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SUMMARY AND CONCLUSIONS 

I. Changes in the response properties of 106 ventral posterior 
medial (VPM) units were assessed after iontophoretic blockade of 
y-aminobuturic acid-A or -B (GABA, or GABA,) receptor-me- 
diated inhibition using bicuculline methiodide (BIC) or 2-hy- 
droxy-saclofen ( 2-OH-S), respectively. 

2. The iontophoretic administration of either BIC or 2-OH-S 
did not alter significantly the average spontaneous firing rate of 
VPM neurons for current intensities between 40 and 80 nA. The 
presence of 10 mM 2-OH-S (60 nA) was effective in completely 
reversing the depressant effects of the selective GABA, receptor 
agonist, baclofen, on the spontaneous activity of VPM neurons. 

3. The effect of BIC on whisker-evoked responses was a prefer- 
ential enhancement in the responses elicited by the whisker giving 
rise to the highest probability response (center receptive field 
whisker or CRF). The effect of 2-OH-S (40-80 nA iontophoretic 
currents) was to increase the responsiveness of VPM neurons to 
the stimulation of whiskers in all parts of the receptive field (RF), 
although its influence was much more pronounced in the periph- 
eral areas of the RF (surround receptive field whisker or SRF). 
This preferential enhancement of SRF-whisker responses after the 
blockade of GABA, receptor-mediated inhibition resulted in a 
2.3-fold increase in the average RF size of VPM neurons; no statis- 
tically significant increases in the size of the RF were seen in the 
presence of BIC. 

4. The primary influence of BIC and, to a lesser degree, 2-OH-S 
was to prolong the response duration of VPM neurons to CRF 
whisker stimulation. Under our recording conditions, ~25% of 
VPM neurons in normal animals responded with ‘sustained dis- 
charges. In the presence of BIC and 2-OH-S, the percent of VPM 
units that could be classified as tonically responding increased to 
82% and 67%, respectively. 

5. The proportion of VPM neurons that was selective to the 
deflection of whiskers in a particular direction ( 87%) was not al- 
tered in the presence of BIC or 2-OH-S. 

6. BIC was effective in antagonizing GABA-mediated inhibi- 
tion within the first 40 ms of a stimulus; BIC was completely 
ineffective in reversing a late suppression seen between 80 and 140 
ms. In contrast, no statistically significant changes in the initial 
GABA-mediated inhibition were seen in the presence of 2-OH-S, 
but 2-OH-S was partially effective in antagonizing the late sup- 
pression of responses in VPM neurons. 

7. We conclude that GABA, receptor-mediated inhibition in 
the thalamic VPM nucleus of rats regulates the magnitude of the 
short-latency response to sensory stimulation. Our data suggest 
that GABA, receptor-mediated inhibition occurs at a time point 
significantly later than the fast, bicuculline-sensitive GABA, re- 
ceptor-mediated inhibition. The late, 2-OH-S-sensitive suppres- 
sion mediated by GABA, receptors is expressed at a time when the 
responses in VPM are dominated by the late-arriving, larger RF 

inputs, which were shown in a previous study to be mediated by 
the trigeminal subnucleus interpolaris. 

INTRODUCTION 

In the companion article (Lee et al. 1994), changes in the 
receptive field (RF) size of ventral posterior medial (VPM) 
neurons were assessed after an excitotoxic destruction of 
the ipsilateral thalamic reticular nucleus (TRN). Because 
y-aminobutyric acid (GABA) -mediated inhibition in rats 
arises almost exclusively from the ipsilateral TRN (Barbar- 
esi 1986; Harris and Hendrickson 1987), our aim was to 
quantify the alterations in the RF properties of individual 
VPM neurons after an excitotoxic destruction of this nu- 
cleus. One of the striking features of the disinhibited re- 
sponses after eliminating TRN was an immediate increase 
in the number of whiskers that could elicit responses in a 
given VPM neuron. This enlargement in the RF size was 
demonstrated to be an enhancement in the expression of 
the trigeminal subnucleus interpolaris input (Lee et al. 
1994). 

Results from other RF-mapping studies in the somatic 
thalamus of rats ( Salt 1989 ) and cats (Curtis and Tebecis 
1972; Duggan and McLennan 197 1; Faingold et al. 1983; 
Hicks et al. 1986; Salt 1989) have failed to demonstrate 
significant changes in the RF size after iontophoretic admin- 
istration of the GABA,-receptor antagonist, bicuculline. In 
view of our results from the companion article (Lee et al. 
1994) that the loss of inhibition from TRN leads to a three- 
fold increase in the RF size of VPM neurons, we have reeval- 
uated the effectiveness of bicuculline in altering the RF 
properties of VPM neurons under our recording condi- 
tions. 

