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Each region of neocortex receives synaptic input from several 
thalamic nuclei, but the response properties of thalamocottical 
pathways may differ. We have studied the frontoparietal (motor 
and somatosensory) neocortex of the rat and have examined 
the responses induced by stimulating two convergent thalamo- 
cortical projections originating in the ventrolateral o/L) nucleus 
and ventroposterior lateral (VPL) nucleus. Depth recordings and 
current-source density (CSD) analysis revealed two primary 
responses with different laminar and temporal patterns when VL 
and VPL were stimulated. Single shocks to VL produced a 
characteristic small current sink in layer V, which strongly en- 
hanced in response to a second pulse delivered within a 50- 
200 msec interval (i.e., the augmenting response). In contrast, a 
shock to VPL evoked a large current sink that originated in layer 
IV, spread strongly into the supragranular layers, and was 
almost abolished in response to a second pulse at intervals of 
<200 msec (i.e., the decremental response). Control experi- 

ments determined that these responses could not be attributed 
to the antidromic firing of corticothalamic ceils, intrathalamic 
mechanisms, or anesthesia. Topographic response maps were 
obtained from a grid of 30 sites across frontoparietal cortex. 
One shock to VL excited a very limited cortical region, but an 
augmenting response evoked 50-200 msec later spread at -1 
m/set to synchronize the activity across an area up to 25 times 
larger. In contrast, a single shock to VPL activated a relatively 
large area, but the area activated by a second shock delivered 
within 200 msec was much smaller. We conclude that overlap- 
ping thalamocortical projections, originating in different tha- 
lamic nuclei, have distinct spatiotemporal response character- 
istics that may serve the functional specializations of these 
pathways. 
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Stimulation of dorsal thalamic nuclei evokes frequency- 
dependent responses in neocortex (Dempsey and Morison, 
1942a,b, 1943; Morison and Dempsey, 1942, 1943). The “primary 
response” has a short latency and biphasic (surface positive- 
negative) shape and is recorded in restricted cortical areas. Re- 
petitive stimulation of the thalamus at 7-14 Hz can evoke “aug- 
menting responses,” which increment during the first several 
stimuli and are surface-positive and middle-layer negative [aug- 
menting responses of thalamocortical pathways should not be 
confused with the widespread synaptic phenomenon of “augmen- 
tation” (Zucker, 1989)]. Primary and augmenting responses are 
evoked from the same thalamic locations and should be distin- 
guished from the other major type of thalamocortical response, 
the recruiting response (Steriade et al., 1990). 

Primary responses are assumed to result from the monosynaptic 
projection of specific thalamic nuclei to middle cortical layers 
(primarily layer IV). Each specific thalamocortical projection syn- 
apses mainly onto neurons of layer IV and the basal dendrites of 
layer III cells (White, 1986). Augmenting responses were attrib- 
uted originally to purely thalamic mechanisms (Dempsey and 
Morison, 1943); however, recent studies have concluded that 
cortical processes are primarily responsible (Morin and Steriade, 
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1981; Ferster and Lindstrom, 1985a,b; Metherate and Ashe, 
1994). 

The ventrolateral (VL) and ventroposterior lateral (VPL) nu- 
clei of the thalamus provide topographically organized projections 
to the sensorimotor cortex of the rat (Donoghue et al., 1979). 
Here we report results of a study comparing the cortical responses 
to stimulation of the VL and VPL nuclei. The principle aim was 
to describe the laminar, spatial, and temporal properties, as well 
as the short-term plasticity, of responses in frontoparietal neocor- 
tex to stimulation of two thalamic nuclei with convergent projec- 
tions. The anesthetized rat is quite suitable for these studies 
because both the VL and VPL nuclei, although adjacent, can be 
stimulated independently. In addition, the cortical projection re- 
gions of these nuclei are easily accessible, facilitating mapping of 
activity across the surface and depth. Because the cortical projec- 
tions of the two nuclei are known to overlap anatomically (Don- 
oghue et al., 1979), it is also likely that their functions interact. 
Our results show that the laminar patterns of activation and the 
spatiotemporal properties of short-term plasticity in these conver- 
gent thalamocortical projections are strikingly different. 

