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 Multivibrissal sensory integration may be accomplished through the interaction of 

interference patterns from fast oscillatory (FO) spreading waves across cortical barrels; 

analogous to waves in water. We studied the interference patterns of FO occurring after 

paired whisker stimulation and examined the relative wave amplitudes under different 

whisker stimulus delays and directions. We observed both supralinear and sublinear FO 

integration that was sensitive to 0-5 ms time delays and to the sequential order in which 

whiskers were stimulated. The somatosensory evoked potential (SEP) measured between 

the two cortical columns was not significantly affected by these short delays. Since the 

maximal and minimal response occurred during delay times corresponding to a FO half 

period, we hypothesize that wave interference and collisions are responsible for 

modulating the final amplitude of the spreading wave. The maximum effect occurred 

between barrels of the same whisker row in the rostral to caudal direction but also 

occurred to a lesser extent between cortical barrels of the same whisker arc. These results 

suggest that FOs preferentially interfere in the rostral to caudal whisker direction, which 
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may represent the natural flow of information as the rat whisks in its environment. FO 

spreading also occurred in other directions but produced less pronounced interference 

effects, probably related to differences in the organization of underlying circuitry and 

coupling.    
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INTRODUCTION 

 

 Somatosensory stimulation produces a well-defined somatosensory evoked potential (SEP) 

recorded on the surface of the somatosensory cortex. The SEP shows a dominant frequency of ~40 

Hz but also contains fast electrical oscillations (FO) with frequencies greater than 200 Hz. FOs have 

been recorded using electroencephalographic and magnetoencephalographic recordings in different 

species, including rats (Jones and Barth, 1999) and humans (Curio et al, 1994b; Hashimoto et al, 

1996; Ozaki and Hashimoto, 2005). These oscillations may be involved in normal brain activity and 

also in brain pathologies such as seizures and movement disorders (Mochizuki et al, 1999; Rampp 

and Stefan, 2006). FOs have been divided into high-frequency oscillations (HFO) ranging between 

200 Hz and 400 Hz and very high-frequency oscillations (VHFO) ranging between 400 Hz and 600 

Hz, superimposed on the low-frequency SEP (Jones et al, 2000). In addition, previous studies have 

shown that fast oscillations are somatotopically organized in the somatosensory cortex, occurring in 

the barrel corresponding to the vibrissae stimulated, and then spreading to adjacent barrels with 

lower amplitude (Jones and Barth 1999). We are ultimately interested in understanding how 

interference patterns created by colliding waves could be used as a mechanism for sensory 

processing. 

 

 The anatomical and cellular basis of the FOs are not well understood, but they appear to be related 

to stochastic firing of action potentials within the cortical barrels (Jones et al, 2000). Cells receiving 

inputs from ventroposteriomedial (VPM) thalamic cells located in cortical layer IV are the first 

input for sensory information in a highly hierarchical cortical network. These cells include regular 

spiking pyramidal cells, and two types of interneurons, the fast-spiking inhibitory interneurons 
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(smooth cells) and the spiny stellate excitatory interneurons (Jones and Diamond, 1995; Zhu and 

Connors, 1999; Bruno and Simons, 2002). There is some evidence suggesting that the HFO 

neurogenerator may arise from activation of local cortical circuits containing regular spiking cells 

plus spiny stellate cells through thalamic projections. In contrast, the VHFO neurogenerator may 

arise from activation of fast-spiking cells (Jones et al, 2000; Ozaki and Hashimoto, 2005). However, 

HFOs could also be generated by subcortical high-frequency bursts from thalamic barreloids cells 

(Klostermann et al, 2002).  

 

 Stimulus-induced, synchronous oscillations are a characteristic feature of neuronal assembly 

dynamics and could play an important role in sensory processing. For example, sensory stimulation 

in retinal ganglion cells induce synchronized firing patterns transmitted to cells in the lateral 

geniculate nucleus (Neuenschwander and Singer, 1996). Synchronized firing patterns have also 

been shown in distant cortical regions that share the same receptive field (Bressler et al, 1993; Bruns 

and Eckhorn, 2004). The underlying mechanism for this synchronous activity may be the 

engagement of cortical networks by a temporal coherent spike wavefront generated by the stimulus 

and propagated through dendrodendritic connections (Rowe, 1990; Farhat et al, 1991; Eccles, 

1992). Since, membrane potential oscillations are generated by external stimuli and the various 

synaptic steps along the sensory pathway, it is possible that these oscillations underly the spike 

wavefront. Various brain regions exhibiting phase locked interactions have been documented, 

including the visual, auditory and somatosensory cortex, mostly in the gamma-frequency band (30-

100 Hz) (Fries et al, 2007), and seem to be dependent on gap junction connections between 

inhibitory interneurons (Singer, 1999).  
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 Since neighboring dendrites may be connected through gap junctions (Dermietzel and Spray, 

1993), it is feasible that phase synchrony between different neuronal networks on a local and large 

scale could be the basis for brain integration, and this synchrony could be explained by the 

propagation of traveling waves through gap junctions within cortical networks. Growing 

experimental and theoretical evidence shows that rapid neuronal activity can behave as standing and 

traveling waves in the visual cortex, and might be involved in scanning different stimulus attributes 

(Ermentrout and Kleinfeld, 2001; Lee et al, 2004; Benucci et al, 2007). Since, rapid neuronal 

activity can spread in a wave like fashion through gap junctions; interference patterns of these 

waves could account for complex sensory processing as proposed in Pribram's holonomic theory 

(Pribram, 1991).  