In addition, recent reports (Bowery et al. 1987; Chu et al. 
1990) have indicated that the distribution of GABA,-re- 
ceptor binding sites in the ventrobasal thalamus is nearly as 
high as in other brain regions, such as the hippocampus, 
neocortex, and spinal cord, where the actions of GABA,-re- 
ceptor-mediated inhibition are well documented ( Alger 
and Nicoll 1982; Connors et al. 1988; Curtis et al. 1988; 
Dutar and Nicoll 1988; Kaneko and Hicks 1988; Kerr et al. 
1989). Therefore we have combined a rigorous quantita- 
tive analysis of the changes in the RF size and response 
dynamics of single units in VPM to controlled deflections 
of the vibrissae with an iontophoretic blockade of inhibi- 
tion using a GABA,-receptor antagonist, bicuculline meth- 
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iodide or a highly selective GABA,-receptor antagonist, 2- 
hydroxy-saclofen (2,OH-S) (Curtis et al. 1988; Kerr et al. 
1989). 

A preliminary account of this work has appeared in ab- 
stract form (Lee et al. 199 1). 

METHODS 

The RF-mapping experiments were performed on 18 adult 
Long-Evans rats of either sex ranging in weight from 250 to 350 g 
(Charles River Laboratory). An additional six animals were used 
to stimulate electrically the trigeminal nucleus principalis (PrV) 
using a paired-pulse paradigm. The methods for maintaining ani- 
mals during the recording session and single-unit RF mapping and 
analysis were identical to the companion article (Lee et al. 1994). 
Animals were maintained at the anesthetic stage III-3 as described 
in the companion article (Lee et al. 1994). 

Iontophoretic techniques 

Single-unit recordings were obtained and the effects of the 
GABA antagonists measured using a five-barrel micropipette that 
contained an etched carbon fiber in one of the barrels (Armstrong- 
James and Fox 1983 ) . The tip of the etched carbon fiber usually 
protruded beyond the other iontophoretic barrels by 15-20 pm. 
One of the barrels was filled routinely with 0.9% NaCl (pH 7.2) 
and used for current balancing. The remaining three barrels con- 
tained either bicuculline methiodide (BIC; 5 mM, pH 3.5; 
Sigma), L-glutamic acid ( 0.5 M, pH 7.5; Sigma), (k) -baclofen 
(BAC; 10 mM, pH 4.0; Research Biochemicals) or 2-OH-S ( 1 
mM, pH 3.5; Research Biochemicals) depending on the specific 
experiment. A three-channel iontophoretic pump (Neurophore, 
Medical Systems) provided the ejection and retention currents as 
well as the automatic current balancing. Unless specified, the 
currents used for drug ejection varied from 40 to 120 nA and for 
retention, from 7 to 15 nA. The iontophoretic administration of 
bicuculline at these current intensities has been reported previ- 
ously to be effective in antagonizing exogenously applied GABA 
in the VPM of rats (Salt 1989). The current intensity necessary for 
blocking GABA,-receptor-mediated inhibition was estimated by 
antagonizing the effects of a selective GABA,-receptor agonist, 
baclofen (Alger and Nicoll 1982), on the spontaneous firing of 
VPM neurons with 2-OH-S. In this study, no systematic compari- 
sons were made between ejection currents and the changes seen in 
the response properties. Rather we have focused on quantifying 
the changes in the RF properties of individual neurons in the 
absence and presence of BIC and 2-OH-S at an intensity range 
where the effects of the drugs are more predictable. 

Paired-pulse paradigm 

To selectively assess the time course of the feedback inhibition 
from TRN, a concentric bipolar stimulating electrode (diameter 
100 pm; Rhoades) was placed in PrV using the coordinates de- 
rived from the Paxinos and Watson ( 1982) rat atlas (AP -9.5 mm, 
ML 2.7 mm, and D 7.5 mm from bregma). These stereotaxic 
coordinates were verified to be the appropriate location for vi- 
brissa-evoked responses in PrV by crudely mapping each penetra- 
tion using a tungsten microelectrode. The RF near the recording 
electrode was noted and the electrode was replaced with the stimu- 
lating electrode. From our previous study (Friedberg et al. 1989), 
PrV was known to lie directly underneath the transverse sinus. 

Upon isolating a neuron in VPM whose RF was equivalent to 
the responses seen in PrV near the stimulating electrode, single 

shocks ( 100 ps in duration) were delivered to PrV that elicited 
short-latency (2-3 ms) responses in VPM. The intensity of the 
stimulus used was kept between 75 and 100 PA, as higher current 
intensities produced movement artifacts because of the current 
spread into the nearby motor trigeminal nucleus. If the isolated 
VPM unit could be activated orthodromically with a high re- 
sponse probability, i.e., every stimulus led to a response, a second 
shock of equal stimulus duration and intensity, was delivered at 
various interstimulus intervals. The typical interstimulus times 
tested were 10, 20, 40, 60, 80, 100, 120, 140, 160, 200, 500, and 
1,000 ms. Each paired-pulse paradigm consisted of 15 trials at 
0.33 Hz. After recording the normal time course of feedback inhi- 
bition from TRN, 40-83 nA of either BIC or 2-OH-S was adminis- 
tered iontophoretically for 3 min before reevaluating the feedback 
inhibition. Because the entire procedure for a single neuron lasted 
>30 min, the iontophoretic current was reduced by two-thirds 
after the 3-min application and left on for the duration of the 
paired-pulse measurements. 

