in barrel cortex (Brecht and Sakmann, 2002; O’Connor et al., 2002;
Ganguly and Kleinfeld, 2004; Crochet and Petersen, 2006; Derdikman et al., 2006; Ferezou et al., 2006;
Hentschke et al., 2006) while targeted stimulation of S1 results in whisker retraction (Matyas et al.,
2010). In our in silico model, the S1 module detects the contact timing and whisker phase during a touch
event. Information from S1 is ultimately integrated with the reafference copy (Crapse and Sommer,
2008) of the control signal in M1 to calculate the error between the planned whisking path and the
current location (i.e. interrupted path) upon a contact event. Touch duration in S1 is further used to
retract the whisker which ensures the constancy of touch duration. This calculation could emerge in a

variety of brain regions (Matyas et al., 2010), including the posterior parietal cortex (Mohan et al., 2017).

In free whisking, rhythmic motion is the dominant mode of whisking (Berg and Kleinfeld, 2003b).
However, in adaptive whisking this rhythmic movement is altered by adjusting the whisk amplitude and
midpoint of whisk cycle (Mehta et al., 2007; O’Connor et al., 2010; Voigts et al., 2015). M1 could have
an instructive role over this cyclical pattern of whisking (Gao et al., 2003). In our model we have two
central pattern generator (CPG) modules, one for protraction, the other retraction generation. In the
absence of sensory input (free whisking), the output of these two modules directly govern the whisking
pattern. In case of contact, the M1 modules manipulates their output to instruct adaptive whisking,

possibly via superior colliculus (Hemelt and Keller, 2008).

The serotonergic system contributes to sensorimotor system prominently through its projections via
DRN (Commons, 2015; Schubert et al., 2015). Although these projections target most of the neocortex,
in the current model, DRN regulates only a limited subset of neural loci as shown in Fig.4 as our focus

is to provide a minimum circuit model that could drive adaptive sensorimotor control.
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The final motor command (whisker angle/phase) is connected to a virtual model of whisker (Towal et
al., 2011; Quist and Hartmann, 2012). Our whisker is modeled with a parabola and bends upon contact.
We use the egocentric information of the whisker position combined with allocentric information of
body-to-target position of the animal in the simulation as input to our whisker model. Using this model
we calculate the bending along the whisker and the forces at the whisker’s base. The body locomotion
(allocentric) information in simulation is learned and determined through experimental data of rats
performing gap crossing task. Using this in-silico whisker model, the consequences of adaptive motor

control on sensory acquisition is simulated.

Outlook

The present study demonstrates that reduction of SERT during early development, either by blocking 5-
HTT using an SSRI (fluoxetine) or by genetic deletion of SERT, have long-term effects on sensorimotor
computation and impairs emergence of adaptive whisking, in agreement with the observations on the
serotonergic contributions to motor development (Kroeze et al., 2016). As a result, whisker contacts
transmit less mechanical information to whisker follicle. Considering our previous observations on the
reduction of inhibitory drive and increased feedforward excitation in the primary somatosensory cortex
(Miceli et al., 2017), and the observations that SERT-/- deletion reduces the thalamocortical projections
targeting the cortical layer 4 (Miceli et al., 2013), it is tempting to speculate that the change in cortical
excitability is a compensatory change to facilitate the detection of weak signals originating from the
periphery. Regulating the excitability of inhibitory neurons in Layer 4 in a cell type specific manner
during object localization will provide a mechanistic insight into the neural basis of touch sensation. Re-
balancing excitatory and inhibitory drive in the somatosensory cortex will also alter the communication

between S1 and M1, is expected to rescue the adaptive sensorimotor control even in adulthood.

19


http://f1000.com/work/citation?ids=1172319,3902855&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=1172319,3902855&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=3434706&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=4392717&pre=&suf=&sa=0
https://doi.org/10.1101/762534

bioRxiv preprint doi: https://doi.org/10.1101/762534; this version posted September 10, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Bibliography

Ansorge MS, Morelli E, Gingrich JA (2008) Inhibition of serotonin but not norepinephrine transport
during development produces delayed, persistent perturbations of emotional behaviors in mice. J
Neurosci 28:199-207.

