
REPETITIVE MICROSTIMULATION IN RAT PRIMARY 
SOMATOSENSORY CORTEX (SI) STRENGTHENS THE 
CONNECTION BETWEEN HOMOTOPIC SITES IN THE OPPOSITE 
SI AND LEADS TO EXPRESSION OF PREVIOUSLY INEFFECTIVE 
INPUT FROM THE IPSILATERAL FORELIMB

Tina M. DeCosta-Fortune1, John T. Ramshur1, Cheng X. Li1,2, Amy de Jongh Curry1, 
Violeta Pellicer-Morata2, Lie Wang3, Robert S. Waters1,2,*

1Department of Biomedical Engineering, University of Memphis, Herff College of Engineering, 
3815 Central Avenue, Memphis, TN 38152, USA

2Department of Anatomy and Neurobiology, University of Tennessee Health Science Center, 
College of Medicine, 855 Monroe Avenue, Memphis, TN 38163, USA

3Department of Neurology, University of Tennessee Health Science Center, College of Medicine, 
855 Monroe Avenue, Memphis, TN 38163, USA

Abstract

The primary somatosensory cortex (SI) receives input from the contralateral forelimb and projects 

to homotopic sites in the opposite SI. Since homotopic sites in SI are linked by a callosal pathway, 

we proposed that repetitive intracortical microstimulation (ICMSr) of neurons in layer V of SI 

forelimb cortex would increase spike firing in the opposite SI cortex thereby strengthening the 

callosal pathway sufficiently to allow normally ineffective stimuli from the ipsilateral forelimb to 

excite cells in the ipsilateral SI. The forelimb representation in SI in one hemisphere was mapped 

using mechanical and electrical stimulation of the contralateral forelimb, a homotopic site was 

similarly identified in the opposite SI, the presence of ipsilateral peripheral input was tested in 

both homotopic sites, and ICMS was used to establish an interhemispheric connection between the 

two homotopic recording sites. The major findings are: (1) each homotopic forelimb site in SI 

initially received short latency input only from the contralateral forelimb; (2) homotopic sites in 

layer V in each SI were interconnected by a callosal pathway; (3) ICMSr delivered to layer V of 

the homotopic SI in one hemisphere generally increased evoked response spike firing in layer V in 

the opposite homotopic site; (4) increased spike firing was often followed by the expression of a 

longer latency normally ineffective input from the ipsilateral forelimb; (5) these longer latency 
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ipsilateral responses are consistent with a delay time sufficient to account for travel across the 

callosal pathway; (6) increased spike firing and the resulting ipsilateral peripheral input were also 

corroborated using in-vivo intracellular recording; and (7) inactivation of the stimulating site in SI 

by lidocaine injection or local surface cooling abolished the ipsilateral response, suggesting that 

the ipsilateral response was very likely relayed across the callosal pathway. These results suggest 

that repetitive microstimulation can do more than expand receptive fields in the territory adjacent 

to the stimulating electrode but in addition can also alter receptive fields in homotopic sites in the 

opposite SI to bring about the expression of previously ineffective input from the ipsilateral 

forelimb.
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1. Introduction

The primary somatosensory cortex (SI) in cat was first described as receiving peripheral 

input exclusively from the contralateral body surface (Mountcastle et al., 1957), but 

subsequent studies in monkey (Conti et al., 1986; Manzoni et al., 1989; Ogawa et al., 1989), 

cat (Manzoni et al., 1980), and rodent (Pidoux and Verley, 1979; Shuler et al., 2001) 

demonstrated that SI also receives bilateral peripheral input from midline structures that 

include head (Dreyer et al., 1975), face (Schwarz and Fredrickson, 1971), and axial trunk 

(Manzoni et al., 1980; Innocenti, 1986; Conti et al., 1986), which are served by dense 

callosal connections. In contrast, it was reported that SI receives contralateral input only 

from the limbs that were largely devoid of callosal connections (Decosta-Fortune et al., 

2015; Manzoni et al., 1980; Wise and Jones, 1976; Yorke and Caviness, 1975). However, 

later findings in monkey (Iwamura et al., 1994; Iwamura et al., 1996; Lipton et al., 2006; 

Taoka et al., 2000; Tommerdahl et al., 2006), cat (Innocenti et al., 1973), and flying fox 

(Calford and Tweedale, 1990) showed that SI also receives bilateral input from the limbs. In 

rat SI, bilateral input from the hindlimb (Angel and Lemon, 1975; Armstrong-James and 

George, 1988; Chapin and Lin, 1984; Pluto et al., 2005) and vibrissae (Pidoux and Verley, 

1979; Shuler et al., 2001) has been reported. In these cases, SI neurons have receptive-field 

centers located, in large part, on homologous contralateral-and-ipsilateral skin surfaces; 

however, ipsilateral inputs (defined as input from the same side of the body surface as the 

recording electrode) had a delayed evoked response latency and smaller receptive fields 

compared to contralateral inputs (defined as input from the opposite side of the body surface 

as the recording electrode) (Armstrong-James and George, 1988; Pidoux and Verley, 1979; 

Tutunculer et al., 2006). In contrast, despite reports of callosal connections between 

homotopic forelimb representations in SI (Decosta-Fortune et al., 2015; Welker, 1971), 

evidence has been lacking for the existence of bilateral input to SI neurons in rodent 

forelimb cortex (Angel and Lemon, 1975; Shin et al., 1997), although Tutunculer and 

colleagues reported evidence to the contrary (Tutunculer et al., 2006).
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Ipsilateral input from homologous sites in the periphery has been shown to modify evoked 

responses in contralateral SI in monkey (Calford and Tweedale, 1990; Korvenoja et al., 

1995; Lipton et al., 2006; Tommerdahl et al., 2006), cat (Favorov et al., 2006; Innocenti et 

al., 1973), and rat (Armstrong-James and George, 1988; Pidoux and Verley, 1979; Shin et 

al., 1997; Shuler et al., 2001). For example, conditioning stimuli applied to the ipsilateral 

hindpaw in rat reduced or modified the response of hindlimb neurons in SI to a test stimulus 

applied to the contralateral hindlimb (Armstrong-James and George, 1988), and 

simultaneous bilateral stimulation of forelimb digits in monkey was accompanied by a 

reduction in response in SI to contralateral stimulation alone (Tommerdahl et al., 2006). 

Inactivation of forelimb receptive fields in flying fox and monkey is followed by an 

immediate bilateral expansion of receptive fields in SI (Calford and Tweedale, 1990) or 

conversely, inactivation of an ipsilateral homologous digit in rat suppressed contralateral 

homologous input in SI (Shin et al., 1997). Viewed collectively, these findings provide 

compelling evidence that ipsilateral input plays a modulatory role on contralateral SI.