  

 To further support the importance of FOs, high-frequency electrical stimulation of subcortical brain 

structures (deep brain stimulation [DBS]) has been used effectively for clinical treatment in 

refractory neurological disorders like epilepsy, Parkinson's disease, and Tourette's Syndrome 

(Durand and Jensen, 2006). However, the mechanisms underlying the response of neurons to these 

applied high-frequency electric fields have not yet been elucidated, tempering the success of this 

treatment (McIntyre et al, 2007). A better understanding of FOs properties could be beneficial for 

the development of improved prosthetic devices.  

 

 In the present study, we hypothesize that the propagation and interference patterns of the HFO and 

VHFO within the somatosensory cortex will change, depending on the sequential order of whisker 

stimulation in the rostrocaudal (row) and ventromedial (arc) axis. Since the output of primary 

sensory cortex could be driven by the wave patterns appearing on the cortical surface, this could be 



4 

an important mechanism underlying the integration of information after multiwhisker stimulation. 

Therefore, we studied the standing wave spreading pattern after synchronous and asynchronous 

stimulation of two vibrissae in the same row, and in the same arc. Our aim was to determine 

possible supralinear or sublinear responses of the HFO and VHFO after their collision as a function 

of millisecond delays between two whisker stimulation.  
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MATERIALS AND METHODS 

 

Surgical Preparation 

 Six Sprague-Dawley rats were anesthetized to surgical levels using intramuscular injections of 

ketamine HCl (100 mg/kg) and xylazine (5 mg/kg) and were secured in a stereotaxic frame. The 

unilateral (right hemisphere) parietal-temporal cortex was exposed and the bone removed 2 mm 

anterior to lambda, 2 mm lateral to the sagital suture, 2 mm lateral to the temporal ridge and 1 mm 

posterior to bregma (Fig. 1). The exposed area was regularly moistened with physiological saline 

solution, and body temperature was maintained with a regulated heating pad. Supplemental doses of 

ketamine and xylazine were injected as required to maintain a level of anesthesia such that the pinch 

reflex and the corneal reflex could not be elicited. Animals were euthanized by an intraperitoneal 

(IP) injection of sodium pentobarbital at the end of the experiment. Surgical procedures were 

performed in accordance with the Guide for Care and Use of Laboratory Animals and were 

approved by the Washington State University Animal Care and Use Committee.   

 

Electrophysiological Recordings 

 A 5x5 mm 64 multi-electrode array (Fig. 1E) was placed over the somatosensory cortex to record 

surface field potentials during whisker stimulation. Initially the dura was left intact to localize the 

barrels, then the dura was removed to obtain better signals by reducing current spread through the 

dural tissue. The animals were instrumented with one screw electrode over the frontal lobe to record 

electroencephalogram EEG and with a reference screw electrode over the occipital lobe. 

Subcutaneous needle electrodes were placed on the thoracic cage to record electrochardiogram EKG 

and respiration. All signals were amplified (x 1000), filtered using butterworth filters (0.1 Hz – 3 
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KHz), and digitized at 20 KHz (Rector et al, 2001).  

 

 

Stimulation 

 Cortical barrel mapping was performed by whisker stimulation in a 1-2 s random inter-stimulus 

interval (ISI), by means of a laboratory-made solenoid twitcher that moved 1 mm/2 ms (0.5 m/s). 

Four whisker barrels were located under the electrode array, then two whiskers of the same row and 

two whiskers of the same arc were stimulated with different delays ranging between 0 ms to 4.5 ms. 

The row-wise delay stimulation was applied in a caudal to rostral direction and vice versa. For the 

arc-wise stimulation, the delay stimulation was applied in a dorsal to ventral direction and vice 

versa.  

 

Data Collection and Analysis 

 Responses were computed by averaging multiple individual trials (n = 50) during whisker 

stimulation.  P1 was defined as the largest SEP peak that occurred ~15 to 20 ms after the stimulus, 

and N1 was defined as the largest deflection that occurred ~20 to 25 ms after stimulus (Di and 

Barth, 1991).  