Ansorge MS, Zhou M, Lira A, Hen R, Gingrich JA (2004) Early-life blockade of the 5-HT transporter
alters emotional behavior in adult mice. Science 306:879-881.

Azarfar A, Calcini N, Huang C, Zeldenrust F, Celikel T (2018a) Neural coding: A single neuron’s
perspective. Neurosci Biobehav Rev 94:238-247.

Azarfar A, Celikel T (2019) Development of adaptive motor control for tactile navigation. BioRxiv.
doi.org/10.1101/762443

Azarfar A, Zhang Y, Alishbayli A, Miceli S, Kepser L, van der Wielen D, van de Moosdijk M,
Homberg J, Schubert D, Proville R, Celikel T (2018b) An open-source high-speed infrared
videography database to study the principles of active sensing in freely navigating rodents.
Gigascience 7(12). doi: 10.1093/gigascience/giy134.

Bairy KL, Madhyastha S, Ashok KP, Bairy I, Malini S (2007) Developmental and behavioral
consequences of prenatal fluoxetine. Pharmacology 79:1-11.

Berg RW, Kleinfeld D (2003a) Vibrissa movement elicited by rhythmic electrical microstimulation to
motor cortex in the aroused rat mimics exploratory whisking. J Neurophysiol 90:2950-2963.

Berg RW, Kleinfeld D (2003b) Rhythmic whisking by rat: retraction as well as protraction of the
vibrissae is under active muscular control. J Neurophysiol 89:104—117.

Bosman LWJ, Houweling AR, Owens CB, Tanke N, Shevchouk OT, Rahmati N, Teunissen WHT, Ju
C, Gong W, Koekkoek SKE, De Zeeuw CI (2011) Anatomical pathways involved in generating
and sensing rhythmic whisker movements. Front Integr Neurosci 5:53.

Boubenec Y, Shulz DE, Debrégeas G (2012) Whisker encoding of mechanical events during active
tactile exploration. Front Behav Neurosci 6:74.

Brecht M, Sakmann B (2002) Dynamic representation of whisker deflection by synaptic potentials in
spiny stellate and pyramidal cells in the barrels and septa of layer 4 rat somatosensory cortex. J
Physiol (Lond) 543:49-70.

Brecht M, Schneider M, Sakmann B, Margrie TW (2004) Whisker movements evoked by stimulation
of single pyramidal cells in rat motor cortex. Nature 427:704—710.

Carvell GE, Simons DJ (1990) Biometric analyses of vibrissal tactile discrimination in the rat. J
Neurosci 10:2638-2648.

Celikel T, Sakmann B (2007) Sensory integration across space and in time for decision making in the
somatosensory system of rodents. Proc Natl Acad Sci USA 104:1395-1400.

Commons KG (2015) Two major network domains in the dorsal raphe nucleus. J Comp Neurol
523:1488-1504.

20


http://f1000.com/work/bibliography
http://f1000.com/work/bibliography/274545
http://f1000.com/work/bibliography/274545
http://f1000.com/work/bibliography/274545
http://f1000.com/work/bibliography/2592125
http://f1000.com/work/bibliography/2592125
http://f1000.com/work/bibliography/5846627
http://f1000.com/work/bibliography/5846627
http://f1000.com/work/bibliography/7439736
http://f1000.com/work/bibliography/6126208
http://f1000.com/work/bibliography/6126208
http://f1000.com/work/bibliography/6126208
http://f1000.com/work/bibliography/6126208
http://f1000.com/work/bibliography/4827230
http://f1000.com/work/bibliography/4827230
http://f1000.com/work/bibliography/4119604
http://f1000.com/work/bibliography/4119604
http://f1000.com/work/bibliography/3903959
http://f1000.com/work/bibliography/3903959
http://f1000.com/work/bibliography/348796
http://f1000.com/work/bibliography/348796
http://f1000.com/work/bibliography/348796
http://f1000.com/work/bibliography/1354066
http://f1000.com/work/bibliography/1354066
http://f1000.com/work/bibliography/846433
http://f1000.com/work/bibliography/846433
http://f1000.com/work/bibliography/846433
http://f1000.com/work/bibliography/22213
http://f1000.com/work/bibliography/22213
http://f1000.com/work/bibliography/1172513
http://f1000.com/work/bibliography/1172513
http://f1000.com/work/bibliography/1451830
http://f1000.com/work/bibliography/1451830
http://f1000.com/work/bibliography/7316827
http://f1000.com/work/bibliography/7316827
https://doi.org/10.1101/762534

bioRxiv preprint doi: https://doi.org/10.1101/762534; this version posted September 10, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Cramer NP, Keller A (2006) Cortical control of a whisking central pattern generator. J Neurophysiol
96:209-217.