MATERIALS AND METHODS 
Fifty adult Sprague-Dawley rats (250-350 gm) were anesthetized with 
ketamine HCl (100 mg/kg, i.p.) and supplemented regularly (50 mgikg, 
i.m.). After induction of surgical anesthesia, the animal was placed in a 
stereotaxic frame. All skin incisions and frame contacts with the skin were 
injected with lidocaine (2%). A unilateral craniotomy extended over a 
large area of the parietofrontal cortex. Small incisions were made in the 
dura as necessary, at the locations of insertion of the stimulating and 
recording electrodes. The cortical surface was covered with saline for the 
duration of the experiment. Body temperature was monitored and main- 
tained constant with a heating pad (36-37 c). All surgical procedures 
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were reviewed and approved by the institutional animal care and use 
committee of Brown University. 

Thalamic stimulating electrodes were inserted stereotactically (all co- 
ordinates are given in millimeters, referred to bregma and the dura 
according to the atlas of Paxinos and Watson, 1982). Coordinates for the 
VL nucleus were approximate as follows: anterior-posterior = -2.0, 
lateral = 2.0, depth = 5.5; for the VPL nucleus, anterior-posterior = 
-2.0, lateral = 3.0, depth = 5.5-6.5. Stimulus current intensity was 
selected to induce a stable response (<200 PA unless noted otherwise), 
and stimuli were monophasic and 200 psec in duration. Insulated, 
twisted, bipolar stainless steel electrodes were used for stimulation. 

Recording electrodes were Teflon-insulated platinum-iridium wires 
(0.007 inch diameter, 0.005 inch tip size). In all experiments, two record- 
ing ‘electrodes were placed simultaneously in two of 30 possible cortical 
sites (see Fig. L4). Typically, recordings were obtained at 0, 500, 1000, 
1500, and 2000 km below the surface of the pia mater. When current- 
source density (CSD) analysis was performed from a particular site, the 
average of 20 responses was obtained from each depth at 100 pm 
intervals, from the surface to 2000 pm deep. When recordings were 
destined for CSD analysis, care was taken to make penetrations normal to 
the pial surface. CSDs were calculated by approximating the second 
spatial derivative of voltage using the methods described by Mitzdorf 
(1985). Two methods were used to control for the stability of the prep- 
aration during long recording sessions. First, the moving electrodes were 
always returned to their initial recording sites, and measurements from 
those sites were repeated to ensure that no significant change over time 
had occurred. Second, the electrocorticogram was monitored continu- 
ously for stability. 

At the end of each experiment, electrolytic marking lesions were 
placed at the thalamic locations that had served as stimulation sites. 
The animals were given an overdose of sodium pentobarbital and 
decapitated, and the brain was extracted and placed in fixative solution 
(5% paraformaldehyde in saline). Subsequently, slices of the fronto- 
parietal cortex and thalamus were cut with a vibratome and stained for 
Nissl (see Fig. l&D). 

Cortical recording sites were characterized in several ways. Brief, 
high-frequency trains of stimuli (300 Hz, 40 msec train duration; <60 
PA) were applied through the recording electrode into the infragranu- 
lar layers; discrete movements indicated that the electrode was situated 
in primary motor cortex (Castro-Alamancos and Borrell, 1993, 1995). 
In some cases, extracellular spikes were recorded, and their response to 
tactile stimulation of various body parts was assessed to identify pri- 
mary somatosensory cortex. This was done by monitoring the multiunit 
activity with an audio amplifier and observing the effect of “brushing” 
the hair and skin with a hand-held probe. Recording sites were also 
characterized by their distinctive response to stimulation of the thala- 
mus (as described in Results). Finally, recording locations were 
mapped histologically (see Fig. lD), and their coordinates were com- 
pared with previously obtained maps of the rat somatosensory and 
motor cortex (Hall and Lindholm, 1974; Castro-Alamancos and Bor- 
rell, 1993, 1995). 

When substances were infused into the cortex or thalamus, a pipette 
(75 pm) or a microdialysis probe was placed adjacent to the recording or 
stimulating electrode, respectively, and lowered simultaneously into the 
tissue. After obtaining a stable response, the drugs were infused by 
applying pressure to a Hamilton syringe, which was connected to the 
pipette placed in the tissue, or by microdialysis, as described previously 
(Castro-Alamancos and Torres-Aleman, 1993). 

Procedures for implanting electrodes in freely moving animals have 
been described previously (Castro-Alamancos and Borrell, 1995). Elec- 
trophysiological recordings were performed as in anesthetized animals, 
but with field-effect transistors (NBLABS, Dennison, TX) attached to the 
recording electrodes within the head connectors. During recording ses- 
sions, the animals were placed in an open field (17 inches x 17 inches). 