Evoked responses were band-pass filtered in two frequency ranges (200 to 400 Hz; 400 to 600 Hz) 

using an IIRC software based butterworth filter, with correction for backward and forward 

calculations. HFO and VHFO amplitudes were computed taking the highest point of the envelope of 

the plot that occurred ~15 to 20 ms after the stimulus. Statistical analysis was performed on the 

HFO and VHFO response maximal peak amplitude. One or two factor ANOVA, followed by the 

Holm-Sidak method when appropriate and Student's paired t-test for post hoc multiple comparisons 

were carried out for data analysis. For most comparisons a Kolmogorov-Smirnov test for a normal 
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distribution indicated that a parametric test could be used. Due to the small sample size, we chose a 

significance value of p= < 0.05 to determine difference between delays. 
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RESULTS 

 

 The evoked response of the barrel field corresponding to single whisker stimulation c0, c2, c1 and 

d1 were consistently located under the multi-electrode array in each rat (Fig 2). In order to compare 

the values between animals when two whiskers were stimulated, peak amplitude values were 

normalized across trials using the value obtained during synchronous whisker stimulation with no 

delay. We found sublinear summation in the SEP peak amplitude. [c2+c0: 55.16 % +
- 9.52 (p < 

0.001) ; c0+c2: 66.81 % +
- 11.34 (p < 0.001); c1+d1: 58.59 +

- 6.12 (p < 0.001); d1+c1: 41.79 % +
- 

19.17 (p < 0.001)], and for the most part did not change significantly with different delays. HFO and 

VHFO amplitudes had different sensitivity to stimulus delays, two way ANOVA analysis with 

delay and type of wave as factors showed significant differences in sensitivity to stimulus delays in 

both the rostrocaudal axis (Fig. 3) and the dorsoventral axis (see Table 1, Table 2, Fig 4 and Fig 5). 

 

Rostrocaudal axis - SEP 

  

 The SEP voltage peak amplitude, elicited after stimulating whiskers c0 and c2 simultaneously and 

at different delays, showed no significant difference when they were stimulated in a rostral to 

caudal sequence, nor when they were stimulated in a caudal to rostral sequence [(ANOVA (F(9,50) 

= 0.616 p = 0.778); (ANOVA (F(9,50) = 0.353 p = 0.952); (see table 1and Fig. 4A)]. 

 

Rostrocaudal axis - HFO 

  

 The HFO (200 to 400) voltage peak amplitude, elicited after simultaneously stimulating whiskers 



9 

c0 and c2 in a rostral to caudal sequence and at different delays, showed significant differences 

[(ANOVA (F(9,50) = 3.170  p = 0.004)]. Post-hoc analysis using a paired t-test showed a significant 

amplitude increase after asynchronous stimulation at 0.6 ms delay when compared to synchronous 

stimulation and a significant amplitude decreases at 3.6 ms delay. The HFO voltage peak amplitude 

elicited after stimulating whiskers c0 and c2 in the caudal to rostral sequence simultaneously and at 

different delays showed significant decrease in amplitude with increasing delays compared with 

synchronous stimulation [(ANOVA (F(9,50) = 2.276 p = 0.032); (see Table 1)]. Two way ANOVA 

analysis with delay and direction as factors showed significant HFO voltage peak amplitude 

differences [F(19,100) = 5.711 p = 0.019], at 0.6 ms [p= 0.03], suggesting that the interference 

patterns depended on the stimulation sequence (Fig. 4B).    

 

 

Rostrocaudal axis - VHFO  

  

 The ANOVA and post-hoc paired t-test analysis of the VHFO (400-600 Hz) voltage peak 

amplitude elicited after simultaneously stimulating whiskers c0 and c2 in a rostral to caudal 

sequence and at different delays showed a significant amplitude increase after asynchronous 

stimulation at 0.6 ms compared to synchronous stimulation and showed a significant amplitude 

decrease at 1.5, 2.4, 2.7, 3.3 and 3.6 ms delay [(F(9,50) = 7.998  p = <0.000); (see Table 1)]. We 

observed a significant recovery of the amplitude at 2.4 ms suggesting a cyclical phase-sensitive 

enhancement or attenuation of VHFOs with a half-period of 1 msec aprox (see Table 1 and Fig. 4C). 

The VHFO voltage peak amplitude, elicited after simultaneously stimulating whiskers c0 and c2 in 

a rostral to caudal sequence and at different delays showed no significant differences, suggesting a 
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different behavior of VHFO interference [(ANOVA (F(9,50) = 0.543  p = 0.836); (see Table 1)]. 

Two way ANOVA analysis with delay and direction as factors, showed significant VHFO voltage 

peak amplitude differences [F(9,100) = 7.658 p = 0.007], at 3.6 ms delay [p= 0.03]. These results 

again suggest a different interference pattern depending on the stimulation sequence (Fig. 4C).   

 

Dorsoventral axis - SEP 

 

 The SEP voltage peak amplitude elicited after stimulating whiskers c1 and d1 simultaneously and 

at different delays showed no significant difference when they were stimulated in a dorsal to ventral 

sequence (except for the two longest delays), nor when they were stimulated in a ventral to dorsal 

sequence [(ANOVA (F(9,50) = 1.478 p = 0.182); (see Table 2 and Fig. 5A)]. 