Crapse TB, Sommer MA (2008) Corollary discharge across the animal kingdom. Nat Rev Neurosci
9:587-600.

Crochet S, Petersen CCH (2006) Correlating whisker behavior with membrane potential in barrel
cortex of awake mice. Nat Neurosci 9:608-610.

Curtis JC, Kleinfeld D (2009) Phase-to-rate transformations encode touch in cortical neurons of a
scanning sensorimotor system. Nat Neurosci 12:492-501.

Derdikman D, Yu C, Haidarliu S, Bagdasarian K, Arieli A, Ahissar E (2006) Layer-specific touch-
dependent facilitation and depression in the somatosensory cortex during active whisking. J
Neurosci 26:9538-9547.

de Kock CPJ, Sakmann B (2009) Spiking in primary somatosensory cortex during natural whisking in
awake head-restrained rats is cell-type specific. Proc Natl Acad Sci USA 106:16446—16450.

Deir6é TCBJ, Manhaes-de-Castro R, Cabral-Filho JE, Barreto-Medeiros JM, Souza SL, Marinho
SMOC, Castro FMM, Toscano AE, Jesus-Deiré RA, Barros KMFT (2006) Sertraline delays the
somatic growth and reflex ontogeny in neonate rats. Physiol Behav 87:338-344.

Diamond ME, von Heimendahl M, Knutsen PM, Kleinfeld D, Ahissar E (2008) “Where” and “what”
in the whisker sensorimotor system. Nat Rev Neurosci 9:601-612.

Dominiak SE, Nashaat MA, Sehara K, Oraby H, Larkum ME, Sachdev RN (2019) Whisking signals
motor preparation and the behavioral state of mice. BioRxiv.

Erzurumlu RS, Gaspar P (2012) Development and critical period plasticity of the barrel cortex. Eur J
Neurosci 35:1540-1553.

Ferezou I, Bolea S, Petersen CCH (2006) Visualizing the cortical representation of whisker touch:
voltage-sensitive dye imaging in freely moving mice. Neuron 50:617—629.

Francis-Oliveira J, Ponte B, Barbosa APM, Verissimo LF, Gomes MV, Pelosi GG, Britto LRG de,
Moreira EG (2013) Fluoxetine exposure during pregnancy and lactation: Effects on acute stress
response and behavior in the novelty-suppressed feeding are age and gender-dependent in rats.
Behav Brain Res 252:195-203.

Ganguly K, Kleinfeld D (2004) Goal-directed whisking increases phase-locking between vibrissa
movement and electrical activity in primary sensory cortex in rat. Proc Natl Acad Sci USA
101:12348-12353.

Gao P, Bermejo R, Zeigler HP (2001) Whisker deafferentation and rodent whisking patterns:
behavioral evidence for a central pattern generator. J Neurosci 21:5374—-5380.

Gao P, Hattox AM, Jones LM, Keller A, Zeigler HP (2003) Whisker motor cortex ablation and
whisker movement patterns. Somatosens Mot Res 20:191-198.