Ipsilateral input to SI is very likely mediated through transcallosal connections between 

homotopic sites in SI cortices (Innocenti et al., 1973; Iwamura et al., 1994; Pidoux and 

Verley, 1979; Shin et al., 1997) whereby the corpus callosum provides a conduit for 

integrating both contralateral and ipsilateral input (Koralek et al., 1990; Olavarria et al., 

1984; Shuler et al., 2001; White and DeAmicis, 1977). Evidence from several studies 

suggests that ipsilateral input in SI is reduced or abolished following inactivation of the 

opposite homotopic SI using polarizing currents (Innocenti et al., 1973), ablation (Pidoux 

and Verley, 1979; Iwamura et al., 1994), pharmacological application (Shin et al., 1997; 

Shuler et al., 2001), or cooling (Shin et al., 1997); although this finding is not without 

exception (Armstrong-James and George, 1988). Further support for transcallosal mediation 

of ipsilateral peripheral input is provided by the general finding that evoked response 

latencies in ipsilateral SI in rat are approximately 8–11 ms longer than are evoked response 

latencies recorded in contralateral SI following stimulation of the contralateral periphery 

(Armstrong-James and George, 1988; Shuler et al., 2001; Wiest et al., 2005). This delay may 

be accounted for by an approximate 7–10 ms evoked response latency for a signal to travel 

across the interhemispheric pathway to a homotopic site in opposite SI (Ramshur et al., 

2019).

The present study arose from our previous experiences in mapping the forelimb 

representation in SI in Sprague-Dawley rats, where we had not encountered bilateral 

forelimb receptive fields using both mechanical and electrical peripheral stimulation. This 

said, the presence of an interhemispheric callosal pathway between homotopic forelimb 

cortices in rat SI raised the question of why SI forelimb cortical neurons responded only to 

input from the contralateral forelimb and not to the ipsilateral forelimb despite the presence 

of a callosal connection that could, in principle, relay ipsilateral input to the ipsilateral SI. 

The goals of the present study were to: a) determine whether ICMSr of one homotopic SI 

forelimb site could strengthen the callosal connection thereby leading to an increase in 

evoked cell response in the opposite SI, and b) determine whether the increase in evoked 

spiking would permit normally ineffective stimuli from the ipsilateral forelimb to excite cells 

in the ipsilateral SI. Our results suggest that increased spiking following ICMSr leads to 
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expression of ipsilateral peripheral input in the ipsilateral SI, and the expression depends on 

having an intact callosal pathway between homotopic sites.

In preparing this manuscript, we discovered a paper that reported bilateral forelimb receptive 

fields in SI in rat (Tutunculer et al., 2006), and in our Discussion, we assess their findings in 

relationship to the present study.

2. Results

Experiments were carried out in a total of 27 adult Sprague-Dawley rats. In each experiment, 

sites in the wrist, forearm, or forepaw representation were identified by physiologically 

mapping receptive fields in layer V of SI in each hemisphere to identify homotopic sites that 

received input from similar areas of the periphery. An interhemispheric pathway was then 

identified using intracortical microstimulation (ICMS), and once established, repetitive 

ICMS (ICMSr) was delivered to one of the sites (stimulation site) in an attempt to increase 

spike firing in the opposite homotopic site (recording site). A strengthening of spike firing 

was defined as an increase (1.5 ×) in the number of evoked spikes following a series of 

repetitive stimulations compared to the number of spikes observed during an initial series of 

baseline stimulations, immediately after establishing the interhemispheric pathway. Prior to 

ICMSr and at 30-min intervals after the beginning of stimulation, neurons at the recording 

site were examined for the presence of input from the ipsilateral forelimb, a condition that 

was not observed before initiation of ICMSr even using stimulating currents 3 × greater than 

the current required to evoke a response in the contralateral SI. ICMSr (1.5 × threshold, 

mean current 43 μA, range = 28–71 μA) was delivered to the stimulating site in layer V for 

periods ranging from 1.0–5.0 hr and evoked responses to consecutive stimulations (range = 

20–50) were collected from similar recording depths in layer V in the opposite hemisphere. 

In 10 rats, in-vivo intracellular recording was used to examine cell firing and ipsilateral 

forelimb input and/or interhemispheric latency; in 3 rats, the stimulation site was inactivated 

to determine if the previously ineffective ipsilateral input derived from the opposite 

homotopic SI. Two additional rats served as unstimulated controls.

2.1. Interhemispheric pathway strengthening

ICMSr increased the number of evoked spikes (mean evoked response increase = 178%; 

range = 59%–585%) in homotopic sites in 12 rats, and in 11 of these rats, pathway 

strengthening was followed by the expression of input from the ipsilateral forelimb. In 2 rats, 

ICMSr did not strengthen the connection (23%), and in one of these, ICMS reduced the 

spike firing (37%); in neither case were ipsilateral responses found. An example of response 

strengthening in one rat is shown in Fig. 1. In this rat, ICMS was delivered over a 3-hr 

period to a physiologically identified site in layer V in the wrist representation and evoked 

responses were recorded in layer V from a homotopic wrist site in the contralateral SI. 

Responses to 25 consecutive stimulations were collected at the beginning of stimulation 

(baseline) and compared to a similar number of stimulations measured 3 hr after ICMSr; 

these results are shown in Fig. 1A and Fig. 1B, respectively (inset shows single trace). 

Raster plots (Figs. 1C, 1D) and corresponding peri-stimulus time histograms (PSTH) (Figs. 
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1E, 1F) reflect an increase (2.34 ×) in number of evoked spikes recorded immediately after 3 

hr of ICMSr compared to baseline.

To illustrate the variety of effects of ICMSr, 4 additional examples are shown in Fig. 2. In 

the cases illustrated in Figs. 2A and 2B, the wrist representation was physiologically 

identified in layer V in each hemisphere, the interhemispheric pathway was delineated, and 

ICMSr was delivered to one of the hemispheres for 3 hrs. In both rats, ICMSr led to an 

increase in evoked responses in the contralateral SI and the resulting raster plots and PSTHs 

are shown. In the plots shown in Fig. 2A, the duration of the evoked response is longer 

following ICMS at the initial baseline stimulation and at 3 hr post-repetitive ICMS. This 

pattern can be compared to the example shown in Fig. 2B, where the duration of response is 

narrow for both baseline and post-stimulation periods. Note in this example, that ICMSr at 3 

hr produced a robust response, but maintained a narrow response pattern.

In the example shown in Fig. 2C, sites in the digit three (D3) representation in the forepaw 

barrel subfield (FBS) in each hemisphere in SI cortices were identified in layer V, and 

ICMSr delivered to one of the sites evoked a response in the same digit representation in the 

opposite hemisphere. Raster plots and histograms in Fig. 2C show the results of 20 

consecutive stimulations; a resultant increase in spike activity in the opposite SI was 

observed at the end of 3 hr of ICMSr. The number of spikes detected within the evoked 

response window of 4–30 ms following stimulation increased modestly from 103 spikes to 

163 spikes with a 58% increase that barely reached the criterion for pathway strengthening.

In one rat, ICMSr delivered for 3 hr failed to strengthen the interhemispheric pathway, but 

rather produced a slight decrease in excitability. In this rat, ICMSr was delivered to a 

physiologically defined wrist representation site in SI at an approximate depth of 1,300 μm; 

responses were recorded from a homotopic site in the opposite SI at a similar depth. Fifty 

consecutive stimulations were used to generate a baseline and the same number of 

stimulations was used to assess excitability after 3 hr. Inspection of raster and histogram 

plots in Fig. 2D showed a 18% decrease in number of spikes recorded 3 hr post-ICMS 

compared to baseline.