Histology 

After the termination of the experiments, the animals were 
killed and processed as described in the companion article (Lee et 
al. 1994). All thalamic recording sites were verified histologically 
to be within the dorsolateral aspect of VPM. Cases in which the 
paired-pulse paradigm were employed, horizontal sections were 
cut through the brain stem to verify the proper placement of the 
stimulating electrode. 

Stimulus control and data acquisition 

Discrete, controlled movements of individual whiskers were 
carried out using a piezoelectric mechanical stimulator (Simons 
1983 ) . A metal probe attached to the piezoelectric stimulator de- 
flected the whisker - 300 pm in one of four directions: up (U), 
down (D), backward (B), or forward (F). The whiskers were 
trimmed to a length of - 10 mm from the face, and the placement 
of the stimulator in relation to the whisker was kept constant at 
- 5 mm from the base of the whisker. The duration and frequency 
of the stimuli were maintained at 10 ms and 1 Hz, respectively, 
unless stated otherwise. The stimulator and data acquisition both 
were controlled by a computer interfaced through a series of high- 
speed clocks and memory modules (IBM-AT and Modular In- 
struments). The response to deflection of the whiskers was dis- 
played “on-line” during the course of the experiment as a peri- 
stimulus time histogram (PSTH). A typical sampling time 
consisted of 300 ms of pre-stimulus activity and 200 ms sampling 
of poststimulus response time. The number of trials per stimula- 
tion protocol was kept constant throughout this study at 30 stimu- 
lus presentations. The 9 s of prestimulus activity (300 ms per 
trial X 30 trials) were used to calculate the spontaneous activity 
for each neuron. 

All units isolated for this study were tested for sustained respon- 
siveness. Responses in VPM units were classified as being toni- 
cally or phasically responding using the following criteria. After 
determining the RF map of a VPM neuron, the center receptive 
field (CRF) whisker was tested for tonic responsiveness using a 
50-ms deflection of the whisker. If the first and second halves of 
the response period (the first 25 ms after stimulus onset) gave 
responses that were significantly higher than the prestimulus activ- 
ity, the unit was classified as responding tonically. If either the first 
or second test periods failed to produce responses, that were above 
background or if the second half of the response was ~0.5 of the 
first half, the unit was classified as responding phasically. Typi- 
cally, a tonically responding unit responded continually for the 
duration of the 50-ms deflection of a whisker. 
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FIG. 1. Effect of bicuculline methiodide (BIC) and 2-hydroxy-saclofen (2-OH-S) on a spontaneously active neuron in 

ventral posterior medial ( VPM ) . BIC and 2-OH-S had minimal effects on the average rate of firing for VPM neurons. A : rate 
of spontaneous firing for this representative VPM neuron increased from 3.7 to 4.5 spikes/s in the presence of 4 1-nA BIC. 
Most VPM neurons were unaltered in their spontaneous discharge in the presence of 40- to 83-nA BIC. B: spontaneous firing 
of VPM neurons was reduced by 80- 100% with 29-nA baclofen (BAC) . The selective r-aminobutyric acid-B (GABA,) 
receptor antagonist, 2-OH-S, was completely effective in reversing the depressant effect of BAC. 2-OH-S (60-nA) completely 
reversed the effects of BAC in this VPM neuron. The effects of 2-OH-S on the spontaneous firing of VPM neurons were 
variable. For this neuron, 60-nA 2-OH-S increased the spontaneous activity from 6.3 to 7.7 Hz. Bars indicate the duration of 
the drug injections. There were two reasons for using 29-nA for baclofen: it was the lowest injection current that reliably 
suppressed the spontaneous firing of VPM neurons and it was also the intensity used by Kaneko and Hicks ( 1988) to -- 
demonstrate the effect of BAC in SI cortex. 

Data analysis 
For a cell discharge to qualify as a stimulus-evoked response 

during the response time period (2-50 ms after the onset of the 
stimulus), a distinct mode with 23 spikes had to accumulate in 
the PSTH at single latency after 30 stimulus presentations. The 
rationale for this criterion was based on the statistical improbabil- 
ity of three random events occurring at a given time bin. Each unit 
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FIG. 2. Changes in the response magnitude of center receptive field 

(CRF) and surround receptive field (SRF) whisker evoked responses in 
the presence of BIC and 2-OH-S. BIC dramatically increased the number 
of spikes elicited by a 1 0-ms deflection of the CRF whisker, but was ineffec- 
tive in altering the responses to the stimulation of SRF whiskers (P > 0.20, 
Student’s t test, n = 6 3 ) . Iontophoretic application of 2-OH-S led to highly 
significant increases in the response magnitude (spikes per stimulus) for 
both the CRF and SRF whiskers ( yt = 43). The effect of 2-OH-S was 
proportionally greater on the SRF responses (*P < 0.0 1, Student’s t test). 
The number of spikes per stimulus for CRF and SRF whiskers before 
iontophoretic applications of BIC and 2-OH-S were 0.8 t 0.12 and 4.5 + 
0.52 (means f SE), respectively. 

o CRF 
SRF 

accepted as being responsive had a statistically significant increase 
in the rate of firing during the response time when compared with 
an equal duration of the prestimulus activity. These standards are 
similar to those reported previously in studies of the somatosen- 
sory cortex of rats (Armstrong-James and Fox 1987). 