 

Dorsoventral axis - HFO  

 

 The ANOVA and post-hoc paired t-test analysis of the HFO voltage peak amplitude (200-400 Hz) 

elicited after stimulating whiskers c1 and d1 in the dorsal to ventral sequence simultaneously and at 

different delays showed showed a significant decrease after asynchronous stimulation with delays at 

3.3 ms and 4.2 ms [(F(9,50) = 2.445 p = 0.022); (see Table 2)]. After stimulating whiskers c1 and 

d1 in the ventral to dorsal direction simultaneously and at different delays we found a significant 

amplitude decrease with increasing delays, suggesting the existence of interfering patterns also after 

paired arc whisker stimulation [(ANOVA (F(9,50) = 2.142 p = 0.043); (see Table 2)]. Two way 

ANOVA analysis with delay and direction as factors showed a significant HFO voltage peak 

amplitude differences [F(19,100) = 20.424 p = <0.001], at 0.9 ms delay [p= 0.01], 2.1 ms delay [p= 
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0.001] and 3.9 ms delay [p= 0.038]. As with the rostrocaudal axis, we found a dependence on the 

stimulation sequence on the generation of interference patterns (Fig. 5B), however supralinear 

integration did not occur in the dorsoventral axis  

 

Dorsoventral axis - VHFO   

 

 The VHFO voltage peak (400-600 Hz) elicited after stimulating whiskers c1 and d1 in either 

sequence simultaneously and at different delays showed no significant difference [(ANOVA 

(F(9,50) = 0.307 p = 0.969)]. Two way ANOVA analysis with delay and direction as factors showed 

no significant difference [F(19,100) = 0.079  p = 0.781]. Taken together, these results suggest that 

there is no significant interference pattern for the VHFOs in the dorsoventral axis (Fig. 5C). 

 

Spatial Patterns of Wave Interaction 

  

 We assessed the cortical spatial patterns of wave interaction after multiwhisker stimulation by 

reconstructing the spatiotemporal FO spread using color-coded maps that represent the magnitude 

of cortical barrel activation a cross space and time. Figure 6 depicts a typical sequence during single 

whisker stimulation of c0 and c2 with this analysis in which. Induced FO responses reached a 

maximum amplitude beneath the corresponding barrel for each whisker, then spread to adjacent 

barrels in different directions. The same pattern was observed for both the positive and the negative 

FO inflection. When two whiskers were stimulated with different delays, the FOs interference 

patterns increased their complexity, especially at 0.6 ms delay (Fig. 7 Top panel). At 1.5 ms (Fig. 7 

middle panel) we observed a lower amplitude, lower complexity and less spread in the interference 
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pattern. At 2.4 ms (Fig. 7 lower panel), the amplitude, complexity and wider spread activity 

recovered.   
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DISCUSSION 

 

 We found significant interference pattern differences for HFOs and VHFOs, that were dependent 

on time delays and the sequence direction of stimulation. Our results suggest an important role for 

FO interference patterns in extracting relevant information from multiple-whisker stimulations at 

the millisecond level. Feature extraction could occur through phase locked interactions between 

different neuronal assemblies and the spreading and interference of these interactions as waves. 

Since spreading waves have a preferential interference pattern in the rostral to caudal direction, our 

data also indicate a specific connectivity within the network, and suggest that gap junction 

connections may join dendrites in a specific anatomical pattern as dictated by normal whisker 

stimulation.  

 

Somatosensory Evoked Potential  

 

 In agreement with earlier results, the SEP showed a higher amplitude after simultaneous 

stimulation of whiskers c2 and c0, c1 and d1 than any single response (Di and Barth, 1991) At short 

delays, the SEP during simultaneous stimulation of two whiskers was smaller than the linear sum of 

individual stimulation, suggesting a sublinear integration of the slow-wave (Simons, 1985; 

Mirabella et al, 2001, Civillico and Contreras, 2006), and might be related to sensory integration 

(Simons, 1985; Ghazanfar and Nicolelis 1997; Shimegi et al, 1999). This was especially true for the 

dorsal to ventral sequence of stimulation with the longest delays. In contrast to our results, some 

reports show supralinear integration at short delays (<10 ms) (Ghazanfar and Nicolelis, 1997; 
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Shimegi et al, 1999, Ego-Stengel et al, 2004, Rodgers et al, 2006). These differences could be based 

on several factors including the angle of hair deflection, the particular combination of whiskers 

stimulated, the number of whiskers stimulated, and the cortical layer studied. Supralinear responses 

were usually found when more than 2 whiskers were stimulated (Ghazanfar and Nicolelis, 1997; 

Rodgers et al, 2006), while, sublinear responses were shown in some studies with stimulation of just 

two whiskers (as in this study) (Simons, 1985; Mirabella et al, 2001; Civillico and Contreras, 2006). 

Shimegi et al, (1999) observed supralinear integration using two whisker stimulation, but used 

adjacent whiskers, which might account for the differences to those presented here. Since the spatial 

resolution of our array was not fine enough to map changes between adjacent barrels, we stimulated 

non-adjacent whiskers in order to record signals between barrels where spatial overlap occurs, and 

allowing better images of interference patterns. Additionally, the present study used surface 

recordings, thus we cannot address the specific interactions that might occur at different layers. For 

example, supralinear neuronal responses were observed using single unit recordings at deeper levels 

(Ghazanfar and Nicolelis, 1997; Shimegi et al, 1999). Indeed, our results were similar to those of 

Civillico and Contreras, (2006) in which voltage sensitive dyes were used to measure surface 

potentials.  