Grant RA, Mitchinson B, Prescott TJ (2012a) The development of whisker control in rats in relation to

21


http://f1000.com/work/bibliography/5723968
http://f1000.com/work/bibliography/5723968
http://f1000.com/work/bibliography/335112
http://f1000.com/work/bibliography/335112
http://f1000.com/work/bibliography/126438
http://f1000.com/work/bibliography/126438
http://f1000.com/work/bibliography/479788
http://f1000.com/work/bibliography/479788
http://f1000.com/work/bibliography/1160430
http://f1000.com/work/bibliography/1160430
http://f1000.com/work/bibliography/1160430
http://f1000.com/work/bibliography/1172256
http://f1000.com/work/bibliography/1172256
http://f1000.com/work/bibliography/4827185
http://f1000.com/work/bibliography/4827185
http://f1000.com/work/bibliography/4827185
http://f1000.com/work/bibliography/278288
http://f1000.com/work/bibliography/278288
http://f1000.com/work/bibliography/6594060
http://f1000.com/work/bibliography/6594060
http://f1000.com/work/bibliography/767475
http://f1000.com/work/bibliography/767475
http://f1000.com/work/bibliography/1172384
http://f1000.com/work/bibliography/1172384
http://f1000.com/work/bibliography/4846158
http://f1000.com/work/bibliography/4846158
http://f1000.com/work/bibliography/4846158
http://f1000.com/work/bibliography/4846158
http://f1000.com/work/bibliography/84136
http://f1000.com/work/bibliography/84136
http://f1000.com/work/bibliography/84136
http://f1000.com/work/bibliography/4153224
http://f1000.com/work/bibliography/4153224
http://f1000.com/work/bibliography/3903972
http://f1000.com/work/bibliography/3903972
http://f1000.com/work/bibliography/4300164
https://doi.org/10.1101/762534

bioRxiv preprint doi: https://doi.org/10.1101/762534; this version posted September 10, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

locomotion. Dev Psychobiol 54:151-168.

Grant RA, Sperber AL, Prescott TJ (2012b) The role of orienting in vibrissal touch sensing. Front
Behav Neurosci 6:39.

Hemelt ME, Keller A (2008) Superior colliculus control of vibrissa movements. J Neurophysiol
100:1245-1254.

Hensch TK (2005) Critical period plasticity in local cortical circuits. Nat Rev Neurosci 6:877—-888.

Hentschke H, Haiss F, Schwarz C (2006) Central signals rapidly switch tactile processing in rat barrel
cortex during whisker movements. Cereb Cortex 16:1142—-1156.

Hill DN, Curtis JC, Moore JD, Kleinfeld D (2011) Primary motor cortex reports efferent control of
vibrissa motion on multiple timescales. Neuron 72:344-356.

Hires SA, Efros AL, Svoboda K (2013a) Whisker dynamics underlying tactile exploration. J Neurosci
33:9576-9591.

Hires SA, Pammer L, Svoboda K, Golomb D (2013b) Tapered whiskers are required for active tactile
sensation. elife 2:¢01350.

Homberg JR, Olivier JDA, Smits BMG, Mul JD, Mudde J, Verheul M, Nieuwenhuizen OFM, Cools
AR, Ronken E, Cremers T, Schoffelmeer ANM, Ellenbroek BA, Cuppen E (2007)
Characterization of the serotonin transporter knockout rat: a selective change in the functioning
of the serotonergic system. Neuroscience 146:1662—1676.

Hughes S, Celikel T (2019) Prominent inhibitory projections guide sensorimotor computation: An
invertebrate perspective.BioEssays. DOI 10.1002/bies.201900088.

Juczewski K, von Richthofen H, Bagni C, Celikel T, Fisone G, Krieger P (2016) Somatosensory map
expansion and altered processing of tactile inputs in a mouse model of fragile X syndrome.
Neurobiol Dis 96:201-215.

Kanold PO, Shatz CJ (2006) Subplate neurons regulate maturation of cortical inhibition and outcome
of ocular dominance plasticity. Neuron 51:627—638.

Kiryanova V, McAllister BB, Dyck RH (2013) Long-term outcomes of developmental exposure to
fluoxetine: a review of the animal literature. Dev Neurosci 35:437-439.

Kleinfeld D, Berg RW, O’Connor SM (1999) Anatomical loops and their electrical dynamics in
relation to whisking by rat. Somatosens Mot Res 16:69—88.

Kleinfeld D, Deschénes M, Moore JD (2015) The central pattern generator for rhythmic whisking. In:
Sensorimotor integration in the whisker system (Krieger P, Groh A, eds), pp 149—-165. New
York, NY: Springer New York.