“Off-line” analysis of the data consisted of converting spike 
times to one of the following formats: response probability, re- 
sponse magnitude, response latency, and rate of spontaneous activ- 
ity. Response probability was used as a measure of how well a unit 
followed a 1 -Hz stimulation of a whisker in its RF. The maximum 
value of 1 .O indicated that the unit responded with at least one 
spike to each stimulus presentation. Response magnitude mea- 
sured the average number of spikes per stimulus. This was com- 
puted as follows: Resp Mag = [ C (Spikes,) - C (Spikes,)] / 
NStim where Spikes, is total number of spikes during the response 
time, SpikessA is total number of spikes during an equal length of 
the prestimulus sampling period, and NStim is the number of 
stimulus presentations. The response latency was determined as 
the mode of the latency histogram that plotted the frequency of 
the first spike during the response period. Spontaneous activity 
was computed as the average frequency during the prestimulus 
time in Hz. 

For VPM units that were tested for direction selectivity in one of 
four directions, a vibrissa-responding unit was categorized as be- 
ing “well tuned” if it responded vigorously to deflections of the 
CRF whisker in one direction, but displayed a null response to the 
opposite direction. Typically the difference in response probabil- 
ity between the best and worst directions for a well-tuned unit was 
~0.7. A neuron was classified as being “poorly tuned” if it re- 
sponded to all four directions, but showed a statistically significant 
preference in one direction. All other units were classified as “not 
tuned.” 

Statistical significance was determined using a Student’s t test at 
a confidence level of P < 0.05. Changes in direction selectivity 
were tested using an x2 test. 

RESULTS 

Alterations in the responses of VPM neurons to discrete 
movements of the contralateral vibrissae were quantified 
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FIG. 3. Per-i-stimulus time histograms (PSTH) of a representative VPM neuron to 30 stimulations of the CRF and SRF 
whiskers before (A and B) and after ( C and D) 83-nA iontophoretic application of BIC. The duration of the whisker stimulus 
( 10 ms) is indicated by the bars. The presence of BIC selectively increased the CRF-evoked responses, but failed in this 
atypical VPM neuron to convert the response characteristics from phasically responding to sustained discharges. The 
marked enhancement of the “off” response seen in this cell was not a consistent finding. Responses in VPM to whisker 
deflections were classified as being tonic or phasic by analyzing the response characteristics after increasing the stimulus 
duration of the CRF whisker to 50 ms (results not shown). The SRF-evoked responses (B and D) remained unaltered in the 
presence of BIC. 

from 63 and 43 units before and after iontophoretic admin- 
istration of BIC and 2-OH-S, respectively. The effect of the 
GABA antagonists on the time course and %efficacy of the 
inhibitory feedback from TRN was assessed from 12 VPM 
units (6 with both BIC and 2-OH-S, 4 with 2-OH-S exclu- 
sively, and 2 with BIC alone). 

Spontaneous activity 

The effect of BIC on thalamic activity in rats has been 
documented previously in detail (Curtis and Tebecis 1972; 
Duggan and McLennan 197 1; Faingold et al. 1983; Salt 
1989). In agreement with previous reports, the iontopho- 
retie application of 40- to 80-nA BIC had minimal effects 
on the average spontaneous activity of VPM neurons. After 
a l-2 min administration of 4 1 nA BIC, there was a greater 
tendency for individual neurons to fire spontaneous bursts 
of action potentials. Figure 1A shows a rare unit that in- 
creased its average spontaneous rate in the presence of BIC 
by 22%. The effect of 2-OH-S on spontaneous firing was 
similar to BIC. At iontophoretic current intensities shown 
to be effective in completely reversing the depressant effects 

of baclofen (Fig. 1 B), the average firing rate of the VPM 
neuron depicted in Fig. 1 increased its rate only marginally 
in the presence of 2-OH-S. 

The effectiveness of 2-OH-S in antagonizing the effect of 
a GABA, agonist, BAC, was less equivocal. Almost immedi- 
ately after the onset of BAC iontophoresis in VPM, the 
spontaneous activity of units tested (n = 12) markedly de- 
creased (Fig. 1 B). The iontophoretic administration of 2- 
OH-S during the BAC application effectively reversed the 
depressant effects of BAC and returned the spontaneous 
firing to previous levels (Fig. 1 B). The current intensities 
used to reverse the effect of 29-nA BAC ranged between 25 
and 120 nA. 

RF organization 

The effects of BIC and 2-OH-S on evoked responses in 
VPM were much more dramatic than on the spontaneous 
activity. The presence of BIC during the stimulation of the 
CRF whisker typically resulted in a dramatic increase in the 
number of spikes in response to a lo-ms deflection of the 
whisker. On average, the increase in the response of the 
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FIG. 4. PSTH of a representative neuron in VPM to 30 deflections of the CRF and SRF whiskers before (A and B) and 

after ( C and D) 67-nA iontophoretic application of 2-OH-S. The effect of 2-OH-S for this VPM neuron was the opposite of 
the effects shown for BIC in Fig. 3; the CRF-evoked responses (A and C) remained unaffected by the 2-OH-S, whereas its 
presence nearly doubled the number of the spikes generated in the SRF-evoked response (B and D) . The duration of the 
stimulus ( 10 ms) is indicated by the bars. 