2.1.1. Time course for strengthening of interhemispheric pathway—To assess 

the time course for strengthening, responses to ICMSr were measured at the beginning of 

ICMS and at 30-min increments until the end of the experiment lasting between 3 and 5 hr. 

Spike detection was performed using an amplitude voltage threshold (Vthr). Strengthening of 

the interhemispheric pathway was met when the evoked number of spikes reached or 

exceeded 1.5 × the baseline number of spikes.

An example illustrating the time course for strengthening between homotopic sites is shown 

for one rat in Fig. 3. In this example, ICMSr was delivered for 5 hr to a physiologically 

identified wrist representation in layer V, and responses to 25 consecutive stimulations were 

recorded from a homotopic wrist representation site in layer V at a nearly identical depth in 

opposite SI (photomicrograph in Fig. 3). Raster plots and peri-stimulus histograms (2-ms 

bins) were generated throughout the 5 hr of ICMSr in 30-min increments. Collectively, these 

time files illustrate a nearly steady increase in neural activity in response to ICMSr over the 
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5 hr. The number of spikes detected increased from a baseline of 52 spikes to 320 spikes 

(515% increase) after ICMSr for 3 hr and 356 spikes (585% increase) after 5 hr. In this rat, 

the strengthening criterion (1.5 × baseline) was met within the first 30 min of stimulation 

where a total of 183 spikes were counted, equating to a 252% increase over baseline, and the 

increase spike number was maintained throughout the 5 hr of ICMSr. A positive correlation 

between the number of spikes detected and the length of ICMSr was found (R2 = 0.85). The 

overall increase in evoked response firing activity measured at 5 hr was 6.85 × baseline.

Interhemispheric pathway strengthening was also found between homotopic forepaw 

representations; however, the pattern did not increase with time; these data are presented as 

raster plots and peri-stimulus time histograms in Fig. 4. In this rat, ICMSr (3 hr) was 

delivered to the ventral tip of digit three and responses to 20 consecutive stimulations were 

collected. An increase in spike activity is apparent when comparing baseline ICMS to that 

seen at 3 hr; however, a steady progression of spike firing was not observed throughout the 

course of ICMSr as commonly observed in the wrist representation, and the number of 

spikes detected and length of ICMSr were uncorrelated (R2 = 0.1403). The distribution of 

spike activity is summarized in the center plot in Fig. 4. Note that increased spike firing was 

seen at each time interval in which the largest increase was observed after 1.5 hr of ICMS 

but decreased over the next 2 hr before increasing again at 3 hr.

To determine the time period in which spike number was significantly different from 

baseline spike number, a repeated measures (one-way) analysis of variance (ANOVA) was 

performed on the number of spikes collected at 30-min intervals from those animals (n=6) 

that received ICMSr for at least 3 hr and showed an increase in spike firing of 1.5 × baseline. 

To assess changes in spike number, a 120-ms oscilloscope trace-window, triggered at time 

zero (0 ms) was followed 10 ms later by ICMS; the resulting evoked response was then 

examined at 3 time periods after trace onset (14–40 ms, 41–80 ms, and 81–120 ms), and 

these results are shown in Fig. 5. Significant changes in spike number were confined to the 

14–40 ms time interval. Student-Newman-Keuls post-comparison test revealed the spike 

number was significantly greater following 2.5 hr of stimulation and remained so after 3.0 hr 

of ICMSr (p<0.05).

2.2. Ipsilateral input in SI using multiunit extracellular recording

Input to SI from the ipsilateral forelimb was examined, but not observed prior to 

strengthening of the interhemispheric pathway. In 11 rats, following strengthening of the 

interhemispheric pathway (wrist, n=8; forearm, n=2; forepaw, n=1), ipsilateral input was 

observed in SI. One additional rat also showed strengthening of the pathway (76%) after 3 hr 

of ICMSr, but no ipsilateral input was observed.

An example from one rat where ipsilateral input was observed in SI following ICMSr is 

shown in Fig. 6. In this example, baseline raw data, raster plot, and histogram are shown in 

Figs. 6A, 6B, 6C, respectively; similar data are shown in Figs. 6D, 6E, 6F following 3 hr of 

ICMSr. Inspection of the raster plot during baseline data collection revealed that most of the 

spikes occurred during a single trace. Following 3 hr of stimulation, a robust response was 

evoked with an onset latency of 16.2 ms and a response duration of 14.1 ms. The delayed 
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evoked response onset is most likely accounted for by the added time for the input to travel 

across the interhemispheric pathway.

Two additional rats were included as controls where homotopic sites in the wrist 

representation were physiologically identified in SI. Neither rat exhibited pathway 

strengthening or ipsilateral input after 3 hr of stimulation (data not shown).

2.3 Ipsilateral input in SI using intracellular recording

In one experiment aimed at examining corticocortical connectivity between homotopic sites 

in the forepaw representation in layer V, after identifying homotopic sites in the digit 3 

forepaw representation, the extracellular recording electrode was replaced by an intracellular 

electrode and the electrode was driven into layer V where it impaled a cell that was held for 

4 hr, before the electrode was withdrawn from the cell. In this cell, stimulation in SI evoked 

an initial subthreshold response in the opposite SI, and this is shown in the left inset in Fig. 

7A. However, within 30 min of ICMSr, the subthreshold response became elevated to a 

suprathreshold response, and these data are shown in Fig. 7A; a single trace is shown in the 

right inset in Figure 7A. Raster plot and peri-stimulus histogram for 25 consecutive 

stimulations are shown in Fig. 7B and 7C, respectively. The stimulation site in layer V is 

shown in the inset in Fig. 7C. Following 3 hr of ICMS, the neuron responded to input from 

the ipsilateral forelimb (digit 3), and this result is shown in Fig. 7D; the inset shows a single 

trace. While this cell was not tested for ipsilateral input prior to ICMSr, it is noteworthy that 

the evoked response is delayed as previously seen following ICMSr in the extracellular 

recording records. However, in 2 additional rats, ipsilateral input was not observed in 3 

intracellular recorded SI neurons prior to the beginning of ICMSr. In each case, the cell was 

not held for a sufficient time to carry-out all parts of the experiment (data not shown). Raster 

plot and peri-stimulus histogram are shown in Fig. 7E and 7F, respectively. The inset in Fig. 

7F shows the location of the recorded cell after 30-min injection with biocytin; the cell body 

is magnified in the upper left of the inset.

The corticocortical evoked response latency for the neuron recorded in Fig. 7 was 7.78 ms. 

In 7 additional rats, evoked response latencies were measured between homotopic sites in 

layer V in 17 intracellularly recorded neurons. In these neurons, evoked responses had an 

average latency of 7.55 ms (range = 6.44–8.60 ms).

2.4 Source of ipsilateral input

In 3 rats, where pathway strengthening and ipsilateral input were found, inactivation 

(lidocaine or cooling) of the SI stimulation site abolished the ipsilateral input in the opposite 

homotopic SI forelimb, and these results are shown in Fig. 8. The upper three traces, Figs. 