Kroeze Y, Dirven B, Janssen S, Krohnke M, Barte RM, Middelman A, van Bokhoven H, Zhou H,
Homberg JR (2016) Perinatal reduction of functional serotonin transporters results in
developmental delay. Neuropharmacology 109:96—111.

22


http://f1000.com/work/bibliography/4300164
http://f1000.com/work/bibliography/3703007
http://f1000.com/work/bibliography/3703007
http://f1000.com/work/bibliography/4121026
http://f1000.com/work/bibliography/4121026
http://f1000.com/work/bibliography/16058
http://f1000.com/work/bibliography/1354042
http://f1000.com/work/bibliography/1354042
http://f1000.com/work/bibliography/337886
http://f1000.com/work/bibliography/337886
http://f1000.com/work/bibliography/4109541
http://f1000.com/work/bibliography/4109541
http://f1000.com/work/bibliography/348798
http://f1000.com/work/bibliography/348798
http://f1000.com/work/bibliography/2579196
http://f1000.com/work/bibliography/2579196
http://f1000.com/work/bibliography/2579196
http://f1000.com/work/bibliography/2579196
http://f1000.com/work/bibliography/7256736
http://f1000.com/work/bibliography/7256736
http://f1000.com/work/bibliography/2089168
http://f1000.com/work/bibliography/2089168
http://f1000.com/work/bibliography/2089168
http://f1000.com/work/bibliography/758101
http://f1000.com/work/bibliography/758101
http://f1000.com/work/bibliography/4844623
http://f1000.com/work/bibliography/4844623
http://f1000.com/work/bibliography/1172262
http://f1000.com/work/bibliography/1172262
http://f1000.com/work/bibliography/5479706
http://f1000.com/work/bibliography/5479706
http://f1000.com/work/bibliography/5479706
http://f1000.com/work/bibliography/4827028
http://f1000.com/work/bibliography/4827028
http://f1000.com/work/bibliography/4827028
https://doi.org/10.1101/762534

bioRxiv preprint doi: https://doi.org/10.1101/762534; this version posted September 10, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Lainscsek C, Sampson AL, Kim R, Thomas ML, Man K, Lainscsek X, COGS Investigators,
Swerdlow NR, Braff DL, Sejnowski TJ, Light GA (2019) Nonlinear dynamics underlying
sensory processing dysfunction in schizophrenia. Proc Natl Acad Sci USA 116:3847-3852.

Lee L-J, Lee LJ-H (2012) Neonatal fluoxetine exposure alters motor performances of adolescent rats.
Dev Neurobiol 72:1122-1132.

Lee S-B, Lee HS, Waterhouse BD (2008) The collateral projection from the dorsal raphe nucleus to
whisker-related, trigeminal sensory and facial motor systems in the rat. Brain Res 1214:11-22.

Levelt CN, Hiibener M (2012) Critical-period plasticity in the visual cortex. Annu Rev Neurosci
35:309-330.

Lundstrom BN, Fairhall AL, Maravall M (2010) Multiple timescale encoding of slowly varying
whisker stimulus envelope in cortical and thalamic neurons in vivo. J Neurosci 30:5071-5077.

Martens MB, Celikel T, Tiesinga PHE (2015) A developmental switch for hebbian plasticity. PLoS
Comput Biol 11:e1004386.

Matyas F, Sreenivasan V, Marbach F, Wacongne C, Barsy B, Mateo C, Aronoff R, Petersen CCH
(2010) Motor control by sensory cortex. Science 330:1240-1243.

McAllister BB, Kiryanova V, Dyck RH (2012) Behavioural outcomes of perinatal maternal fluoxetine
treatment. Neuroscience 226:356-366.

Mehta SB, Whitmer D, Figueroa R, Williams BA, Kleinfeld D (2007) Active spatial perception in the
vibrissa scanning sensorimotor system. PLoS Biol 5:el5.

Miceli S, Nadif Kasri N, Joosten J, Huang C, Kepser L, Proville R, Selten MM, van Eijs F, Azarfar A,
Homberg JR, Celikel T, Schubert D (2017) Reduced Inhibition within Layer IV of Sert Knockout
Rat Barrel Cortex is Associated with Faster Sensory Integration. Cereb Cortex 27:933-949.