CRF whisker was 118% in the presence of 40- to 83-nA variably increased the evoked response to the CRF whisker, 
BIC. However, the surround receptive field (SRF) showed as exemplified by the VPM neuron in Fig. 3 C. This unit 
minimal enhancement in the responsiveness even after increased its “off” response when the deflected whisker was 
120~nA BIC was ejected for 10 min. No statistically signifi- released. This acute sensitivity to the change in the position 
cant changes in the responsiveness of VPM neurons to the of the whiskers has been reported previously to be a charac- 
SRF whiskers were seen in the presence of BIC (Fig. 2). The teristic of VPM neurons (Simons and Carve11 1989; Sugi- 
effect of the GABA,-receptor blockade during sensory stim- tani 1979; Waite 1973). Our data suggests that blocking 
ulation was less dramatic than the enhanced responsiveness GABA-mediated inhibition did not alter drastically the na- 
of the CRF whiskers seen in the presence of BIC. However, ture of the response, but enhanced its expression. For the 
changes in the response elicited by 2-OH-S were almost represented neuron in Fig. 3 and most units tested, BIC had 
identical for both the CRF and SRF whiskers (Fig. 2). The a minimal effect on the SRF (Fig. 3 D). 
average increase in the responsiveness to CRF- and SRF- The effects of 2-OH-S were much more subtle. Although 
whisker stimulations was ~40% which was significant at in some cases, antagonizing GABA,-receptor-mediated in- 
the P < 0.01 level. hibition showed a similar effect to BIC, i.e., increased the 

Examples of responses to the CRF and SRF whiskers number of spikes per stimulus to CRF-whisker stimuli, its 
before and after the iontophoretic administration of the two effects on the SRF were greater than those of BIC. Figure 4 
antagonists employed in this study can be seen in Figs. 3 provides such an example. A 3-min iontophoresis of 67-nA 
and 4. The single-unit PSTH generated in response to the 2-OH-S was ineffective in altering the response properties 
CRF whisker seen in Fig. 3A was typical of those seen in to CRF-whisker stimulation. In fact, the evoked response to 
VPM under normal recording conditions. A VPM unit the CRF whisker remained identical to preiontophoresis 
characteristically gave one or two spikes at a short latency measurements (Fig. 4, A vs. C). However, the same drug 
( ~6 ms) during the onset of the stimulus. Responses to the application led to a 60% increase in the number of spikes 
SRF whiskers, when present, occurred at variable latencies, generated in response to a SRF whisker (Fig. 4, B vs. D). 
generally 2- 15 ms later than the CRF whisker (Fig. 3 B). The RF size seen in VPM normally (preiontophoresis) 
The iontophoretic administration of 40- to 83-nA BIC in- and in the presence of BIC and 2-OH-S is summarized in 
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FIG. 5. Average receptive field size of 63 VPM units assessed after BIC 

and 43 units after 2-OH-S application. The average RF size in the presence 
of BIC was identical to preantagonist levels. The increase in the RF seen 
after iontophoretic application of 2-OH-S (40 - 80 nA) was mainly be- 
cause of an enhanced responsiveness to SRF whisker stimulation. (*P -c 
0.00 1, Student’s t test). 

Fig. 5. The average number of whiskers that evoked re- 
sponses in VPM neurons remained nearly identical to pre- 
drug measurements after BIC iontophoresis (2.87 t 0.68 
vs. 3.33 t 1.04 whiskers, means t SE). However, the aver- 
age RF size in the presence of 2-OH-S enlarged to an aver- 
age of 5.8 whiskers ( t 0.37), which was highly significant 
(P < 0.00 1). Although this enlargement remains smaller 
than the changes seen after a complete loss of inhibition by 
lesioning TRN (Lee et al. 1994), these results suggest that 
GABA,-receptor-mediated inhibition may play a crucial 
role in modulating the RF size in VPM. 

100 1 

BIC 2-OH-S 

PRE- POST- 
FIG. 6. Proportion of units that was classified as tonically responding 

before and after iontophoresis of BIC ( n = 63 ) and 2-OH-S ( y1 = 43 ) . In 
contrast to the response profiles of VPM neurons before iontophoretic 
application of the antagonists, most neurons responded for the duration of 
a 50-ms deflection of the CRF whiskers in the presence of BIC and 2-OH-S. 
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FIG. 7. Evoked interspike interval histograms (ISIH) for (A) VPM 

unit responses before antagonist applications (n = 106)) (B) responses in 
the presence BIC (n = 63 ), and ( C) under 2-OH-S (n = 43 ) . Each ISIH 
was averaged during the 2- to 50-ms response period after the onset of CRF 
whisker stimulations (stimulus duration, 10 ms). Each bin consists of 1 
ms. Area under the histograms indicates the number of spikes elicited by 
the 30 whisker stimulations. Shortening of the mode for responses under 
BIC and 2-OH-S (3 vs. 5 ms mode for preiontophoresis responses, P < 
0.05, Student’s t test) indicates that whisker-evoked spikes were occurring 
closer together in the presence of BIC and 2-OH-S. 