8A, 8B, 8C show baseline evoked responses recorded in ipsilateral SI of each rat following 

stimulations (25) of the ipsilateral forearm/wrist prior to the initiation of intercortical 

microstimulation; note the absence of evoked ipsilateral responses. In comparison, the 

middle traces, Figs. 8A-1, 8B-1, and 8C-1, show delayed evoked responses in the ipsilateral 

SI for each rat following periods of ICMSr. The stimulating site in SI was then inactivated 

by lidocaine injection into the depths of the cortex or local cooling of the brain surface. In 

each rat, evoked spikes disappeared, and these records are shown in the lower traces, Figs. 
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8A2, 8B2, 8C2. In one lidocaine injected rat shown in Fig. 8B-3, some evidence of recovery 

from lidocaine was observed 56 min after the injection.

3. Discussion

In our experience, neurons in forelimb SI representation receive peripheral input exclusively 

from the contralateral forelimb (Pearson et al., 1999; Waters et al., 1995). Homotopic sites in 

SI are linked by an interhemispheric pathway, which raised the question as to why these 

neurons do not also respond to input from the ipsilateral forelimb. The present study 

investigated whether neurons in layer V in the forelimb representation in SI could be 

induced to respond to previously ineffective input from the ipsilateral forelimb. We proposed 

that ICMSr delivered to the interhemispheric pathway would increase spike firing in the 

opposite SI strengthening this pathway sufficiently to allow normally ineffective stimuli 

from the ipsilateral forelimb to excite cells in the ipsilateral forelimb SI. The forelimb 

representation in SI in one hemisphere was mapped using mechanical and electrical 

stimulation of the contralateral forelimb, a homotopic site was similarly identified in the 

opposite SI, the presence of ipsilateral peripheral input in SI was tested in both homotopic 

sites, and ICMS was used to determine the existence of an interhemispheric connection 

between the two homotopic recording sites. The major findings of the present study are: (1) 

each forelimb site in SI initially received a short latency input only from the contralateral 

forelimb; (2) forelimb sites in layer V in each SI were interconnected by an interhemispheric 

pathway; (3) ICMSr delivered to layer V of SI forelimb cortex in one hemisphere generally 

resulted in increased spike firing in layer V in the opposite homotopic site; (4) this increased 

firing response was often followed by the new expression of ipsilateral input whose latency 

was longer than that of the contralateral input; (5) the longer latency ipsilateral responses are 

consistent with a delay time necessary for travel across the interhemispheric pathway; (6) the 

increased spike firing and the resulting ipsilateral responses were also corroborated using in-

vivo intracellular recording; and (7) inactivation (lidocaine or cooling) of the stimulating site 

in SI, and hence the interhemispheric pathway, abolished the ipsilateral forelimb response in 

the opposite SI.

3.1. Ipsilateral receptive fields in rat

In this study, we used hand-held probes to deliver mechanical stimulation or electrical 

stimulation to the skin surface to evoke responses in the forelimb representation in layer V in 

SI in ketamine/xylazine-anesthetized rats. We have used similar techniques to map the FBS 

in layer IV in SI in rats anesthetized with Nembutal (Pearson et al., 1999; Waters et al., 

1995).

In the data presented here and data from prior forelimb mapping studies in rats, despite 

using different anesthetics, we did not encounter bilateral forelimb receptive fields. 

Nonetheless, bilateral forelimb receptive fields have been reported in barrel field SI in rats 

anesthetized with Nembutal (Tutunculer et al., 2006). In their study, 2 arrays of electrodes 

were implanted in SI and 1 week later, under light Nembutal anesthesia, a fine-tipped metal 

stimulus probe was used to deliver 100 stimulations to a set of 10 standardized sites on both 

forelimbs while recordings were made from each electrode in the array. Using this 
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technique, ipsilateral responses were reported in greater than 40% of the recorded neurons. 

Beside the absence of ipsilateral input in our present study before ICMSr, their experimental 

procedures differ from ours in a number of ways that include: site of recording, method of 

stimulation, anesthesia, and animal species. For example, in their Fig. 1, the recording 

electrodes appear deep in the cortex in presumptive layer VI adjacent to the white matter. If 

these locations are representative of their data set, then our recording sites are more 

superficial in layers Va and Vb. Interhemispheric connections may be considerably sparser 

in layer VI than compared to layers III and V, possibly suggesting an alternative pathway for 

ipsilateral input to reach the opposite SI (Decosta-Fortune et al., 2015). Additionally, they 

used a precisely controlled stimulator to deliver 100 consecutive stimulations to the skin 

surface at 10 separate sites while we used a mechanical (hand-held probe) or electrical probe 

to stimulate the skin surface for the examination of homotopic and surrounding sites. 

Inspection of their PSTHs from Fig. 2 revealed that the ipsilateral responses, in some cases, 

occurred in nearly every stimulus trial and the ipsilateral input was not limited to a 

homotopic site. While Nembutal was used in their study and ketamine/xylazine in the 

present study, we have previously used Nembutal to map the forepaw representation in SI 

barrel cortex in Sprague-Dawley rats (Waters et al., 1995). Although the goal of our previous 

study was to produce high-quality detailed maps of the forepaw representation in 

contralateral SI, stimulation of the ipsilateral forelimb failed to evoke responses in the 

ipsilateral SI. While it is hard to reconcile the differences between our study and theirs, other 

investigators using mechanical or electrical stimulation have described bilateral hindlimb 

input in rat SI (Angel and Lemon, 1975; Armstrong-James and George, 1988; Pluto et al., 

2005). Armstrong-James and George (1988) used mechanical stimulation and reported 

bilateral input in homotopic regions of the hindlimb representation, noting that ipsilateral 

receptive fields were smaller than their contralateral counterpart and had a longer response 

latency. Angel and Lemon (1975) used electrical stimulation in the forelimb and hindlimb 

and reported bilateral evoked responses following stimulation of the hindlimb and concluded 

that the forelimb representation was restricted to only the contralateral SI.

3.2. Technical comments

In the present study, a microelectrode was inserted into the SI to map somatosensory input 

from a region of the forelimb. A second electrode was directed into the opposite SI to 

identify a homotopic region at a similar depth. To test for connectivity between the sites 

within the two hemispheres, one electrode was used to deliver single-pulse stimulation and 

the second electrode was used for recording evoked responses. Slight depth adjustments in 

the stimulating and recording electrodes were made to identify a location where a maximal 

response was evoked using minimal stimulation. Once these locations were identified, single 

pulses were delivered to establish a baseline evoked response. Single-pulse ICMSr was then 

continued for up to 5 hr during which evoked spike firing and the presence of ipsilateral 

input were evaluated.