Electrophysiological responses were sampled at 10 KHz and stored and 
analyzed on a computer using Experimenter’s Workbench (Data Wave 
Technologies, Longmont, CO) and Origin (Microcal Software, 
Northampton, MA) software. 

RESULTS 

Characterization of cortical responses and thalamic 
stimulation sites 
Figure 2 shows representative responses of motor cortex to 
single stimuli of the VL nucleus (see Fig. 1B for a typical VL 

Figure 1. Recording and stimulation sites in cortex and thalamus. A, 
Schematic diagram illustrating the grid placement of recording sites. B, 
Nissl-stained coronal section through the thalamus showing two electrode 
tracks marking positions of VL (medial track) and VPL (lateral track) 
stimulation sites. Marking lesions were made after recordings by applying 
1 mA for 10 set through each electrode. C, Coronal section posterior to 
the one shown in B. At this location, only the lesion corresponding to the 
VPL-stimulating electrode was visible. D, Coronal section through the 
frontoparietal cortex showing the tracks of five recording electrodes used 
to generate the topographic activity maps, as shown in A. 

stimulation site). Field potentials recorded through the depth 
of the cortex (Fig. 2, left), CSD traces calculated from those 
potentials (Fig. 2, middle), and a color-coded contour plot of 
the CSD (Fig. 2, right) are illustrated. VL stimuli evoked a 
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characteristically small negative field potential that peaked at 
-0.5 mV within layer V (800-1300 pm from the surface; the 
depth of shortest latency sink from six rats was 1175 2 65 pm, 
mean ? SD). Application of infragranular layer microstimula- 
tion (25 PA) through the recording electrode evoked low- 
threshold forelimb movements. CSD analysis revealed short- 
latency (i.e., 3 msec) current sinks originating within layer V, 
with coincident current sources in supragranular layers. This is 
the “primary response” of the motor cortex to VL stimulation. 

Figure 3 shows similarly displayed pr-imary responses to stimu- 
lation of the VPL nucleus (see Fig. l&C for a typical VPL 
stimulation site) while recording in the somatosensory cortex (no 
movement was observed when intracortical microstimulation was 
applied at this site). Relatively large (>l mV) negative field 
potentials were evoked, corresponding to a large current sink 
initiated at short latency (3 msec) within layer IV (800-900 pm 
deep; the depth of the shortest latency sink from six rats was 835 
-+ 50 pm, mean t SD). During the next 10 msec, this sink shifted 
progressively higher into layer II-III, whereas a current source 
shifted in the opposing direction (see also Fig. 4B). 

Histology of the thalamic stimulation sites confirmed that 
stimulating electrodes were placed in the appropriate thalamic 
nucleus (VL or VPL) when responses with these characteristics 
were observed (see Fig. l&C). In addition, responses of these 
types were not observed in the frontoparietal cortex when 
stimuli were applied to locations outside the coordinates of the 
VL and VPL nuclei. Results presented here are representative 
examples and are based on more than 200 CSDs derived from 
50 rats. 

Temporal and spatial characteristics of paired 
VL-to-cortex responses 

When two VL stimuli were delivered at a 100 msec interstimulus 
interval, the second response was much larger than the first (Fig. 
4A). This augmenting response displayed a current source in the 
upper layers, paired with a large current sink in the middle layers 
(900-1200 pm deep). Although the primary responses peaked at 
-8 msec, the second, augmenting response peaked at 15 msec. 
The augmenting response was evident for only a limited range of 
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Figure 3. Laminar analysis of response to VPL stimulation. Field potentials (left), CSD analysis (middle), and contour plot of the CSD (rrg/rt) after one 
shock (150 PA) to VPL, while recording in the somatosensorv cortex (anterior-posterior = 1 mm, lateral = 4 mm). No movements were elictted from 
stimulatmg (60 PA) the infragranular layers at this location. 

interstimulus intervals between 50 and 200 msec (Fig. 5, filled 
circles), with a peak effect at -100 msec. 