 

 Since the SEP measured at the surface was not sensitive to short time delays nor to the sequential 

order in which whiskers were stimulated, our results suggest that the early SEP components did not 

exhibit a short latency submillisecond phase sensitivity. Others observed that the sublinearity index 

of the SEP activity increases significantly only after 7 ms of the stimulus onset (Mirabella et al, 

2001), thus, it is plausible that sensory integration occurs later in time for the SEP compared with 

FOs. Indeed, the later SEP components (N1 and P2), believed to be the primary period of sensory 
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integration occur 15 ms after the stimulus (Simons, 1985). These later components may be related to 

the activation of distal apical dendrites of pyramidal cells in both layers (Di et al, 1990) involving 

circuits within the cortical column (Armstrong-James et al, 1991).  

 

 In contrast, we believe that FOs may provide a faster and more sensitive mechanism for spatial and 

temporal integration. FOs are superimposed on the early component of the SEP (P1)(Jones et al, 

2000; Barth, 2003), and the early SEP component is believed to create a brief moment of intra- and 

interbarrel excitation through the activation of proximal apical dendrites of supragranular (Di et al. 

1990) and infragranular (Staba et al. 2004) pyramidal cells perhaps through a thalamocortical volley 

(Armstrong-James et al, 1993).  This period of excitation may be responsible for elevating the 

membrane potential of the column, therefore making it more sensitive to small membrane potential 

fluctuations generated by FOs. In addition, the SEP may play a different role than FOs in sensory 

integration. For example, the angular tunning of SEP is wider compared to that for FOs (Rodgers et 

al, 2006). Since FOs are higher in frequency than the basic components of the SEP, they may 

contain more information to achieve higher spatial contrast with higher time resolution.  

 

Fast Oscillations 

 

 Our  results indicate that FOs spread within the somatosensory cortex after sensory input, resulting 

in collisions during multivibrissal stimulation. These collisions were sensitive to time delays and to 

the sequential order in which whiskers were stimulated.  

 

 HFO and VHFO collision patterns were different, suggesting unique properties in the anatomical 
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connections of the underlying circuitry. Regular Spiking Units (RSUs) may be responsible for HFO 

generation, have small receptive fields, and are strongly inhibited by adjacent whisker deflections. 

Fast Spiking Units (FSUs) may generate the VHFOs, have strong adjacent whisker excitatory 

responses, and relatively weak inhibitory surrounds (Simons, 1995). Thalamocortical projections 

could also modify the FO collision patterns, while they predominantly innervate one barrel, they 

also send projections to adjacent barrels (Senft and Woolsey, 1991; Kim and Ebner, 1999). Indeed 

the thalamus may be involved in generating FOs in humans (Gobbele et al, 1999) and in piglets 

(Ikeda et al, 2002). 

 

 In spite of evidence for thalamic involvement in FO generation, two independent mechanisms may 

exist. FOs could still be generated when the thalamic ventrobasal complex was lesioned, and were 

abolished with intact thalamic input while the cortex was cooled (Staba et al, 2003). Activity within 

the thalamocortical loop may reverberate within milliseconds to the somatosensory cortex and 

contribute to the observed FOs (Ghazanfar and Nicolelis, 1997). Additionally, the thalamus may 

serve as a trigger for phase locked synchronization of neural assemblies on a local and large scale 

through direct (monosynaptic) (Shumikhina and Molotchnikoffor, 1999) or indirect (polysynaptic) 

(Cardin et al, 2005) connections. Since the thalamus serves as a relay for a wide distribution of 

sensory input, the thalamus could participate in sensory integration, specially for the HFO 

component of the wave interference. Since the VHFO may be primarily generated within the 

cortical column, the thalamus may be less involved  in generating waves at this fequency (Jones et 

al, 2000). 
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Non linearity and Time dependence 

  

 Earlier studies have demonstrated that time dependent interactions between FOs produce a 

nonlinear summation response, probably related with a phase synchrony of the fast oscillatory burst 

with additive and suppressive effects depending on interval interstimulus increase at the millisecond 

level (Jones and Barth, 1999; Barth, 2003). Since, no significant changes were observed in the SEP 

amplitude at short interval delays, it is possible that the underlying mechanisms for non-linear 

interaction are different for SEP, HFOs and VHFOs. Sublinear and supralinear effects can be 

explained for HFOs and VHFOs by simple summation and cancellation through wave interference. 

In contrast, both early supralinear and later sublinear SEP interaction may be accomplished through 

feedforward inhibition, where a brief window of excitability is followed by inhibitory suppression, 

perhaps due to  monosynaptic thalamocortical excitatory input to pyramidal cells plus and tandem 

input to inhibitory interneurons (Gabernet et al. 2005; Sun et al. 2006).  