Selection of stimulating and recording sites in layer V of SI forelimb barrel cortex was 

based, in part, on a previous study that used anatomical tracers and electroanatomy to 

examine projection patterns from physiologically identified sites in layer V in the forelimb 

and shoulder representations (Decosta-Fortune et al., 2015). In this study, we found that 
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wrist, forearm, and shoulder representations projected predominately to homotopic sites in 

layer V in the opposite cortex, although some labeling was found in all cortical laminae in 

the contralateral homotopic SI. Because, we (Decosta-Fortune et al., 2015) and others 

(Akers and Killackey, 1978; Wise and Jones, 1976) have reported that layer V was strongly 

interconnected between the hemispheres, layer V was therefore chosen to study homotopic 

sites between these cortical layers. In contrast, little evidence was found to support a 

homotopic relationship between forepaw cortices; rather, injections of tracer made into the 

layer V within a column serving the forepaw representation terminated primarily in layer V 

in the opposite SI in dysgranular cortical regions outside, but adjacent to, the contralateral 

forepaw representation (Decosta-Fortune et al., 2015). However, in the present study, 

stimulation of a forepaw site in layer V evoked a subthreshold response in the forepaw 

representation in layer V in the opposite SI, suggesting that forepaw cortices are also 

connected by an interhemispheric pathway.

3.3. Evoked spike firing

We defined a change in the evoked response level when spike firing activity reached and/or 

exceeded a 1.5 × voltage amplitude spike threshold level over baseline firing measured prior 

to the beginning of ICMSr. While a significant increase (p ≤ 0.05) in spike activity was 

measured after 2.5 hours of ICMSr and remained, in 1 rat, for up to 5 hr, the criterion level 

was reached on average after 30 mins of ICMSr. Long-term changes of transcallosal 

excitatory connections have been associated with an increase in the number and efficacy of 

connections (Bogdanova and Sil’kis, 2002). It is very likely that the increase in evoked firing 

activity is due, in part, to the recruitment of additional neurons, some of which may have 

been responding at a subthreshold level during the initial baseline evaluation. This 

explanation appeared to hold true for the one example of the intracellularly recorded 

forepaw neuron which had a subthreshold evoked response during the initial evaluation but 

was subsequently brought to suprathreshold firing level during subsequent ICMSr (see Fig. 

7).

We previously demonstrated that neurons in rodent forepaw barrel cortex receive short-

latency suprathreshold input from a principal location on the forepaw and longer latency 

subthreshold input from a surrounding forepaw skin surface (Li and Waters, 1996); other 

investigators have reported similar findings in rodent vibrissa barrel cortex with the 

displacement of a primary whisker (suprathreshold input) and adjacent whiskers 

(subthreshold input) (Carvell and Simons, 1988; Moore and Nelson, 1998). Preexisting 

subthreshold input may become expressed after being raised to suprathreshold levels 

(Calford and Tweedale, 1990; Li and Waters, 1996; Moore and Nelson, 1998; Smits et al., 

1991) which has been shown to occur following the release of GABAergic inhibition 

(Carvell and Simons, 1988; Li and Waters, 1996; Moore and Nelson, 1998; Smits et al., 

1991). We injected a GABAA-receptor blocker into the FBS and reported that suppression of 

GABAergic inhibition was accompanied by enhanced responsiveness to stimulation from the 

surrounding receptive field on the digit surface which had previously provided subthreshold 

input (Li et al., 2002).
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GABAA receptors receive excitatory inputs, in part, from callosal projecting neurons (Pluto 

et al., 2005). In rodent SI, these neurons are pyramidal cells located primarily in layers III 

and V (White and DeAmicis, 1977; Wise and Jones, 1976; Yorke and Caviness, 1975); layer 

V pyramidal neurons are reported to yield sub-and surprathreshold responses (Manns et al., 

2004). Also, in rabbit SI, callosal projecting neurons at cortical depths corresponding to 

layers II/III – V exhibited sub- and suprathreshold receptive field characteristics (Swadlow 

and Hicks, 1996). Callosal projections terminate predominately in layers III and V of the 

opposite SI (Akers and Killackey, 1978; Koralek et al., 1990; Wise and Jones, 1976) on both 

excitatory pyramidal neurons and inhibitory interneurons (Pluto et al., 2005) providing 

direct excitation and indirect inhibition to target neurons. By modulating excitatory input, 

callosal connections can modulate inhibition (Clarey et al., 1996; Rema and Ebner, 2003; 

Shuler et al., 2001; Swadlow, 2003).

3.4. Repetitive stimulation

ICMSr applied in vivo to rat SI has been shown to induce representational plasticity (Dinse 

et al., 1993; Heusler et al., 2000; Kalarickal and Marshall, 2002; Recanzone et al., 1992). 

For example, Recanzone and colleagues identified receptive field input of neurons in layer 

IV in rat SI, delivered repetitive low frequency ICMS to that site for 2–6 hr, and reported 

receptive field expansion around the stimulation site to include adjacent cortical territory 

(Recanzone et al., 1992). Other investigators combined cross-correlation and ICMSr in SI 

and reported a functional coupling between the neurons in the expanded receptive field with 

neurons around the stimulating electrode (Dinse et al., 1993). We herein identified 

homotopic receptive field sites for the forelimb in layer V of SI in each hemisphere, used 

microstimulation to identify an interhemispheric connection, repetitively stimulated one of 

the sites, and increased firing activity in the homotopic site in the opposite SI. In 90% of 

these activated sites, the same receptive field recorded from neurons at the stimulation site 

(derived from the contralateral forelimb) became expressed by neurons in the homotopic site 

in the opposite SI. Whether the receptive field expansion in each of these studies resulted 

from unmasking of intracortical connections, the establishment of new functional 

connections, and/or activation of excitatory/inhibitory components within the ICMS-

stimulated territory remains an open question.

Plasticity of callosal connections has been demonstrated in in vitro rat slice preparations 

showing that tetanic stimulation of the white matter enhances neuronal responsiveness (Lee, 

1982; Bindman et al., 1988; Artola et al., 1990), and in vivo in rodent barrel cortex showing 

that the absence of interhemispheric activity down-regulates firing background and evoked 

responses in contralateral barrel cortex (Li et al., 2005). However, few reports are available 

where high frequency microstimulation induced long-term plasticity of transcallosal 

excitatory connections in vivo (Bogdanova and Sil’kis, 2002). On the other hand, the results 

presented here, provide a clear demonstration of plastic changes to transcallosal connections 

between homotopic SI layer V forelimb cortices in rat that leads to expression of ipsilateral 

responsiveness; however, our results are time-restricted and do not address the possible long-

term effects of chronic ICMS.
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Long-term effects have been reported following high-frequency stimulation of rabbit 

hippocampus (Bliss and Lomo, 1973) and cortex (Artola and Singer, 1987; Sakamoto et al., 

1987). For example, long-term potentiation (LTP) following tetanic stimulation delivered to 

vertical and horizontal SI cortical synapses in rodent (Aroniadou-Anderjaska and Keller, 

1995) is accompanied by a horizontal spread of ipsilateral potentiation in layer II/III (Lee et 

al., 1991), a vertical spread of ipsilateral potentiation from layer IV to layer II/III (Glazewski 

et al., 1998), and enhanced cortical response magnitude (Lee et al., 1991; Lee and Ebner, 