The topographic characteristics of responses to paired VL 
stimuli (100 msec interval) were mapped by recording from mul- 
tiple locations spaced 1 mm apart in frontoparietal cortex (see Fig. 
lA,D; penetrations 5 mm lateral were excluded in this case). The 
peak negative field potential, corresponding in latency to the 
middle layer current sink (see Figs. 2, 4A), was measured and 
plotted for each recording site. Contour plots from various subpial 
depths (Fig. 6A) show that the response to the first stimulus is 
spatially localized and of low amplitude, whereas the second 
response is much larger in size and covers a much larger volume 
of cortex, both tangentially and through the depth. Figure 6B 
shows how the topographic map (here at a depth of 1500 km) 
unfolds in time. The primary response to the first stimulus appears 
at a latency of 3-5 msec and remains spatially restricted; the 
beginning of the augmenting response to the second stimulus is 
evident only at 7 msec, but quickly spreads to encompass a much 
larger area. For example, at a depth of 1500 pm, the cortical area 
encompassing responses >0.5 mV was 25 times greater after the 
second stimulus than after the first in this case. By measuring the 

delays of the response from one grid site to the next, we estimated 
that the augmenting response spreads through the cortex at a 
velocity of -0.8-1.1 misec. Recordings from multiple sites in 
response to VL stimulation, as shown in Figure 6, were conducted 
in six rats with similar results. 

These results indicate that the augmenting response originates 
at the region of the primary response and spreads rapidly to 
adjacent cortical regions. 

Temporal and spatial characteristics of paired 
VPL-to-cortex responses 
In contrast to VL-to-cortex responses, paired stimuli delivered to 
the VPL nucleus at an interstimulus interval of 100 msec usually 
resulted in strong depression of all cortical field potentials and 
their corresponding sinks and sources (Fig. 4B). This “decremen- 
tal response” was very strong at all intervals shorter than -200 
msec (Fig. 5, open circles). A similar paired-pulse depression was 
generated by stimulation of the medial lemniscus while recording 
in the same cortical location (not shown). 

In some cases, paired stimulation of VPL elicited a first re- 
sponse typical of VPL, but a second pulse delivered 100 msec later 
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Figure 4. A, Augmenting response to paired VL stimuli. Pairs of stimuli (150 WA) were delivered to the VL nucleus at an interstimulus interval of 100 
msec, while recording in the primary motor cortex (anterior-posterior = 1 mm, lateral = 3 mm). The upper trace shows an example of a trace recorded 
at 1000 pm. The bottom CSD was derived from the same site. Forelimb movement was elicited at low threshold (21 PA) from stimulation of the 
infragranular layers at this site. B, Decremental response to paired VPL stimuli. Pairs of stimuli (150 WA) were delivered to the VPL nucleus at an 
interstimulus interval of 100 msec, while recording in the somatosensory cortex (anterior-posterior = 1 mm, lateral = 4 mm). The upper truce shows an 
example of a trace recorded at 800 pm. The bottom CSD was derived from the same site. Movements were not elicited when the infragranular layers were 
stimulated at this cortical location. 

evoked a long-latency response more characteristic of VL-evoked 
responses. Figure 7A shows an example. Such responses showed 
much less depression than the decremental response cases (Fig. 
4B); however, the response to the second pulse was delayed 
significantly with respect to the first response (Fig. 7A). This effect 
was observed when the VPL-stimulating electrode was placed 
adjacent to the VL, as observed with histological analysis, or when 
large stimulation currents were used. Figure 7B illustrates an 
example of the different stimulus intensities necessary to generate 
an augmenting response when stimulating with independent elec- 
trodes in VL and in VPL>. Low intensity stimuli, which produced 
a robust augmenting response when applied to VL, generated 
only a decremental response from VPL; only the highest currents 
elicited an augmenting response from VPL. 

The topography of VPL-to-cortex responses is shown in 

Figure 8, which plots the peak negative amplitude of the field 
potentials at the cortical surface and at four subpial depths. 
The response to the first VPL stimulus was relatively large (Fig. 
8) compared with that of the primary VL responses (Fig. 6). At 
interstimulus intervals of 100 msec, the area of the second VPL 
response was reduced in extent compared with the first re- 
sponse (Fig. 8). I f  the area occupied by the spread of activity 
from VL (Fig. 6A) is compared with the area of the primary 
response to VPL (Fig. 8), it is clear that there is a large region 
of overlap. This overlap helps to explain the result in Figure 
7A, where paired VPL stimulation (300 kA) produced a pri- 
mary response and a delayed augmenting response in the 
somatosensory cortex (anterior-posterior = 1 mm, lateral = 4 
mm). The augmenting response was likely triggered by the 
spread of current from the stimulating electrode to the adja- 
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-o- VL -o- VPL -m- vL+vPL We investigated the extent to which responses observed under 
anesthetized conditions are also observed in awake animals. Fig- 
ure 10 shows characteristic examples recorded in freely moving 
animals during awake immobility while the VL or VPL nucleus 
was stimulated. Stimulation under unanesthetized conditions re- 
vealed the same response patterns as those described during 
anesthesia: augmenting responses from VL and decremental re- 
sponses from VPL. 
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FigLlre 5. Effects of paired-pulse thalamic stimulation as a function of 
interstimulus interval. Data are expressed as the percentage of change in 
the amplitude of the second response, as compared to the first response, 
measured at a subpial depth of 800 pm. Interstimulus interval is repre- 
sented by a semilogarithmic scale. Graph plots results from stimulation of 
VL (0) or VPL (0) or simultaneous stimulation of both nuclei (I/L+I/PL) 
(B). Data points are the mean + SEM from three representative animals 
in which stimulating electrodes were located in VL and in VPL, allowing 
the independent or conjoint stimulation of the nuclei. 