Miceli S, Negwer M, van Eijs F, Kalkhoven C, van Lierop I, Homberg J, Schubert D (2013) High
serotonin levels during brain development alter the structural input-output connectivity of neural
networks in the rat somatosensory layer IV. Front Cell Neurosci 7:88.

Mitchinson B, Martin CJ, Grant RA, Prescott TJ (2007) Feedback control in active sensing: rat
exploratory whisking is modulated by environmental contact. Proc Biol Sci 274:1035-1041.

Mohan H, de Haan R, Mansvelder HD, de Kock CPJ (2017) The posterior parietal cortex as
integrative hub for whisker sensorimotor information. Neuroscience 368:240-245.

Morillon B, Hackett TA, Kajikawa Y, Schroeder CE (2015) Predictive motor control of sensory
dynamics in auditory active sensing. Curr Opin Neurobiol 31:230-238.

Moses-Kolko EL, Bogen D, Perel J, Bregar A, Uhl K, Levin B, Wisner KL (2005) Neonatal signs
after late in utero exposure to serotonin reuptake inhibitors: literature review and implications for
clinical applications. JAMA 293:2372-2383.

Murray JD, Anticevic A, Gancsos M, Ichinose M, Corlett PR, Krystal JH, Wang X-J (2014) Linking
microcircuit dysfunction to cognitive impairment: effects of disinhibition associated with

23


http://f1000.com/work/bibliography/6466473
http://f1000.com/work/bibliography/6466473
http://f1000.com/work/bibliography/6466473
http://f1000.com/work/bibliography/4827219
http://f1000.com/work/bibliography/4827219
http://f1000.com/work/bibliography/3906639
http://f1000.com/work/bibliography/3906639
http://f1000.com/work/bibliography/627086
http://f1000.com/work/bibliography/627086
http://f1000.com/work/bibliography/4120473
http://f1000.com/work/bibliography/4120473
http://f1000.com/work/bibliography/3981484
http://f1000.com/work/bibliography/3981484
http://f1000.com/work/bibliography/83776
http://f1000.com/work/bibliography/83776
http://f1000.com/work/bibliography/4846152
http://f1000.com/work/bibliography/4846152
http://f1000.com/work/bibliography/479785
http://f1000.com/work/bibliography/479785
http://f1000.com/work/bibliography/3434706
http://f1000.com/work/bibliography/3434706
http://f1000.com/work/bibliography/3434706
http://f1000.com/work/bibliography/4392717
http://f1000.com/work/bibliography/4392717
http://f1000.com/work/bibliography/4392717
http://f1000.com/work/bibliography/3703005
http://f1000.com/work/bibliography/3703005
http://f1000.com/work/bibliography/3929569
http://f1000.com/work/bibliography/3929569
http://f1000.com/work/bibliography/1375112
http://f1000.com/work/bibliography/1375112
http://f1000.com/work/bibliography/1058074
http://f1000.com/work/bibliography/1058074
http://f1000.com/work/bibliography/1058074
http://f1000.com/work/bibliography/416612
http://f1000.com/work/bibliography/416612
https://doi.org/10.1101/762534

bioRxiv preprint doi: https://doi.org/10.1101/762534; this version posted September 10, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

schizophrenia in a cortical working memory model. Cereb Cortex 24:859—-872.

Nelson ME, Maclver MA (2006) Sensory acquisition in active sensing systems. J Comp Physiol A
Neuroethol Sens Neural Behav Physiol 192:573-586.

Olivier JDA, Van Der Hart MGC, Van Swelm RPL, Dederen PJ, Homberg JR, Cremers T, Deen
PMT, Cuppen E, Cools AR, Ellenbroek BA (2008) A study in male and female 5-HT transporter
knockout rats: an animal model for anxiety and depression disorders. Neuroscience 152:573—-584.

O’Connor DH, Clack NG, Huber D, Komiyama T, Myers EW, Svoboda K (2010) Vibrissa-based
object localization in head-fixed mice. J Neurosci 30:1947-1967.

O’Connor SM, Berg RW, Kleinfeld D (2002) Coherent electrical activity between vibrissa sensory
areas of cerebellum and neocortex is enhanced during free whisking. J Neurophysiol 87:2137—
2148.

