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were rated as significant if the x? reduction of the
fitting procedure exceeded 15% and a z score of >3
was reached, corresponding to a probability of
<0.0027 of detection of false positive peaks.

18. LFPs were recorded from the same microelectrodes
as MUA by differential filtering (1 to 100 Hz, 3 dB per
octave) and digitized at a sampling rate of 1 kHz.
Power spectra were computed with a resolution of
0.5 Hz and normalized to the total power between
0.1 and 100 Hz. Frequencies between 47.5 and 52.5
Hz were routinely excluded from analysis, and in the
figures they are displayed as linear interpolation be-
tween flanking values. The sample of sufficiently
noise-free data was recruited from N = 35 recording
site pairs (see Fig. 2F). To assess the desynchroniz-
ing effect of MRF stimulation, we computed the pow-
er spectra of the LFPs before and after MRF stimu-
lation from the same periods of light responses used
for cross-correlation analysis and from periods of
spontaneous activity that had the same duration.

19. In the entire sample, MRF stimulation enhanced the
relative (normalized) power of the LFPs in frequency
bands above 14 Hz during periods of both sponta-
neous and light-evoked activity [beta (14 to 30 Hz)
and gamma (>30 Hz), P < 0.05 in a one-sample t
test] and decreased the power in the low-frequency
bands for spontaneous activity [alpha (8 to 13 Hz, P
< 0.001), theta (4 to 7 Hz, P < 0.01), and delta (1 to
3 Hz, P < 0.05)]. For periods of light-evoked activity,
the relative decrease of power in the low-frequency
range (<14 Hz) reached significance [alpha (P <

0.05), theta (P < 0.01), and delta (P < 0.01)] only for
responses to coherent visual stimuli that also in-
duced response synchronization, but not when
compared across all stimulation conditions.

20. For our sample of 760 recording sequences, in
which visual coactivation yielded at least 1.5 times as
many spikes during responses as during spontane-
ous activity in five subsequent stimulus presenta-
tions, averaged PSTHs and cross-correlograms
were computed for the responses to these five stim-
ulus presentations (example in Fig. 2, A to D). Of
these 760 sequences, 134 sequences originating
from 48 pairs of recording sites showed significant
correlation in at least one of the four blocks; 85 se-
quences were recorded with coherent and 49 with
noncoherent visual stimulation (see Fig. 3). A robust
measure for correlation strength, which is close to
the mean percentage increase in firing probability
[see T. C. Cope, E. E. Fetz, M. Matsumura, J.
Physiol. (London) 390, 161 (1987)], is the relative
modulation amplitude (RMA) of the center peak in
the correlogram, defined as the ratio of its height to
the mean of the correlation function, expressed ei-
ther as a real number between O and 1 or as a
percentage. Computing the differences of RMA pre-
serves the identity of individual measurement series
before pooling. For the same reason, power chang-
es in the gamma frequency band of the LFP are also
expressed as differences. Because we had multiple
measurement sequences (2.8 on average) for most
of the recording site pairs, data are presented (Figs.
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The neocortex receives information about the environment and the rest of the brain
through pathways from the thalamus. These pathways have frequency-dependent prop-
erties that can strongly influence their effect on the neocortex. In 1943 Morison and
Dempsey described ‘‘augmenting responses,” a form of short-term plasticity in some
thalamocortical pathways that is triggered by 8- to 15-hertz activation. Results from
anesthetized rats showed that the augmenting response is initiated by pyramidal cells in
layer V. The augmenting response was also observed in awake, unrestrained animals and
was found to be dynamically modulated by their behavioral state.

Synaptic pathways originating in the thal-
amus provide sensory and motor informa-
tion to the neocortex (I, 2). The response
characteristics of these pathways are not
static but display short-term plasticity (that
is, frequency-dependent properties). Thala-
mocortical pathways are known to be mod-
ulated during sleep-wake cycles (I, 2), but
the regulation of their plasticity during dif-
ferent waking states has not been studied
previously. If this short-term plasticity var-
ied dynamically with behavioral state, the
capacity for information processing could
be increased. In 1943 Morison and Demp-
sey showed that low-frequency (8- to 15-
Hz) activation of certain thalamic pathways
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causes a progressively ‘“augmenting re-
sponse” in the neocortex (3). This robust
form of short-term plasticity has been dem-
onstrated repeatedly in both motor (4) and
sensory (5) regions of the neocortex. But
despite extensive study, there is no consen-
sus regarding the mechanisms of the aug-
menting response (6) or its relation to be-
havior. We have investigated the augment-
ing response in a synaptic pathway from the
ventrolateral nucleus (VL) of the thalamus
to the sensorimotor neocortex and explored
its mechanisms and modulation by behav-
ioral state.

Single electrical stimuli delivered to the
VL of the anesthetized rat evoked a charac-
teristic field potential in the depth of the
parietofrontal cortex (Fig. 1A) (7). A short-
latency primary response was followed 175 to
200 ms later by a long-latency potential.
Paired stimuli, separated by 100 ms, gener-
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2, E and F, and 3E) and used in statistical evaluation
as average values per pair. We did not normalize the
correlograms for the number of stimulus presenta-
tions because this would provide no additional infor-
mation and because the number of trials for each
recording sequence (4 times 5) was the same.

21. The analysis was restricted to those cases where
spontaneous fluctuations in correlation strength
(RMA) remained within 1 SD of the entire distribution,
which corresponded to a value of 0.251 RMA. This
requirement was met by 64 of 85 recording se-
quences during coherent visual stimulation and by
38 of 49 recording sequences during noncoherent
visual stimulation. Data for correlation changes dur-
ing noncoherent visual stimulation without MRF ac-
tivation are not shown.
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ated an augmenting response (Fig. 1B); theg
second response at this interval was several ©
times larger than the first and was also fol- 2
lowed by the long-latency potential. The g,
narrow effective time window for generating ©
an augmenting response, illustrated in Fig. g
1C, was between about 50 ms and the peak 2
of the long-latency potential (200 ms), after-Z
which the second response was not augment- 9
ed. Current-source density (CSD) analysis%
revealed that the primary VL response, the
onset of the augmenting response, and the £
long-latency potential were all generated by 2
neurons of layer V (Fig. 1D). After the onseto
of the augmenting response, strong currentg
sinks spread quickly into upper cortical layers S
and horizontally into adjacent cortical re-€
gions. The area of horizontal spread of the 3
augmenting response in the frontoparietal O
neocortex is shown in Fig. 1E (8).

The relevance of the augmenting re-
sponse to behavior has not been demon-
strated, although the response has been
shown to vary between sleep and waking
(9). We found that the VL-generated aug-
menting response was strong and reliable in
awake, unrestrained rats, with characteris-
tics virtually identical to those observed in
anesthetized animals (Fig. 2A, “resting”).
However, the augmenting response, but not
the primary response, was strongly influ-
enced by the behavioral state of the animal.
Three states were distinguished in awake
rats that were allowed to move freely about
an open field (10): resting, exploration, and
immobility. The augmenting response was
strong when the animal was resting (but not
sleeping), but strongly suppressed when the
animal was moving about and actively ex-
ploring the environment (Fig. 2A, “explo-
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