1992). To induce LTP, levels of excitability need to be sufficiently elevated through an 

increase in N-methyl-d-aspartate (NMDA) receptor activation of excitatory cells or a 

diminished level of inhibition from a reduction in gamma-aminobutyric acid (GABA) 

receptor activation (Lee et al., 1991; Lee and Ebner, 1992). The threshold to induce LTP has 

been achieved, in studies using in vitro slice preparations, by reducing extracellular 

concentrations of Mg2+, which increased activation levels of NMDA receptors (Lee et al., 

1991; Lee and Ebner, 1992), and by introducing low concentrations of a GABA blocker such 

as bicuculline, a GABAA blocker, to the recording site (Artola et al., 1990; Bindman et al., 

1988) which disinhibited inhibition. Excitatory transcallosal connections can be induced by 

rhythmic stimulation (Sah and Nicoll, 1991) and provide a sufficient environment to study 

enhancement by elevating the activation levels of NMDA channels (Thomson, 1986). One 

important finding of the present study is that low frequency ICMSr of transcallosal 

connections between homotopic SI forelimb representations can increase responsiveness in 

contralateral SI as evidenced by a ≥ 50% increase in evoked response firing rate. Note that 

transcallosal connections have been generally reported as being scarce in cortical regions 

associated with the forelimb (Hayama and Ogawa, 1997; Henry and Catania, 2006; Manzoni 

et al., 1980; Wise and Jones, 1976); however, this was not without controversy (Decosta-

Fortune et al., 2015).

While high frequency stimulation can induce long-term changes in rodent SI responsiveness, 

it has also been demonstrated that chronic microstimulation can induce long-term depression 

(LTD) of synaptic efficacy (Heusler et al., 2000) of both excitatory and inhibitory 

connections (Bogdanova and Sil’kis, 2002). For example, reduction in the density of 

excitatory perforated synapses and increase in density of inhibitory synapses in layer V of 

rodent sensorimotor cortex have been reported (Teskey et al., 2007). It has been suggested 

that LTD following chronic microstimulation occurs when the pathway being stimulated has 

both monosynaptic excitation and disynaptic inhibition and is facilitated by an increased 

excitation of inhibitory interneurons (Bogdanova and Sil’kis, 2002). In rodent, following a 

24-hour period of chronic whisker stimulation, a dense increase in spineous GABAergic 

synapses was reported in the corresponding contralateral barrel cortex and thought to have 

mediated the observed depressed responsiveness (Quairiaux et al., 2007). In our study, low 

frequency stimulation led to a reduction (18% following 3.0 hours of ICMS) in contralateral 

SI evoked response in 1 rat. It is very likely that low frequency ICMS plays a similar role in 

regulating synaptic density as observed in both LTP and LTD.

3.5. Peripheral input reaches its ipsilateral SI via an interhemispheric pathway

Our findings reported here (1) confirm that it takes approximately 7–9 ms for a stimulus 

delivered to the peripheral forelimb to reach the mid-layers in the contralateral SI forelimb 
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cortex, (2) a similar delay time is required for ICMS delivered to forelimb SI to evoke a 

response recorded in a homotopic site in the opposite SI, and (3) the ipsilateral evoked 

response in the ipsilateral SI is reflected by a combination of these two delay-times. The 

above-described delays in ipsilateral input have also been reported in rat for vibrissae 

(Pidoux and Verley, 1979; Shuler et al., 2001), hindlimb (Armstrong-James and George, 

1988), and forelimb (Tutunculer et al., 2006).

To investigate the source of the enhanced ipsilateral forelimb input, we inactivated cells 

around the stimulating electrode by injection of lidocaine or local cooling and retested for 

ipsilateral input which was no longer present. Pidoux and Verley (1979) recorded ipsilateral 

vibrissae input in rat and mouse, ablated the contralateral SI, and reported that the ablation 

abolished the ipsilateral input. Other investigators have reported a similar finding of 

abolishment of ipsilateral input following contralateral SI inactivation (Shuler et al., 2001). 

The above findings are in contrast to the report by Armstrong-James and George (1988) 

where inactivation of the contralateral hindlimb SI had no effect on ipsilateral input. This 

study also failed to label neurons in contralateral hindlimb cortex following injection of 

retrograde tracer in the opposite hindlimb cortex. These latter findings can be contrasted to a 

previous report where injection of tracers into physiological identified regions in rat SI 

forelimb cortex labeled homotopic sites in the opposite SI; the exception was that injections 

made into forepaw SI primarily labeled regions in the opposite dysgranular SI adjacent to 

the forepaw representation, although some scattered labeling was also found in the FBS 

(Decosta-Fortune et al., 2015). We propose that ICMSr strengthens the interhemispheric 

pathway and brings about a change in evoked response firing levels in homotopic sites in the 

opposite SI possibly by elevating previously unresponsive neurons to suprathreshold firing 

level.

3.6 Implications for clinical rehabilitation strategies

It is well documented that cortical stimulation alters activity in targeted brain regions and 

has important clinical relevance in stroke recovery, reduction of motor tremor, and 

amelioration of chronic pain; when combined with behavioral intervention, cortical 

stimulation can bring about cortical reorganization that is often associated with recovery of 

function (Dancause and Nudo, 2011).

One of the most frequently posited mechanistic theories for phantom limb pain is neuronal 

network reorganization whereby deafferented limb cortex begins to respond to stimulus 

input from neighboring regions of the body; for example, neurons in a deafferented hand 

representation may begin to respond to stimuli from the face following limb amputation 

(Collins et al., 2018). Flor and colleagues reported a direct relationship between the amount 

of cortical reorganization and magnitude of phantom limb pain after limb amputation (Flor 

et al., 1995; Flor et al., 1998; Karl et al., 2001). One possible rehabilitation strategy 

suggested by our current findings, perhaps applicable for phantom limb pain, would be to 

use ICMSr to seed new receptive field input into the deafferented limb cortex at a critical 

time after limb amputation. Using a cortical repetitive stimulation protocol in forelimb 

amputated rats, as described here, we reported that ICMSr led to an increase in activity in 

the opposite deafferented cortex which was followed by the expression of previously 
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unexpressed receptive fields from the intact forelimb (Ramshur et al., 2013). While our 

stimulation technique involved invasive stimulation, other noninvasive stimulation 

techniques such as direct transcortical stimulation (dTCS) (Medeiros et al., 2012; Nitsche et 

al., 2009) could be employed. The applicable time course after amputation, optimal 

stimulation parameters, duration of ICMSr, and an assessment whether the resulting 

reorganization would be adaptive or maladaptive would remain to be determined (Flor et al., 

2006; Flor, 2008).

4. Experimental Procedures

4.1. Animals

A total of 27 Sprague-Dawley rats of either sex with a mean age of 11.22 wk (± 1.76 wk) 

and mean weight of 324.59 g (± 30.51 g) was used in this study. The experiments conformed 

to the Guide for the Care and Use of Laboratory Animals (Eight Edition) and were approved 

by the University of Tennessee Health Science Center (UTHSC) Institutional Animal Care 

and Use Committee (IACUC).