cent VL nucleus, activating the augmenting response- 
generating mechanism in the primary motor cortex, which 
spread to the recording site in somatosensory cortex. 

Temporal and spatial characteristics of interacting VL 
and VPL responses 
We stimulated the VL and VPL nuclei with separate electrodes to 
gauge the interactions between these parallel afferent systems. In 
each case we first determined the effect of paired stimulation of 
the VPL nucleus alone, then of the VL nucleus alone, and 
subsequently of both simultaneously. Figure 9A,B shows the typ- 
ical paired-pulse VPL decremental response and VL augmenting 
response at intervals of 100 msec. When paired stimuli were 
applied to VL and VPL simultaneously, the second response was 
larger compared with the second responses of either VL or VPL 
alone (Fig. 9C,D); the augmenting response was also delayed 
compared with the primary response at this cortical location 
(anterior-posterior = 1 mm, lateral 4 mm). This implies further 
that when a delayed and augmented response is observed from 
stimulation of the VPL nucleus alone (Fig. 7A), it is attributable 
to intrathalamic current spread to the adjacent VL nucleus or its 
projections. Figure 5 (filled squares) plots the relative size of the 
second response to simultaneous VL and VPL stimulation as a 
function of interstimulus interval, and it shows a relationship 
intermediate between those derived from VL or VPL stimulation 
alone. The cortical topography of simultaneous VL and VPL 
activation was assessed by placing a stimulating electrode at the 
boundary between VL and VPL. This experiment revealed a large 
territory of activation to the first pulse, typical of VPL stimulation, 
and a large lateral expansion of the affected cortical territory to 
the second pulse, typical of VL stimulation (not shown). There- 
fore, the spatiotemporal characteristics of VPL and VL stimula- 
tion can be elicited conjointly, indicating that they may interact to 
produce different patterns of thalamocortical activation. 

Origins of the evoked responses 
To assess the possible role of intrathalamic mechanisms and/or 
antidromic activation of corticothalamic cells in the present 
results, we performed several control experiments. First, we 
confirmed that augmenting and decremental cortical responses 
do not require intrathalamic processes. Inactivating the thala- 
mus with large infusions of y-aminobutyric acid (GABA; 20-50 
mM) or kynurenic acid did not significantly affect either VL- or 
VPL-evoked cortical responses. As a control, much smaller 
infusions of these drugs into the cortex reversibly blocked all 
evoked synaptic activity. Second, we obtained evidence that 
antidromically activated corticothalamic axons do not contrib- 
ute to our VL- or VPL-evoked responses. When glutamate 
antagonists (200 PM 6-cyano-7-nitroquinoxaline-2,3-dione and 
50 PM AP.5) were infused locally to block all synaptic activity in 
the cortical recording area, stimulation of VL or VPL evoked 
either no response or in some cases a small and localized field 
potential with a peak latency of -1 msec. This nonsynaptic field 
potential is unlikely to reflect the antidromic firing of layer VI 
corticothalamic cells, because these have generally slow and 
variable conduction velocities incompatible with a 1 msec la- 
tency (Ferster and Lindstrom, 1983; Swadlow, 1994) and higher 
thresholds as compared with orthodromic activation of 
thalamocortical afferents (Ferster and Lindstrom, 1983). It is 
also notable that the typical current used in our study (i.e., 100 
PA) is one order of magnitude smaller than the currents used 
in previous studies to elicit the antidromic activation of corti- 
cothalamic cells (Ferster and Lindstom, 1985a,b). 