Pammer L, O’Connor DH, Hires SA, Clack NG, Huber D, Myers EW, Svoboda K (2013) The
mechanical variables underlying object localization along the axis of the whisker. J Neurosci
33:6726-6741.

Pang RD, Wang Z, Klosinski LP, Guo Y, Herman DH, Celikel T, Dong HW, Holschneider DP (2011)
Mapping functional brain activation using [ 14C]-iodoantipyrine in male serotonin transporter
knockout mice. PLoS ONE 6:e23869.

Petersen CCH (2014) Cortical control of whisker movement. Annu Rev Neurosci 37:183—-203.

Quist BW, Hartmann MJZ (2012) Mechanical signals at the base of a rat vibrissa: the effect of
intrinsic vibrissa curvature and implications for tactile exploration. J Neurophysiol 107:2298—
2312.

Rayen I, Steinbusch HWM, Charlier TD, Pawluski JL (2014) Developmental fluoxetine exposure
facilitates sexual behavior in female offspring. Psychopharmacology (Berl) 231:123-133.

Rice FL, Mance A, Munger BL (1986) A comparative light microscopic analysis of the sensory
innervation of the mystacial pad. 1. Innervation of vibrissal follicle-sinus complexes. J Comp
Neurol 252:154-174.

Rodriguez-Porcel F, Green D, Khatri N, Harris SS, May WL, Lin RCS, Paul IA (2011) Neonatal
exposure of rats to antidepressants affects behavioral reactions to novelty and social interactions
in a manner analogous to autistic spectrum disorders. Anat Rec (Hoboken) 294:1726-1735.

Schubert D, Nadif Kasri N, Celikel T, Homberg J (2015) Impact of monoaminergic neuromodulators
on the development of sensorimotor circuits. In: Sensorimotor Integration in the Whisker System
(Krieger P, Groh A, eds), pp 243-273. Springer.

Shemer AV, Azmitia EC, Whitaker-Azmitia PM (1991) Dose-related effects of prenatal 5-
methoxytryptamine (5-MT) on development of serotonin terminal density and behavior. Brain
Res Dev Brain Res 59:59-63.

Simpson KL, Weaver KJ, de Villers-Sidani E, Lu JY-F, Cai Z, Pang Y, Rodriguez-Porcel F, Paul 1A,

24


http://f1000.com/work/bibliography/416612
http://f1000.com/work/bibliography/1354071
http://f1000.com/work/bibliography/1354071
http://f1000.com/work/bibliography/4032199
http://f1000.com/work/bibliography/4032199
http://f1000.com/work/bibliography/4032199
http://f1000.com/work/bibliography/83760
http://f1000.com/work/bibliography/83760
http://f1000.com/work/bibliography/4120498
http://f1000.com/work/bibliography/4120498
http://f1000.com/work/bibliography/4120498
http://f1000.com/work/bibliography/1172390
http://f1000.com/work/bibliography/1172390
http://f1000.com/work/bibliography/1172390
http://f1000.com/work/bibliography/3581945
http://f1000.com/work/bibliography/3581945
http://f1000.com/work/bibliography/3581945
http://f1000.com/work/bibliography/978648
http://f1000.com/work/bibliography/3902855
http://f1000.com/work/bibliography/3902855
http://f1000.com/work/bibliography/3902855
http://f1000.com/work/bibliography/4846156
http://f1000.com/work/bibliography/4846156
http://f1000.com/work/bibliography/3903441
http://f1000.com/work/bibliography/3903441
http://f1000.com/work/bibliography/3903441
http://f1000.com/work/bibliography/4827248
http://f1000.com/work/bibliography/4827248
http://f1000.com/work/bibliography/4827248
http://f1000.com/work/bibliography/2630236
http://f1000.com/work/bibliography/2630236
http://f1000.com/work/bibliography/2630236
http://f1000.com/work/bibliography/4827139
http://f1000.com/work/bibliography/4827139
http://f1000.com/work/bibliography/4827139
http://f1000.com/work/bibliography/73020
https://doi.org/10.1101/762534

bioRxiv preprint doi: https://doi.org/10.1101/762534; this version posted September 10, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Merzenich M, Lin RCS (2011) Perinatal antidepressant exposure alters cortical network function
in rodents. Proc Natl Acad Sci USA 108:18465—-18470.

