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Two Streams of Attention-Dependent � Activity
in the Striate Recipient Zone of Cat’s Lateral
Posterior–Pulvinar Complex
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Local field potentials from different visual cortical areas and subdivisions of the cat’s lateral posterior–pulvinar complex of the thalamus
(LP-P) were recorded during a behavioral task based on delayed spatial discrimination of visual or auditory stimuli. During visual but not
auditory attentive tasks, we observed an increase of � activity (12–25 Hz) as calculated from signals recorded from the caudal part of the
lateral zone of the LP-P (LPl-c) as well as from cortical areas 17 and 18 and the complex located at the middle suprasylvian sulcus (MSS).
This � activity appeared only in the trials that ended with a successful response, proving its relationship to the mechanism of visual
attention. In contrast, no enhanced � activity was observed in the rostral part of the lateral zone of the LP-P and in the pulvinar proper.
Two subregions of LPl-c (ventromedial and dorsolateral) were distinguished by visually related, attentional � activity of low (12–18 Hz)
and high (18 –25 Hz) frequencies, respectively. At the same time, area 17 exhibited attentional activation in the whole � range, and an
increase of power in low-frequency � was observed in the medial bank of MSS, whereas cortical area 18 and the lateral bank of the MSS
were activated in the high � range. Phase-correlation analysis revealed that two distinct corticothalamic systems were synchronized by
the � activity of different frequencies. One comprised of cortical area 17, ventromedial region of LPl-c, and medial MSS, the second
involved area 18 and the dorsolateral LPl-c. Our observations suggest that LPl-c belongs to the wide corticothalamic attentional system,
which is functionally segregated by distinct streams of � activity.
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Introduction
It is widely agreed that the descending projection from layer 6 of
the visual cortex (VCx) plays a modulatory role in the transmis-
sion of retinal information through the dorsal lateral geniculate
nucleus, a “first-order relay” (Sherman and Guillery, 2002). One
putative function of this feedback loop might be frequency de-
pendent, variable gain regulation (Lindström and Wróbel, 1990;
Waleszczyk et al., 2005) used during attentive visual processing in
the � range (Bekisz and Wróbel, 1993; Wróbel, 2000). The other,
less well recognized corticothalamic visual circuits involve layer 5
pyramidal cells of the cortex and the extrageniculate thalamus [in
the cat: lateral posterior–pulvinar (LP-P) nuclear group]. Be-
cause the cortical input seems to be a crucial driver for cells in the
extrageniculate visual thalamus (Chalupa, 1991; Casanova et al.,
1997), this nuclear group is often referred to as a “higher-order
thalamic relay” (Feig and Harting, 1998; Grieve et al., 2000; Sher-
man and Guillery, 2002). Specifically, striate cortex innervates
the caudal part of the lateral zone of the cat LP-P (Guillery and

Sherman, 2002) and in turn receives reciprocal input back from
this region (Abramson and Chalupa, 1985; Miceli et al., 1991).
The question arises whether the recurrent circuitry of higher-
order visual processing might use activation in the �-frequency
range for attention-related modulation as observed previously in
the “first-order” corticogeniculate loop (Wróbel, 2000).

All previous behavioral investigations undertaken to establish
the functional role of the extrageniculate visual thalamus were
performed on monkeys. First observations suggested that impair-
ments in the acquisition of visual pattern discrimination tasks
observed after inferior pulvinar lesions may involve attentional
deficits (Gould et al., 1974; Chalupa et al., 1976). Subsequent
studies revealed that pulvinar complex is involved in spatial at-
tention tasks (Petersen et al., 1987) and may suppress inputs
related to irrelevant events (Desimone et al., 1990; Robinson and
Petersen, 1992) and proposed its major role in attentive behavior
and visual salience (Chalupa, 1991; Shipp, 2004).

Both in the cat and monkey, it has been proposed that the
extrageniculate visual thalamus provides a link between primary
and higher-order visual areas by means of “re-entrant” circuitry
(Olshausen et al., 1993; Guillery, 1995; Jones, 2001; Sherman and
Guillery, 2002; Shipp, 2004), which may subsequently spread at-
tended visual information within the network (Chalupa et al.,
1976; Petersen et al., 1987; Bender and Youakim, 2001; Casanova
et al., 2001).

To further define the functional role of the lateral posterior–
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pulvinar complex of the cat in visual processing, we analyzed
attention-related changes of local field potentials recorded from
this nuclear group and from interconnected primary and higher-
order cortical visual areas. Among the latter, the middle supra-
sylvian region was chosen because of its strong interconnections
with the LP-P (Garey et al., 1991; Payne and Lomber, 2003;
Huppe-Gourgues et al., 2006) and its involvement in visually
guided behavior (Kiefer et al., 1989; Shupert et al., 1993; Rudolph
and Pasternak, 1996; Ouellette et al., 2004). The phase-
correlation analysis between the recorded signals was used to
determine the dynamics of functional connections within the
network during attentive behavior.