DISCUSSION 
We have studied two thalamocortical pathways of the frontopari- 
eta1 (i.e., motor and somatosensory) neocortex of the rat and have 
characterized two types of responses that differ sharply in tempo- 
ral and spatial pattern and anatomical origin. To summarize the 
results, single stimuli to VL produced a small current sink in layer 
V, whereas stimulation of VPL elicited a large current sink that 
began in layer IV and spread strongly to the upper layers. Paired 
stimuli to VL produced strong enhancement, the augmenting 
response, with peak effectiveness at intervals of -100 msec. In 
contrast, paired stimuli of VPL yielded nearly total depression, 
the decremental response, at intervals <200 msec. These re- 
sponses could not be attributed to the antidromic activation of 
corticothalamic cells, intrathalamic mechanisms, or anesthesia. 
Recordings from multiple sites revealed that single VL stimuli 
activate a very limited region of cortex, but a second VL stimulus 
arriving within 50-200 msec synchronized the activity across an 
area several times larger. In contrast, the cortical area activated by 
a single stimulus delivered to VPL was large, and it strongly 
overlapped the area of primary VL input. An additional stimulus 
to VPL, arriving within 200 msec, activated a much smaller region. 
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Figure 6. Topography and timing of the augmenting response induced by paired VL stimuli.d, The augmenting response activates a larger area of cortex 
than the primary response. Each panel illustrates response magnitude evoked at a grid of 24 equally spaced (1 mm) electrode sites (see Fig. lA), recorded 
at the subpial depth listed to the left. Panels on the left show the effect of the first stimulus, panels on the right show the effect of the second stimulus 
delivered; the interstimulus interval was 100 msec. The gray scale represents the maximum negativity of the local field potential. Each panel represents 
the cortical surface from 0.5 to 4.5 mm lateral and from 4.5 to - 1.5 mm anterior-posterior from bregma. B, Development of the augmenting response. 
The same data from A are shown at intervals of 3, 5,7, 9, or 12 msec after the first (left) or second (right) stimulus. Only responses measured at a subpial 
depth of 1500 pm are illustrated. Figure continues. 
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Spatiotemporal characteristics of 
thalamocortical responses 
CSD analysis indicated that the VL and VPL nuclei activated 
different cortical laminae. VL stimulation induced a small 
current sink in layer V and a simultaneous current source in the 

upper layers. This pattern suggests that the synapses of VL 
afferents terminate on the basal dendrites of layer V pyramidal 
neurons, creating local current sinks and distal current sources 
in their vertically oriented apical dendrites (Cauller and Con- 
nors, 1994). In clear contrast, the relatively large current sink 
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Figure Z A, Decremental and delayed augmenting response to paired 
VPL stimulation. A, Field potentials in response to strong paired stimuli 
(300 PA) applied to VPL and recorded at a subpial depth of 800 pm in the 
somatosensory cortex (anterior-posterior = 1 mm, lateral = 4 mm). 
Traces to the first (solid line) and second (dashed line) stimulus to VPL at 
a 100 msec interstimulus interval are superimposed for comparison. Note 
the delay of the second response compared with the first. B, The augment- 
ing response threshold from stimulation of VPL is much higher than from 
VL. Paired stimuli were delivered to independent stimulating electrodes 
placed in the VL and VPL nuclei, while recording in sensorimotor cortex 
(anterior-posterior = 1 mm, lateral = 3.5 mm). The graph plots the 
percentage change of the second response relative to the first (as in Fig. 5), 
as a function of stimulation intensity. 

produced by VPL stimulation was more superficial than the VL 
sink, implying VPL terminations in layer IV and subsequent 
polysynaptic activation of the supragranular layers. Results 
similar to those observed from VPL stimulation were obtained 
from CSD analysis of the cat thalamocortical system in viva 
(Mitzdorf and Singer, 1978) and from mouse thalamocortical 
slices maintained in vitro (Agmon and Connors, 1991). The 
patterns of short-latency current sinks correlate well with the 
location of VPL afferent terminations assessed with antero- 
grade tracers (Keller et al., 1985; White, 1986; Bernard0 and 
Woolsey, 1987; Agmon and Connors, 1991; Lu and Lin, 1993), 
which show dense projections to layers IV and lower III. To our 
knowledge, however, similar studies using anterograde tracers 
in the VL nucleus of the rat have not been reported. Herken- 
ham (1980, 1986) used tritiated amino acids infused into the 
VL nucleus of the rat and observed a main projection to layers 
I, III, and V, in clear contrast to the VPL projection to layers 
IV and VI. In general, our results indicate that augmenting 

responses are induced when the VL thalamocortical pathway 
activates cortical layer V, whereas decremental responses are 
revealed by a VPL pathway projecting to layers IV-III. 