 

 Since the peak FO amplitude recovers with a half period of the FO wave, and is lower as the delay 

increases, it may be possible that the wave interference process observed is shaped by inhibitory 

processes within the circuitry. Indeed, sublinear integration may play a role in spatial contrast 

enhancement within the receptive field. During whisking, rats stimulate many whiskers at the same 

time, the overall sublinear summation may suppress the less meaningful responses from adjacent 

whiskers leaving only the more meaningful responses from principal whiskers (Simmons, 1985; 

Brumberg et al, 1996). Spatial contrast may be achieved through feedforward inhibition within 

sublinear integration of SEP components (Gabernet et al. 2005; Sun et al. 2006). However, FO wave 

collisions can also achieve spatial contrast with higher time resolution.    
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Direction Selectivity 

 

 The results of this study also showed that FO amplitude depended on the order of whisker 

stimulation, suggesting that gap junction connections between barrels exhibit a specific anatomical 

organization. Changes in FO integration occurred after stimulating whiskers in both the rostrocaudal 

and the dorsoventral axis, suggesting standing waves propagate and collide between both rows and 

arcs, but with different efficiency. Since both supralinear and sublinear effects in both HFOs and 

VHFOs occurred when whiskers were stimulated in the rostral to caudal sequence and only 

sublinear effects for HFOs occured for other sequences of stimulation. These results suggest 

specific connectivity and physiological properties within the barrel network, that prefer the rostral to 

caudal direction. Indeed, biased connectivity in the row direction appears in both the supra- and 

infragranular layers (Bernardo et al, 1990; Hoeflinger et al, 1995). Additionally, there is preference 

for activity in the rostral direction for RSUs, but not for FSUs (Simons, 1985; Andermann and 

Moore, 2006), implying somatotopically organized motion direction maps in the somatosensory 

cortex. These maps might be related to the spatial contrast enhancement after multiwhisker 

stimulation. Single unit recordings have also shown neuronal network activation after deflecting a 

whisker in a specific direction followed by non–direction-specific inhibitory interactions (Kida et al, 

2005).  

 

 There is an anatomical basis for specific connectivity from axon projection patterns to adjacent 

barrels (Lorente de No, 1992), in both supragranular and infragranular layers (Kim and Ebner, 

1999). However, chemical synaptic connections are unlikely to be involved in the propagation of 
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FOs because the application of GABA in the cortical barrels does not affect the generation of FOs 

(Staba et al, 2004). The application of halothane, (a gap junction blocker), does affect the generation 

of FOs, suggesting electrical coupling may participate in FO interaction (Staba et al, 2004). 

Evidence supporting electrical coupling of both barrels from the same row and the same arc arise 

from anatomical and physiological studies showing distal gap junction connectivity between 

neighboring barrels (Bernardo et al. 1990; Kleinfeld and Delaney 1996; Gibson et al, 2005), and 

between distal dendritic segments of GABAergic interneurons (Fukuda and Kosaka, 2003; Fukuda 

et al, 2006).  

 

Perception, Learning and Consciousness 

 

 While neural integration may be the basis for perception, learning and consciousness (Tononi and 

Edelman, 1998), the mechanisms and locations for this integration are unclear. Some authors 

believe that associative areas manage sensory integration through divergent and convergent 

pathways, by parsing sensory information and extracting specific incoming features (Van Hoesen, 

1993). For example, electrophysiological data indicate that the ventral intraparietal area (VIP) is 

involved in multisensory analysis of stimulus motion. The VIP area contains neurons that respond to 

visual stimulation and tactile stimulation and perhaps encode multiple spatial representations. 

(Duhamel et al, 1998). Others favor the hypothesis that local network assemblies provide the basis 

for integration through phase locked spiking activity (Varela et al, 2001). For example, studies of 

visual binding indicate that processing in the visual system is fragmented, so the various attributes 

of an object such as color, texture, location, motion, and edges are processed in separate brain 

regions and then brought together in a unified representation of the object through synchronization 
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(Roskies, 1999).  

 

 FO spreading that follows multivibrissal stimulation may contain information about both the time 

and location of sensory information (Jones and Barth, 1999). Interference of the complex FO waves 

may lead to a complex pattern of activity on the somatosensory cortical surface of and represent the 

sensory experience as a hologram. The integration of adjacent networks, in our study, may rely on 

phase locked spread of FOs within the cortical barrels through GAP junctions (Galarreta and 

Hestrin, 1999, Amitai et al, 2002), and create a substrate on which neural assemblies can interpret 

and respond to sensory input based on the location of peaks and valleys within the interference 

patterns. Within the olfactory system of insects, disturbing the synchronized pattern of cell 

assemblies showed a deleterious effect of on an odor discriminative task, and provides direct 

behavioral evidence for the role synchronized of neuronal-assemblies in sensory processing (Stopfer 

et al, 1997). Phase synchronization in cortical regions is only important during sensory processing 

but also during cognitive, motor tasks (Fries et al, 2007), Additionally, NREM sleep exhibits a slow 

activity (<1 hz) that behaves as a traveling wave and may have a role in synaptic plasticity 

(Massimini et al, 2004). We believe that studying traveling wave properties and how they are 

generated will be an important step in understanding the underlying mechanisms of complex 

sensory processing, and other brain functions.   

 

 In conclusion, sensory input generates FOs that spread across the somatosensory cortex, resulting 

in phase locked interference patterns that might be important for integrating and processing 

incoming information with high temporal and spatial resolution. Depending on the extent of gap 

junction connections across the brain, these results suggest that complex spreading wave patterns 
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could underlie synchronization of neural assemblies across the cortex, where interference patterns 

are functional representations of the sensory input as well as the cortical response. The summation 

and cancellation of waves within the interference pattern at each point in time and space may 

underlie the conscious interpretation of sensory input, and provide patterned output responses to the 

experience.   
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FIGURE LEGENDS 

Figure 1. A pictorial diagram of the rat shows the placement of the 64-channel array (E), the screw 

electrode for recording the EEG and the reference screw (•). B: Bregma; L: Lambda; T: Temporal 

ridge. EKG was recorded through pins inserted across the chest. 