Solomon JH, Hartmann MJ (2006) Biomechanics: robotic whiskers used to sense features. Nature
443:525.

Sreenivasan V, Esmaeili V, Kiritani T, Galan K, Crochet S, Petersen CCH (2016) Movement initiation
signals in mouse whisker motor cortex. Neuron 92:1368—1382.

Towal RB, Hartmann MJZ (2008) Variability in velocity profiles during free-air whisking behavior of
unrestrained rats. J Neurophysiol 100:740-752.

Towal RB, Quist BW, Gopal V, Solomon JH, Hartmann MJZ (2011) The morphology of the rat
vibrissal array: a model for quantifying spatiotemporal patterns of whisker-object contact. PLoS
Comput Biol 7:¢1001120.

Umemori J, Winkel F, Didio G, Llach Pou M, Castrén E (2018) iPlasticity: Induced juvenile-like
plasticity in the adult brain as a mechanism of antidepressants. Psychiatry Clin Neurosci 72:633—
653.

Vieira ML, Hamada RY, Gonzaga NI, Bacchi AD, Barbieri M, Moreira EG, Mesquita S de FP,
Gerardin DCC (2013) Could maternal exposure to the antidepressants fluoxetine and St. John’s
Wort induce long-term reproductive effects on male rats? Reprod Toxicol 35:102—107.

Voigts J, Herman DH, Celikel T (2015) Tactile object localization by anticipatory whisker motion. J
Neurophysiol 113:620—632.

Voigts J, Sakmann B, Celikel T (2008) Unsupervised whisker tracking in unrestrained behaving
animals. J Neurophysiol 100:504-515.

Whitaker-Azmitia PM (1991) Role of serotonin and other neurotransmitter receptors in brain
development: basis for developmental pharmacology. Pharmacol Rev 43:553-561.

Wiesel TN, Hubel DH (1963) Effects of visual deprivation on morphology and physiology of cells in
the cats lateral geniculate body. J Neurophysiol 26:978—993.

Williams CM, Kramer EM (2010) The advantages of a tapered whisker. PLoS ONE 5:e8806.

YuJ, Hu H, Agmon A, Svoboda K (2019) Recruitment of GABAergic Interneurons in the Barrel
Cortex during Active Tactile Behavior. Neuron.

Zimmerberg B, Germeyan SC (2015) Effects of neonatal fluoxetine exposure on behavior across
development in rats selectively bred for an infantile affective trait. Dev Psychobiol 57:141-152.

25


http://f1000.com/work/bibliography/73020
http://f1000.com/work/bibliography/73020
http://f1000.com/work/bibliography/4109544
http://f1000.com/work/bibliography/4109544
http://f1000.com/work/bibliography/3160843
http://f1000.com/work/bibliography/3160843
http://f1000.com/work/bibliography/3214836
http://f1000.com/work/bibliography/3214836
http://f1000.com/work/bibliography/1172319
http://f1000.com/work/bibliography/1172319
http://f1000.com/work/bibliography/1172319
http://f1000.com/work/bibliography/5585531
http://f1000.com/work/bibliography/5585531
http://f1000.com/work/bibliography/5585531
http://f1000.com/work/bibliography/4846155
http://f1000.com/work/bibliography/4846155
http://f1000.com/work/bibliography/4846155
http://f1000.com/work/bibliography/1451829
http://f1000.com/work/bibliography/1451829
http://f1000.com/work/bibliography/1454016
http://f1000.com/work/bibliography/1454016
http://f1000.com/work/bibliography/4827126
http://f1000.com/work/bibliography/4827126
http://f1000.com/work/bibliography/1172742
http://f1000.com/work/bibliography/1172742
http://f1000.com/work/bibliography/348799
http://f1000.com/work/bibliography/7389934
http://f1000.com/work/bibliography/7389934
http://f1000.com/work/bibliography/3373653
http://f1000.com/work/bibliography/3373653
https://doi.org/10.1101/762534