4.2. Animal preparation and receptive field mapping

Animal preparation and receptive field mapping have been previously described in detail 

(Waters et al., 1995) and are presented briefly here. Rats were anesthetized with ketamine/

xylazine (87/13 mg/kg, i.m.) and supplemented hourly (10% of initial dose) or sooner if 

needed throughout the experiment to maintain areflexia. The animal was placed on a water-

circulating heating pad to maintain body temperature (36.5–38.0°C), and the head was 

secured in a stereotaxic frame. The head was shaved, a local anesthetic (Carbocaine) was 

injected into the scalp, and a midsagittal incision was made in the skin to expose the 

underlying bone. A bilateral opening (2 mm posterior to Bregma, extending 4 mm anterior 

to Bregma, and 5 mm lateral) was made in the skull overlying SI in both hemispheres and 

the dura was removed from the brain surface. The brain surface was then covered with 

saline-soaked gauze to prevent drying. A recording chamber was constructed around the 

opening using dental cement, and the exposed cortices were bathed in warm silicone fluid 

(10,000 cs). A digital photograph of the cortical surface was taken and used to mark 

locations of electrode penetrations in the brain.

A carbon fiber electrode, attached to a Canberra-type microdrive, was inserted into layer V 

in SI to identify receptive fields in the forelimb representation. A second electrode was then 

inserted into layer V in the contralateral SI and used to identify a homotopic site having a 

receptive field similar to that of the opposite forelimb. Neuronal signals were fed into a 

preamplifier and subsequently amplified using a custom-built amplifier before being fed into 

an audio monitor and viewed on an oscilloscope. Receptive fields were initially measured 

using mechanical stimulation consisting of a hand-held blunt-tipped metal rod (00 gauge) 

attached to the end of a wooden dowel. A bipolar stimulating electrode fashioned from a pair 

of twisted silver wires (0.75 mm tip separation) was then placed bilaterally on the skin at the 

center of the receptive field and used to deliver current (1.5 × threshold, 1-ms pulse duration, 

300 μm, 1 Hz) onto the skin surface to examine evoked response latency and contralateral 
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and ipsilateral input. After initial testing, ipsilateral input to SI was examined at 30-min 

intervals throughout using ICMSr.

4.3. Microstimulation and corticocortical evoked response firing levels

Once the electrodes were inserted in homotopic sites in the two hemispheres, one electrode 

was used to deliver ICMS (cathodal pulse, 1.5 × threshold, 1-ms duration, 1 Hz), and the 

second electrode was used to record evoked responses. Slight adjustments in electrode depth 

were made to maximize the evoked responses using minimal current. Evoked responses to 

20–50 consecutive stimulus pulses were recorded to establish baseline firing. ICMSr was 

then continued for periods between 1–5 hr, and increased spike activity, defined as an 

increase in number of evoked spikes (1.5 × baseline), was examined at 30-min intervals and 

at the end of stimulation to determine level of the evoked response.

4.4. Cortical inactivation by lidocaine and cooling

In two rats, a glass micropipette with a 20-μm opening was affixed to the tip of a 10-μL 

Hamilton syringe containing a 2% solution of lidocaine HCl. The pipette was then inserted 

into the previous stimulating site in SI, and 1 μL of lidocaine was pressure-injected into the 

SI. The pipette was then removed from the stimulating site in layer V, and 2 min later, the 

ipsilateral forelimb was stimulated again and evoked responses were re-examined in the 

ipsilateral SI. In one additional rat, inactivation was achieved by cooling the cortical surface 

over a physiologically identified stimulation site in SI by running cold water (~10°C) 

through a U-shaped metal tube which contacted a 1 mm2 area on the brain surface.

4.5. Histological processing

Selected stimulation and recording sites were identified by making electrolytic lesions in the 

brain using cathodal current (10 μA × 10 sec). Rats were administered a lethal dose of 

Nembutal (50 mg/kg, i.m.) and transcardially perfused with 0.9% saline followed by chilled 

4% paraformaldehyde in 0.3 M sodium phosphate–buffered saline (NaPBS, pH 7.4, 21°C). 

Brains were removed, blocked, fixed in 4% paraformaldehyde at 4°C, and refrigerated 

overnight. The following day, tissue was sectioned in a coronal plane at 100-μm thickness 

using a vibratome. Sections were rinsed (3 × 10 min) with 0.01 M potassium phosphate–

buffered saline (KPBS, pH 7.4, 21°C) and counterstained with cytochrome oxidase (CO). 

Tissue was then incubated in a diaminobenzidine (DAB)-sucrose-PBS mixture and placed in 

a warm water (38°C) bath until barrels were visible (Wong-Riley and Welt, 1980). Sections 

were rinsed (3 × 10 min) in buffer, mounted in distilled water on gelatin-coated glass slides, 

air dried overnight, and coverslipped.

4.6. Data analysis

Evoked responses to cortical and peripheral stimulation were recorded, stored on tape, and 

exported for offline analysis using a custom spike detection algorithm developed in 

MATLAB or in IGOR Pro using NeuroMatic (Rothman and Silver, 2018). During recording, 

spike records were fed into an A/D converter (Instrutech) and visualized online using IGOR 

Pro 6.20 (Wavemetrics) and on an oscilloscope screen. Responses to consecutive cortical 

stimulations were collected before, during, and at the conclusion of ICMSr. Each recorded 
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response trace was bandpass filtered with low and high cutoff frequencies set to 300 Hz and 

1000 Hz, respectively (Quiroga et al., 2004; Rutishauser et al., 2006). In both MATLAB and 

NeuroMatic analyses, spike detection was performed by applying an amplitude threshold to 

each filtered response trace. In both analyses, a voltage threshold was set during 10 ms of 

baseline recording and the same threshold level was used for all measures throughout the 

experiment. Spike activity histograms and raster plots were generated for t = 0–120 ms in 2-

ms time bins. Onset of the evoked response was defined as having occurred when the 

number of post-stimulus spikes within a 2-ms time bin reached 1.5 × the average number of 

pre-stimulus spikes.

When testing for ipsilateral input, each recorded response trace was examined for evoked 

responses following ipsilateral forelimb stimulation. In cases where spontaneous or bursting 

neuronal activity was observed in the ipsilateral forelimb cortex, emphasis was placed on 

response activity with an onset latency of ≥16 ms to set the detection threshold apart from 

the contralateral forelimb input that generally appeared with an onset latency between 7–10 

ms.

To examine the time course of interhemispheric pathway strengthening, a repeated-measures 

ANOVA and Student-Newman-Keuls post-comparison tests were used to assess statistical 

significance (p<0.05) of the changes in the number of spikes detected throughout the 

microstimulation period; changes in response duration and latency were also assessed.