Response dynamics 

As demonstrated in the companion article (Lee et al. 
1994), a prominent characteristic of VPM neurons as a 
result of the loss of GABAergic inhibition is the marked 
increase in the proportion of cells responding tonically to 
prolonged deflections of the whiskers. The proportion of 
units giving tonic responses before the application of antag- 
onists was - 30%, which is nearly identical to previous find- 
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FIG. 8. Proportion of units untuned, poorly tuned, and well tuned to 

the deflection of CRF whiskers in one of four directions: up, down, back- 
ward, and forward for (A ) control and in the presence of(B) BIC ( n = 63 ) , 
and (C) 2-OH-S (n = 43 ) . Ratio of VPM units insensitive to direction 
remained unchanged in the presence of the GABA antagonists (P > 0.10, 
x2 test). 

ings (Ito 1988; Lee et al. 1994; Simons and Carve11 1989; 
Sugitani 1979; Waite 1973). For BIC treated units, nearly 
84% of the population gave responses that were classified as 
being tonic. The ratio of units giving tonic responses after 
2-OH-S was not quite as high (67%)) but more than dou- 
bled the number seen in normal VPM (Fig. 6). 

An interspike interval histogram (ISIH) graphically illus- 
trates how the response dynamics changed in the presence 
of the GABA-receptor antagonists (Fig. 7). The mode of 
ISIH for the population of VPM neurons before drug appli- 
cations centered around 5-ms interspike intervals (Fig. 
7A). The changes in the magnitude of the response after 
disinhibition can be seen by comparing the areas under the 
histograms. The evoked response in VPM in the presence of 
BIC dramatically increased the number of spikes and dras- 
tically shortened the time between evoked action potentials 
(Fig. 7B; mode = 3 ms; P < 0.05, Student’s t test). The 
mode of the ISIH after 2-OH-S application was as similar to 
BIC treated cases, but the average number of evoked spikes 
were significantly less than with BIC (Fig. 7C). 

Blocking GABAergic inhibition with either BIC or 2- 
OH-S had similar effects in terms of changing the response 
dynamics. There was an increase in the number of spikes 
generated in response to a brief, 10.ms stimulus, and more 
than two-thirds of units responded for the entire duration of 
a prolonged, 50-ms stimulus. 

Direction sensitivity 

As in the companion article, the proportion of units not 
direction sensitive, poorly sensitive, and well tuned to the 
movement of whiskers in a particular direction was mea- 
sured for predrug units and after iontophoretically blocking 
inhibition ( Fig. 8). The ratio of VPM neurons selective to 
the movement of whiskers to a certain direction to units 
that were not selective remained unaltered even in the pres- 
ence of GABA antagonists. There appeared to be some shift 
of well-tuned units to ones that were poorly tuned, but the 
changes were not statisticallv significant f Pm> 0.20. x 2 test) 

Interstimulus time (msec) 
FIG. 9. Response of VPM neurons to the second of paired electrical 

stimuli to trigeminal nucleus principalis ( PrV), expressed as a percentage 
of the response to the first pulse (baseline response). Baseline response 
refers to the response of VPM neurons to the first stimulus of a paired 
stimuli. Each data point represents the average response of 12 VPM units 
to 15 paired stimuli trials. The abscissa represents the delay between the 2 
stimuli. The feedback inhibition from TRN suppressed nearly all re- 
sponses in VPM for 40 ms after the initiation of an action potential (see 

M v \  /  I &  /  text for description of the methods). 

Feedback inhibition 

The results of the paired-pulse paradigm for the 12 units 
tested prior to the application of BIC or 2-OH-S is plotted in 
Fig. 9. After the initiation of an action potential in a thala- 
mocortical relay neuron in VPM, no subsequent spikes 
could be elicited in the same neuron for a period of 140 ms. 
The response to the second stimulus became indistinguish- 
able from the first in terms of the response magnitude only 
when the interstimulus time was >200 ms (Fig. 9). Figure 
10 illustrates PSTHs for a representative VPM neuron us- 
ing the paired-pulse paradigm at various interstimulus 
times. 

In the presence of BIC, all VPM units tested (n = 8) were 
able to generate a response to a second stimulus within the 
40.ms, early inhibitory period. The response to the second 
stimulus varied from 47 to 110% (in response magnitude) 
of the first response (Fig. 11). In six out of eight neurons 
tested, there was a late BIC insensitive suppression in the 
response (Fig. 11). In such units, the iontophoretic applica- 
tion of 2-OH-S did not affect the early (~40 ms) suppres- 
sion but greatly attenuated the late depression in the re- 
sponse ( Fig. 12). 

DISCUSSION 

The results from this study confirm a previous report that 
the blockade of GABA,-mediated inhibition with BIC fails 
to unmask a larger excitatory RF in the VPM thalamic 
nucleus of rats (Salt 1989) or cats (Hicks et al. 1986). This 
finding was unexpected in view of the results from the pre- 
ceding study (Lee et al. 1994) that the loss of inhibitory 
input produced by a lesion of TRN resulted in a three- to 
fivefold increase in the number of whiskers that normally 
evoked responses in a typical VPM neuron. 