CSD analysis and topographic maps also showed that the pri- 
mary cortical response induced by VL stimulation is much smaller 
than that from VPL. There are several possible reasons for this. 
VL afferents may be sparser than afferents from VPL. Single VL 
afferents may be more restricted in their cortical arborizations. 
VL input to layer V might be masked by a stronger feedforward 
inhibitory drive than that from VPL to layer IV. The synaptic 
strength of single VL boutons may be smaller than those from 
VPL. There is scant evidence to distinguish between the possibil- 
ities. The VPL-evoked response was not only larger than the 
VL-evoked response, it was more complex in pattern because 
more components can be differentiated in the traces and CSDs. 
This difference in complexity between VL- and VPL-evoked re- 
sponses has been pointed out previously in the cat (Steriade et al., 
1969) and suggests a more complex cortical activation by the VPL 
projection. 

Anatomical studies of the rat have shown extensive overlap in 
the cortical projections of the VL and VPL nuclei. HRP infusions 
into restricted cortical regions label cells in both thalamic nuclei 
(Donoghue et al., 1979). Our results are consistent with this, 
because spatial maps of cortical activation attributable to short- 
latency VL and VPL stimulation overlapped considerably. This 
overlap must necessarily lead to interaction between the two 
afferent systems. Indeed, when VPL and VL were stimulated 
conjointly, both response systems were activated, and the laminar, 
topographic, and temporal profiles in the cortex differed from 
those of either system activated alone. Thus, the activity of large 
regions of sensorimotor cortex must depend on the balance of 
input from these two afferent systems. We conclude that thalamo- 
cortical afferents originating from different nuclei and projecting 
to different layers of the same neocortical area give rise to distinct 
spatiotemporal responses, which may serve the functional special- 
izations of these pathways. 

Paired stimuli revealed the most striking differences between 
VL and VPL activation of cortex. With interstimulus intervals 
~200 msec, the primary response from VPL strongly decre- 
mented; however, at similar intervals, VL induced a strong aug- 
menting response and VPL did not. Previous reports (Morin and 
Steriade, 1981; Ferster and Lindstrom, 1985a) showed both a 
decremental response and the augmenting response during 10 Hz 
stimulation delivered to the LGN or VPL in the cat. No previous 
study, however, has shown these responses elicited independently 
(i.e., each elicited from a different thalamic nuclei) or has attrib- 
uted them to pathways projecting to different neocortical layers. 
The difference between those studies and this one might be 
attributable to the species used or other aspects. A distinct pattern 
of activation of VPL afferents between cat and rat could easily 
account for this difference; VPL afferents may activate layer V in 
the cat, or the upper layers of cat neocortex may contain the 
machinery necessary for triggering an augmenting response. The 
findings of our study are in close agreement with a previous study 
in the cat (Steriade, 1970) showing that VL- and VPL-induced 
thalamocortical responses differ sharply in their sensitivity to 
activation of the reticular formation; VPL-induced primary re- 
sponses were enhanced, whereas VL-induced primary and aug- 
menting responses were reduced, suggesting that they activate 
different cortical systems. 
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Figure 8. Topography of decremental responses induced by paired VPL stimuli. Each panel illustrates response magnitude evoked at a grid of 30 equally 
spaced (1 mm) electrode sites (see Fig. lA), recorded at the subpial depth listed to the left. Panels on the Zef show the effect of the first stimulus, and 
panels on the right show the effect of the second stimulus delivered; the interstimulus interval was 100 msec. The gray scale represents the maximum 
negativity of the local field potential. Each panel represents the cortical surface from 0.5 to 5.5 mm lateral and from 4.5 to -1.5 mm anterior-posterior 
from bregma. 
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D Figure 9. Interactions between VL- and VPL- 
induced responses in cortex. Separate stimulating 
electrodes were placed in VPL and VL, while re- 
cording in sensorimotor cortex (anterior-posterior 
= 1 mm, lateral = 4 mm) at a subpial depth of 800 
pm. Stimulation sites for this case are shown in 
Figure l&C. Interstimulus interval was 100 msec, 
and intensity was 150 FA in each nucleus. A, VPL 
stimulation produced a decremental response. B, 
VL stimulation produced an augmenting response 
that was relatively delayed at this cortical recording 
site. C, Simultaneous VL and VPL stimuli pro- 
duced a large primary response and a delayed aug- 

25 msec 
menting response. D, Superimposed traces from 
A-C. 