 
Figure 2. Whisker Barrel Mapping. The somatosensory evoked potential (SEP) across the 64- 

channel array during whisker stimulation is shown in a two-dimensional (2D) topographical mesh, 

localizing the corresponding whisker barrel for each of four whiskers c0, c1, c2 and d1. 

 

Figure 3. Averaged signals (n=50) for one animal are displayed from the electrode between whisker 

barrels stimulated the rostral to caudal sequence at different delays. In the top row of traces, the 

unfiltered signals reveal the principle 40 Hz SEP component that is not significantly affected by 

interstimulus delays. When the raw signals were filtered between 200 and 400 Hz, the middle row 

shows significant supralinear and sublinear effects in peak amplitudes depending on the 

interstimulus interval indicated with (*). When the raw signals were filtered between 400 to 600 Hz 

the bottom row shows significant supralinear and sublinear effects with a slightly different pattern.  

 

Figure 4. Plotting the SEP, HFO and VHFO peak amplitude for 6 animals across each interstimulus 

direction and delay reveals the pattern of wave interaction between two whisker barrels in the same 

row. Peak SEP P1amplitude (Top panel A) as a function of delay and direction shows no significant 

differences (Mean +/- SEM). Peak-to-peak HFO amplitude (Middle panel B) as a a function of 

delay and direction shows supralinear integration at 0.6 msec and  sublinear integration at 3.6 msec 

in the rostral to caudal direction (solid line). Significant differences from the 0 delay condition are 

marked with (*). In the caudal to rostral direction (dotted line), significant sublinear integration was 
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found at 1.8, 2.7 and 3.6 msec. Significant differences from 0 delay are marked with plus (+). Peak-

to-peak VHFO amplitude (Bottom panel C) as a function of delay and direction shows supralinear 

integration at 0.6 msec and sublinear integration at 1.5, 2.4, 2.7, 3.3 and 3.6 msec in the rostral to 

caudal direction (solid line) marked with (*). The amplitude measured at 2.4 ms delay was 

significantly higher than both 1.5 and 3.6 msec, marked with (&). In the caudal to rostral direction 

(dotted line), we observed sublinear integration only at 2.7 msec, marked with (+). 

 

Figure 5. Plotting the SEP, HFO and VHFO peak amplitude for 6 animals across each interstimulus 

direction and delay reveals the pattern of wave interaction between two whisker barrels in the same 

arc.  SEP P1 peak amplitude (Top panel A) as a function of delay and direction shows no significant 

differences (Mean +/- SEM). B. Peak-to-peak HFO amplitude (Middle panel B) as a function of 

delay and direction shows sublinear integration at 3.3 and 4.2 msec in the dorsal to ventral direction 

(solid line). Significant differences from the 0 delay condition are marked with (*). In the ventral to 

caudal direction (dotted line) significant sublinear integration was found at 0.9, 1.5, 2.1, 2.7, 3.3 and 

3.9 msec. Significant differences from 0 delay are marked with plus (+). Peak-to-peak VHFO 

amplitude (Bottom panel C) as a function of delay and direction shows no significant differences.  

 

Figure 6. Color-coded movies were used to represent SEP and FO voltage levels during stimulation 

(50 averages) of whisker c0 (upper panel) and c2 (lower panel). Each frame for the SEP is separated 

by 1 msec in time, beginning 10 ms after the stimulus. Each frame for the HFO and VHFO movies 

is separated by 0.3 msec. Green colors represent no change in voltage while warmer colors (yellow 

to red) encode positive voltage deflection ( Maximun = white; 500 uV for SEP; 20 uV for HFO and 

10 uV for VHFO), cooler colors (blue to purple) encode negative deflection (Minimun = black, 500 
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uV for SEP; 20 uV for HFO and 10 uV for VHFO). 

  

Figure 7. Color-coded movies were used to represent SEP and FO voltage levels after rotral to 

caudal asynchronous stimulation (50 averages) at three different delays 0.6 msec (upper panel), 1.5 

msec (middle panel) and 2.4 msec (bottom panel). Each frame for the SEP is separated by 1 msec in 

time, beginning 10 ms after the stimulus. Each frame for the HFO and VHFO movies is separated 

by 0.3 msec. Green colors represent no change in voltage while warmer colors (yellow to red) 

encode positive voltage deflection ( Maximun = white; 500 uV for SEP; 20 uV for HFO and 10 uV 

for VHFO), cooler colors (blue to purple) encode negative deflection (Minimun = black, 500 uV for 

SEP; 20 uV for HFO and 10 uV for VHFO). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



40 

Dir   Delay 
ms 

0.6 0.9 1.5  1.8 2.4 2.7 3.3 3.6 4.2 ANOV 
(F;P) 

2 AN 
vs SEP 
(F;P) 

Mean 1.04  1.08 1.08 1.13 1.04 0.78 1.03 1 1.02 0.616 
0.778 

 