Several speculations have been offered for the failure of 
BIC to alter the cutaneous representation in somatic sen- 
sory thalamus: I) the concentration of BIC iontophoreti- 
tally released may be insufficient to completely antagonize 
the GABA-mediated inhibition, 2) the depth of anesthesia 
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FIG. 10. Effect of BIC on a representative VPM neuron using the paired-pulse procedure as in Fig. 9. VPM units, as 
exemplified by this neuron, were generally unable to respond to the second of 2 electrical stimuli at interstimulus times 
between 0 and 40 ms. The response to the second stimulus became indistinguishable from the first only at interstimulus 
intervals > 1 OO- 120 ms. However, significant responses were evoked by the second stimulus at interstimulus times as short as 
10 ms in the presence of BIC. Arrows indicate the occurrence of the first and second stimuli. 

may affect the expression of RFs in the thalamus, and 3) 
GABA,-mediated inhibition may play a crucial role in mod- 
ulating the RF size in the thalamus. Although the feedback 
inhibition from TRN could not be abolished completely for 
all neurons tested in this study using the paired-pulse para- 
digm, nearly 90% of the feedback inhibition was overcome 
in the presence of 47.nA BIC (for example, compare per- 
cent suppression with and without the presence of BIC, Fig. 
11, A and B). Further, no changes in the RF size were seen 
even when the 80-nA BIC was applied for nearly 30 min. 
Thus it appears unlikely that amount of BIC released was 
insufficient to show some of the changes seen in the preced- 
ing study after an excitotoxic lesion of TRN. 

The level of anesthesia in this study was monitored at all 
times using the dominant electrocorticogram frequency 
and various other physiological signs to estimate the depth 
of the anesthesia at the time each unit was analyzed. Pre- 
vious results from this laboratory (Friedberg et al. 199 1) 
have indicated that the RF size of relay neurons in the tha- 
lamic VPM nucleus of rats decreases in proportion to the 
depth of anesthesia. As discussed in detail in the compan- 

ion article (Lee et al. 1994), the level of anesthesia we have 
adopted as our standard recording conditions produces an 
average RF size in VPM neurons of 2.7 whiskers. At this 
anesthetic depth, the spontaneous activity in VPM neu- 
rons, which ranged from 0.5 to 10 Hz, was present in - 87% 
of the neurons isolated. Thus the failure of BIC to unmask 
additional excitatory connections cannot simply be attrib- 
uted to the depressive effects of anesthesia seen at deeper 
anesthetic depths. 

The interpretation that we favor and have focused on in 
this study is the unique role that GABA,-mediated inhibi- 
tion may play in the somatic thalamus of rats. Nearly all 
VPM neurons included in this study showed a remarkable 
sensitivity to the GABA, agonist, BAC and further, the de- 
pressant effect of the BAC application on neuronal activity 
could be completely reversed by the GABA, antagonist, 
2-OH-S. In addition, the majority (75%) of neurons tested 
for the effectiveness of 2-OH-S in altering evoked activity 
showed a late (80 - 150 ms) suppression in the response, 
which was insensitive to BIC but partially reversed in the 
presence of the GABA, antagonist. 
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A recent study by Connors et al. ( 1988) using an in vitro 
slice preparation of rat SI cortex has indicated that pyrami- 
da1 neurons in layers II and III can generate two distinct 
inhibitory postsynaptic potentials ( IPSPs) to electrical stim- 
uli or exogenous applications of GABA. A short-latency, 
BIC-sensitive fast inhibition was accompanied by a large 
membrane conductance change and a longer-latency, BIC- 
insensitive inhibition that resulted in a proportionally 
smaller conductance change. In direct relevance to this 
study, they have reported a unique contribution of the 

I “late” GABA,-receptor-mediated IPSP ( l-IPSP) in modu- 
2~ lating the frequency of repetitive action potentials induced 
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FIG. 11. Change in the efficacy of feedback inhibition before (A) and 
after (B) iontophoretic application of BIC during the paired-pulse proce- 
dure for a representative VPM neuron ( 15 paired stimuli). Baseline re- 
sponse refers to the response of VPM neurons to the first stimulus of a 
paired stimuli. C: difference between the 2 plots. The presence of BIC 
during the paired-pulse procedure returned nearly 50-80% of the response 
during the initial 40 ms after the first stimulus. Note the longer-latency 
suppression, which was insensitive to BIC. This late suppression was seen 
in six out of eight VPM neurons tested using the paired-pulse paradigm in 
the presence of GABA antagonists. 
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Although the contribution of GABA,-mediated inhibi- 
tion in rat sensory thalamus has not yet been reported, 
Kaneko and Hicks ( 1988) have provided evidence that the 
primary effect of BAC was to suppress more selectively the 
responses of cat SI neurons that were evoked from the pe- 
ripheral areas of the receptive field rather than the central 
regions. Our results showing that GABA,-receptor block- 
ade preferentially enhanced the surround receptive field re- 
sponses in the rat thalamus, are consistent with their find- 
ings in neocortex. 