Possible mechanisms and functional implications 
The mechanisms of both augmenting and decremental responses 
have remained elusive, although they originate in the cortex 
(Morin and Steriade, 1981; Ferster and Lindstrom, 1985a) (see 
Results). The present study was not specifically aimed at investi- 
gating the mechanisms involved in the short-term plasticity of 
thalamocortical pathways; however, any mechanism proposed for 
the augmenting response must consider several findings of this 
study. (1) Consistent with previous findings (Addae and Stone, 
1987), NMDA-receptor activation is not involved in generating 
the augmenting response because it occurs in ketamine- 
anesthetized animals with robustness similar to that in unanesthe- 
tized animals. (2) The cells or circuits responsible for the trigger- 
ing mechanism are very likely located in cortical layer V and 
should have long dendrites projecting upward. This is suggested 
by the layer V current sink and complementary upper layer 

current source generated during the augmenting response. (3) 
The cells generating the augmenting response should be able to 
spread activity to adjacent cortical regions via long intracortical 
axon collaterals. This is suggested by the very effective spread of 
the response over a large cortical region. (4) The mechanism 
requires either only a sparse input to be activated or the relatively 
short-latency activation of inhibition. Thus, the augmenting re- 
sponse or its mechanism must always be primed by a previous 
stimulus. These requirements implicate the pyramidal cells of 
layer V in the mechanisms underlying the augmenting response. 
There is a subpopulation of layer V cells with the intrinsic ability 
to discharge rhythmically at the same frequency intervals that 
produce an augmenting response (Silva et al., 1991). In addition, 
these cells have a demonstrated propensity to generate synchro- 
nous, epileptiform activity (Connors and Amitai, 1995). Intracel- 
lular recordings under the conditions described here support the 
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Figure 10. Augmenting and decremental responses are observed in freely 
moving animals. A, Typical response elicited in a freely moving nonanes- 
thetized rat during awake immobility by stimulating in VL with a pair of 
pulses at a 100 msec interstimulus interval. The response resembled the 
augmenting response recorded under anesthesia. B, Typical response 
elicited in a freely moving nonanesthetized rat during awake immobility by 
stimulating in VPL with a pair of pulses at a 100 msec interstimulus 
interval. The response resembled the decremental response recorded 
under anesthesia. 

hypothesis that layer V pyramidal cells, activated monosynapti- 
tally by VL afferents and then phasically inhibited, are the critical 
trigger for the augmenting response (Castro-Alamancos and Con- 
nors, 1995). 

Additional research will have to deal not only with the mecha- 
nisms of augmenting and decremental responses, but also with the 
different roles that these processes might play in cortical physiol- 
ogy. Interestingly, activation of cells in the somatosensory cortex 
by sensory input is strongly dependent on the frequency of the 
stimulus. Interstimulus intervals that elicited a decremental re- 
sponse in the present study elicit a strong depression in cortical 
cell discharge in response to stimulation of facial vibrissae (Si- 
mons, 1985). Recordings of neuronal discharges from multiple 
levels of the somatosensory system and motor cortex in freely 
moving rats has revealed an oscillation with frequencies similar to 
those that induce the augmenting response described here 
(Nicolelis et al., 1995). This oscillation began and spread within 
the cortex and then was relayed into subcortical areas. It is 
possible that the mechanisms responsible for the augmenting 
response are involved in the genesis of this behaviorally significant 
oscillation. Thus, decremental and augmenting responses may 
play a role in processes that synchronize neural activity among 
large cortical areas, or they amplify or filter synaptic inputs of 
specific frequencies. In addition, we found recently that the motor 
cortex (i.e., principal recipient of VL inputs) and somatosensory 
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cortex (i.e., principal recipient of VPL inputs) of rats are strikingly 
different in their ability to generate some forms of long-term 
synaptic plasticity (Castro-Alamancos et al., 1993, which depends 
on the properties of short-term plasticity displayed by the acti- 
vated pathways (Castro-Alamancos and Connors, 1996). There- 
fore, the variable frequency dependence of thalamocortical path- 
ways may also help to determine the nature of interactions with 
the short- and long-term frequency-dependent processes of the 
cortex itself. 
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