4.7. Intracellular recording

In 1 rat, the extracellular recording electrode was replaced by an intracellular electrode filled 

with 1 M K-Acetate and 2% biocytin and reinserted into SI and used to impale a cell at the 

approximate location of the previous extracellular electrode; the details of the intracellular 

technique have been previously described in detail (Arnold et al., 2001; Li et al., 2002). The 

receptive field of the impaled cell, interhemispheric connectivity, and peripheral input were 

examined as previously described. Spike activity and ipsilateral input were then tested. At 

the end of the recording, biocytin was injected into the cell (500-ms pulse, 1 nA intensity, 1 

Hz). The rat was then perfused with 4% paraformaldehyde, the brain removed, and 

refrigerated overnight at 4°C in 4% paraformaldehyde. The next day, the cortex was 

sectioned in a coronal plane into 100-micron thick sections, washed (3 ×) in 0.1% PBS at 

10-min intervals at room temperature. Sections were transferred to Avidin Biotin Complex 

(Vector) for 3–4 hr, rinsed 3 × in buffer and placed in 0.5% DAB and 0.01% hydrogen 

peroxide for 10–15 min to reveal the labeled cell. Tissue was rinsed for 10 min in buffer and 

incubated in CO in a DAB-sucrose-PBS mixture for 2–3 hr. Sections were incubated in this 

mixture until the barrel field was darker than the background tissue. Sections were then 

washed 3 × in 0.1% PBS, mounted in distilled water on gelatin-coated slides, air dried 

overnight, and coverslipped using Permount. These procedures have been previously 

described (Arnold et al., 2001; Li and Waters, 1996; Li et al., 2002).
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Highlights:

• We describe interhemispheric connections between homotopic forelimb sites 

in layer V of rat primary somatosensory cortex (SI).

• We show that repetitive intracortical microstimulation (ICMSr) of the 

interhemispheric pathway increases spike firing in homotopic sites in the 

opposite SI.

• We show that strengthening of the interhemispheric pathway allows normally 

ineffective stimuli from the ipsilateral forelimb to excite cells in the ipsilateral 

SI.

• We show that the newly expressed ipsilateral input is dependent upon an 

intact interhemispheric pathway.
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Fig. 1 –. 
Representative example of evoked responses recorded in rat SI following 25 consecutive 

stimulations at a homotopic site in the wrist representation in the opposite SI at baseline and 

after 3 hr of ICMSr. (A) A total of 25 consecutive combined buffer traces obtained at the 

beginning of ICMS, which served as the initial baseline. (B) A total of 25 consecutive traces 

recorded at 3 hr after ICMSr. (C, D) Raster plots for baseline and 3 hr, respectively. (E, F) 

Post-stimulus histograms for baseline and 3 hr, respectively. Solid triangles mark the time of 

stimulus onset.
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Fig. 2 –. 
Evoked responses recorded from 4 different experiments showing three examples of spike 

facilitation and one case of a reduction in firing after ICMSr. (A, B, C) Increased spike 

activity was observed in each of these cases. (A) In this example, ICMSr evoked a strong 

multiunit response during baseline recording that resulted in similarly increased prolonged 

responsiveness 3 hr after ICMSr. In (B), both baseline and evoked responses had narrow 

responses, but after ICMSr, the evoked response was quite prominent. In both (A) and (B), 

stimulation and evoked responses were derived from layer V of the wrist representation in 

SI. (C) In this example taken from homotopic locations in digit 3 of the forepaw 

representation, a modest firing increase (58%) was observed after ICMSr. (D) In this rat, a 

modest decrease (18%) in firing from the wrist representation, which did not lead to an 

increase in spike activity or the appearance of ipsilateral input. Solid triangles mark the time 

of stimulus onset.
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Fig. 3 –. 
Raster plots and histograms of evoked responses examined at baseline and at 30-min 

intervals throughout a 5-hr window of ICMSr are illustrated for 1 rat. Bar graph at center 

shows the % change in spike number over the duration of ICMSr. Note the progression in 

spike activity observed over the window for ICMSr. The inset at top shows location of 

stimulating and recording sites in the wrist representation in layer V of SI. Solid triangles 

mark the time of stimulus onset.
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Fig. 4 –. 
Raster plots and histograms of evoked responses recorded from homotopic sites in the 

forepaw representation over a 3-hr time course of ICMSr are shown for 1 rat. However in 

this example, the greater percent evoked response increases were observed at 1.0 and 1.5 hr 

after ICMSr and did not return to these levels during the remaining period of stimulation. 

This is shown in the bar graph (center) for the 3 hr duration time. Solid triangles mark the 

time of stimulus onset.
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Fig. 5 –. 
Time course for interhemispheric excitation from 6 rats that received ICMSr for a total of 3-

hr. Graphs show number of spikes (mean ± standard deviation) for 3 time periods (tresp) in a 

120-ms time period beginning 4 ms after stimulation (14 ms from onset of the oscilloscope 

trace). Baseline number of spikes is designated at ICMS duration time zero. Only after 2.5 

hr of ICMSr was there a significant increase in spike number from that of baseline, and only 

in the time interval between 14 ms and 40 ms. (*p<0.05)
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Fig. 6 –. 
Ipsilateral input in facilitated SI following ICMSr – multiunit record. Baseline evoked 

response data for 13 consecutive stimulations is shown at left along with raster plot and 

histogram is illustrated for 1 rat. Similarly, raw data, raster plot, and histogram are shown 

after 3-hr of ICMSr delivered to the wrist representation in SI. Note the absence of evoked 

responses following stimulation of the ipsilateral wrist during baseline stimulation, and, in 

contrast, the appearance of a robust response to the same ipsilateral forelimb stimulation 

following 3-hr of ICMSr of the wrist representation in layer V of SI. Solid triangles mark the 

time of stimulus onset.
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Fig. 7 –. 
Ipsilateral input in facilitated SI following ICMSr – intracellular record. (A) Initial 

stimulation in the forepaw representation in layer V of SI evoked a post-synaptic response in 

a homotopic site in the opposite SI forepaw cortex; left inset in (A) shows a series of 10 

consecutive stimulations, and the inset at right, shows a single response. After approximately 

30 min of ICMSr, the subthreshold response became elevated to a suprathreshold firing 

level, and this is shown in the bottom trace in (A). Raster plot and histogram are shown in 

(B) and (C), respectively. Inset in (C) shows the location of the stimulation site in SI. At 3-hr 

of ICMSr, stimulation of the ipsilateral forepaw (digit 3) evoked a response and the raw data 

are shown in (D); single trace are shown in the inset in (D). Raster plot and histogram are 

shown in (E), and (F), respectively. The inset in (F) shows the labeled cell in layer V that 

was injected with biocytin. Solid triangles mark the time of stimulus onset.
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Fig. 8 –. 
Inactivation (lidocaine injection or cooling) at the stimulation site in SI abolished ipsilateral 

forelimb responses in the homotopic site in the opposite SI. (A) Baseline recording in 

ipsilateral forelimb cortex following 25 consecutive stimulations of the ipsilateral forelimb 

did not evoke a response. (A-1) Following 118 min of ICMSr, stimulation of ipsilateral 

forelimb evoked a response in the ipsilateral SI. (A-2) Six minutes after lidocaine injection 

at the stimulation site in SI the ipsilateral evoked response in the opposite SI was abolished. 

(B–B2) Another example of lidocaine inactivation in a second rat. (B-3) In this rat, the 

ipsilateral response showed signs of returning 56-min after lidocaine inactivation. (C) 

Surface cooling over the stimulation site in SI also inactivated ipsilateral input forelimb 

input in ipsilateral SI; (C) baseline, C-1 ipsilateral forelimb response in ipsilateral SI, C-2 

ipsilateral response is abolished 2-min after removal of the cooling probe.
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