0 40 80 120 160 200 

Interstimulus time (msec) 
FIG. 12. Change in the efficacy of feedback inhibition before (A) and 

after (B) iontophoretic application of 2-OH-S during the paired-pulse pro- 
cedure for a representative VPM neuron ( 15 stimuli). Baseline response 
refers to the response of VPM neurons to the first stimulus of a paired 
stimuli. The presence of 2-OH-S was ineffective in reversing the early feed- 
back inhibition. However, the longer-latency suppression seen in six out of 
eight neurons assessed, was blocked by the iontophoretic application of 
2-OH-S during the paired-pulse procedure (C). 
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FIG. 13. Schematic diagrams of the proposed influence of TRN-me- 
diated inhibition on the 2 trigeminal inputs related to whisker sensation. 
The precise, feedback inhibition from TRN, which primarily synapses on 
the cell body and proximal dendrites (Peschanski et al. 1983)) is the only 
form of inhibition in the rat thalamic VPM nucleus. The loss of this 
GABA-mediated inhibition, e.g., lesioning of TRN (Lee et al. 1994) or 
iontophoretic blockade of GABA, receptors, results in an enhanced ex- 
pression of trigeminal subnucleus interpolaris ( SpVi) inputs as manifest 
by the marked increase in the receptive field size. The GABA-mediated 
suppression of the SpVi inputs may arise in 1 of 3 ways as illustrated in the 
figure. In hypothesis A, a dominant, short-latency input from PrV invokes 
GABA*- and GABA,-receptor-mediated inhibition, which minimize the 
influence of SpVi whose input arrives in VPM at a significantly longer 
latency. In hypothesis B, the SpVi input may be ineffective or “weak” 
synapses as proposed by Rhoades et al. ( 1987 ) . These synapses are unable 
to evoke action potentials in VPM neurons. In hypothesis C, the influence 
of SpVi remains minimal because of a “shunting” inhibition that is proxi- 
mal to the SpVi input (see text for further discussion). 

by a direct depolarizing current injection. At low current 
injection intensities, the 1-IPSP effectively suppressed the 
repetitive firing, but at higher current levels, the initial fre- 
quency of firing was slightly enhanced. These results lead to 
the notion that GABA,-receptor-mediated inhibition, dem- 
onstrated in this study to regulate the extent of functional 

convergence onto a single VPM neuron, may have a unique 
role in modulating the firing pattern of VPM neurons to 
prolonged deflections of multiple whiskers in their recep- 
tive field. 

The trigeminothalamic circuitry depicted in Fig. 13 for 
rat VPM is somewhat simpler than the ones found in cats 
and monkeys primarily because of the near absence of in- 
terneurons in the rat VPM (Barbaresi et al. 1986; Harris 
1986; Harris and Hendrickson 1987). The feedback inhibi- 
tion from TRN has been shown in this study and others 
(Salt 1989; Simons and Carve11 1989) to be effective in 
suppressing evoked responses in VPM for -30 - 40 ms 
after a VPM neuron fires an action potential. Given the 
result from the companion paper (Lee et al. 1994) that the 
loss of inhibitory drive from TRN results in an enhanced 
expression of trigeminal subnucleus interpolaris input, we 
propose that the level of inhibition from TRN determines 
the relative strength of the two trigeminal inputs, PrV and 
interpolaris ( SpVi) (Fig. 13, A-C). Our data from this and 
the companion paper demonstrate that the receptive fields 
in VPM can be enlarged almost immediately by blocking 
GABA,-receptor-mediated inhibition or by destroying the 
TRN. The enlargement seen was dependent on the pres- 
ence of SpVi as its destruction in TRN-lesioned cases led to 
a dramatic shrinkage in the receptive field size of VPM 
neurons (Lee et al. 1994). These results indicate that the 
SpVi input to VPM is not an ineffective or “weak” pathway 
as suggested by Rhoades et al. ( 1987) (hypothesis B in Fig. 
13), but rather appears to be regulated by the inhibition 
from TRN (hypothesis A and/or C in Fig. 13). 

Previous results from our laboratory (Friedberg et al. 
1989, 199 1; Lee et al. 1990) have shown that the PrV and 
SpVi inputs related to whisker sensation relay two funda- 
mentally different types of information. The PrV pathway 
is dominated by a short-latency, sensory-mediated activity 
related to a single whisker. The SpVi pathway, on the other 
hand, relays information from a number of different 
whiskers at a significantly longer latency than the PrV in- 
put. The response latencies in VPM to whisker stimulation 
range from 4 to 11 ms when the SpVi pathway is removed; 
in contrast, the range of latencies increases to 40 ms when 
the PrV pathway is selectively destroyed (Friedberg et al. 
199 1) . In view of these findings, the late IPSP mediated by 
the GABA, receptors appears to play a crucial role in deter- 
mining the relative strength of the long-latency input from 
SpVi. 

Thus we propose two unique roles for the GABAergic 
inhibition in rat VPM arising primarily from the TRN. The 
fast GABA,-receptor-mediated inhibition can modulate 
the strength of sensory activation without altering the re- 
ceptive field characteristics of the sensory input, e.g., size 
and directional information. To a lesser extent, the late 
GABA,-receptor-mediated inhibition regulates the efficacy 
of sensory input, but perhaps more importantly, can inte- 
grate the inputs from a larger sensory area. 
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