SEM 0.098 0.064 0.063 0.139 0.08 0.125 0.083 0.092 0.072   

SEP 

t_test 0.119 0.115 0.25 0.36 0.27 0.57 0.29 0.35 0.35   

Mean 1.61 1.29 0.96 0.93 0.78 0.81 0.92 0.61 1 3.170 
0.004 

0.275 
0.601 

SEM 0.235 0.190 0.096 0.150 0.128 0.119 0.152 0.134 0.218   

HFO 

t_test 0.050 0.193 0.685 0.675 0.149 0.161 0.620 0.01 0.68   

Mean 1.36 0.90 0.63 0.71 0.84 0.69 0.76 0.56 0.79 7.988 
<0.000 

7.568 
0.007 

SEM 0.06 0.07 0.07 0.14 0.06 0.142 0.08 0.07 0.1   

c2-c0 

VHFO 

t_test 0.002 0.219 0.002 0.10 0.05 0.013 0.03 <0.00 0.09   

Mean 0.99 0.98 1.29 1.32 1.28 1.13 1.13

  

1.02 0.96 0.353 
0.952 

 

SEM 0.073 0.061 0.289 0.491 0.322 0.199 0.231 0.151 0.112   

SEP 

t_test 0.465 0.475 0.15 0.25 0.19 0.27 0.28 0.35 0.37   

Mean 0.95 1.16 0.73 0.78 0.96 0.57 0.78 0.7 0.79 2.276 
0.032 

10.151 
0.002 

SEM 0.119 0.212 0.109 0.067 0.121 0.073 0.108 0.061 0.139   

HFO 

t_test 0.711 0.484 0.06 0.02 0.771 0.002 0.1 0.003 0.09   

Mean 1.08 1.36 0.81 1.12 1.31 0.75 1 1.06

  

1.02 0.543 
0.836 

0.277 
0.6 

SEM 0.196 0.503 0.177 0.201 0.385 0.066 0.261 0.178 0.210   

c0-c2 

VHFO 

t_test 0.705 0.505 0.34 0.59 0.46 0.01 0.99 0.75 0.91   

          

Table 1. Voltage Peak Amplitude mean and SEM values for SEP, HFO and VHFO in the rostral to 
caudal sequence of stimulation c2-c0 and in the caudal to rostral direction c0-c2. One way ANOVA 
with delay as a factor, and Two way ANOVA with delay and wave types as factor for every 
sequence of stimulation. 
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Dir  Delay 
ms 

0.6 0.9 1.5  1.8 2.1 2.7 3.3 3.9 4.2 ANOV 
(F;P) 

2 AN 
vs SEP 
(F;P) 

Mean 0.99 0.94 0.94 0.9 1 0.89 0.91 0.78 0.77 1.478 
0.182 

 

SEM 0.083 0.076 0.073 0.087 0.068 0.054 0.076 0.069 0.03   

SEP 

t_test 0.882 0.488 0.456 0.311 0.993 0.104 0.291 0.025 0.001   

Mean 0.82 1 0.97 1.05 1.05 0.93 0.73 0.9 0.65 2.445 
0.022 

0.009 
0.924 

SEM 0.24 0.17 0.32 0.24 0.21 0.25 0.11 0.25 0.17   

HFO 

t_test 0.118 0.962 0.825 0.644 0.611 0.420 0.002 0.364 0.004   

Mean 0.8 0.88 1.05 0.88 0.94 0.82 0.94 0.97 0.78 0.551 
0.830 

0.025 
0.874 

SEM 0.09 0.34 0.41 0.23 0.41 0.31 0.36 0.23 0.26   

c1-d1  

VHFO 

t_test 0.004 0.421 0.785 0.246 0.729 0.224 0.694 0.796 0.093   

Mean 0.91 0.97 1.1 0.93 1.01 0.96 0.9 0.86 0.88 0.126 
0.999 

 

SEM 0.210 0.212 0.186 0.219 0.246 0.183 0.162 0.256 0.199   

SEP 

t_test 0.697 0.907 0.624 0.755 0.982 0.816 0.554 0.614 0.571   

Mean 0.82 0.75 0.77 0.8 0.53 0.71 0.67 0.56 0.7 2.142 
0.043 

10.224 
0.002 

SEM 0.28 0.11 0.17 0.31 0.15 0.2 0.25 0.24 0.31   

HFO 

t_test 0.165 0.003 0.018 0.166 0.001 0.017 0.021 0.007 0.066   

Mean 0.92 0.97 0.95 0.89 0.84 0.78 1 0.75 0.78 0.307 
0.969 

0.583 
0.447 

SEM 0.49 0.65 0.53 0.48 0.31 0.32 0.51 0.29 0.23   

d1-c1 

VHFO 

t_test 0.720 0.905 0.809 0.610 0.254 0.155 1.000 0.082 0.067   

 

Table 2. Voltage Peak Amplitude mean and SEM values for SEP, HFO and VHFO in the dorsal to 
ventral sequence of stimulation c1-d1 and in the ventral to dorsal direction d1-c1. One way 
ANOVA with delay as factor, and Two way ANOVA with delay and wave types as factor for every 
sequence of stimulation.         