Preliminary results have been published previously in abstract
form (Wróbel et al., 2005).

Materials and Methods
All experimental procedures were approved by the Ethical Commission
at the Nencki Institute.

Behavioral paradigm. Ten adult, castrated male cats weighing 3–3.5 kg
were used. Each cat was trained to discriminate the spatial position of a
reward based on visual or auditory cues in intermingled trials. Training
was performed in a wooden box (20 � 45 � 45 cm) with right and left
semitranslucent doors on the front wall and a transparent screen pre-
venting the animal’s access to feeders placed behind the doors (Fig. 1).
Visual stimuli were presented through the frontal doors and auditory
ones through loudspeakers mounted behind the frontal, left, and right
walls. Additionally, data from four cats trained with a similar experimen-
tal paradigm in our previous experiment (Bekisz and Wróbel, 2003) were
added to increase the cortical sample.

The animals were trained in an “anticipatory attention paradigm”
within the cage dimly lit at low mesopic range (0.05 cd/m 2). The visual
and auditory trials started with cue stimuli of a given modality: a short
diffuse flash of light back-projected on the doors (0.6 cd/m 2 and 1 s
duration) or a white noise delivered from the frontal loudspeaker (60 dB
and 1 s duration). During the trials, the animal anticipated the target
stimulus for 8 –14 s (the duration of this period changed randomly from

trial to trial) with no conditional stimuli present. The visual target stim-
ulus was a small spot of light (0.5 � 1° of �1.6 cd/m 2 intensity and 1 s
duration) that appeared afterward at one of the doors. Two seconds later,
the transparent screen was removed and the cat was allowed to open the
indicated door for a food reward. Visual trials were randomly intermin-
gled with auditory trials that ended with a target (white noise of �50 dB
for 1 s) delivered from a loudspeaker mounted behind the left or right
wall, indicating the door that should be opened for a reward. In each
experimental session, the visual and auditory trials were repeated 16 or 20
times each, in random order. The learning procedure started with the
visual task. The auditory trials were introduced after the animal reached
90% performance level in the visual task. Intensity of visual and auditory
target stimuli was adjusted to attain an error rate of �10%. The training
procedure ended when animals differentiated visual and auditory tasks
with 90% accuracy during three successive experimental days.

Animal preparation. After the training procedure, electrode implanta-
tion was performed under pentobarbital sodium anesthesia (30 mg/kg;
Nembutal sodium solution; Abbot Laboratories, Abbott Park, IL) with
subsequent supplementary doses (3 mg/kg when required) using pre-
medication with 0.2 mg/kg combelen and 0.3 ml of atropine sulfate
(0.05%; Warszawskie Zaklady Farmaceutyczne Polfa, Warsaw, Poland).
One to three recording electrodes (80 –130 �m exposed tip; tungsten
wire coated in lacquer; 50 –100 k� impedance at 1 kHz) were inserted
under electrophysiological control (recording the swish to hand-held
visual stimuli) into three divisions of lateral posterior–pulvinar complex
(caudal and rostral parts of the lateral zone and the pulvinar proper). The
remaining electrodes were implanted �1 mm apart from each other into
visual cortical areas 17 and 18, where the more posterior locations were
chosen to be close to the superficially available representation of area
centralis. Electrodes were also placed in one of the so-called “lateral
suprasylvian visual cortex” areas, which are predominantly located
within middle suprasylvian sulcus (MSS) at its medial [posteromedial
and anteromedial lateral suprasylvian visual areas (PMLS and AMLS)]
and lateral [posterolateral and anterolateral lateral suprasylvian visual
areas (PLLS and ALLS)] banks (Tusa et al., 1981; Grant and Hilgetag,
2005). All recording sites in each cat are listed in Tables 1 and 2. Two
recording electrodes were also inserted in the left lateral geniculate nu-
cleus (LGN) and/or perigeniculate nucleus for purposes of another
project. All electrodes were placed in the left hemisphere, and the cortical
electrodes were positioned at a depth of about layer 4. All electrodes and
a connecting plug were fixed on the skull using dental cement, and re-
cordings started 1–2 weeks after surgery.

After completion of all recording sessions, cats were anesthetized with
Nembutal, and small electrolytic lesions (5 �A for 15 s positive DC) were
made to mark electrode tip positions. The animals were then killed with
a lethal dose of pentobarbital and perfused with 4% paraformaldehyde in
0.1% phosphate buffer for subsequent histological verification. In two
animals, every third section was stained to reveal acetylcholinesterase
activity to better distinguish the three major zones in LP-P (Berson and
Graybiel, 1983). The physiologically estimated retinotopic positions cor-
responding to recording sites were finally verified from postmortem an-
atomical analysis with reference to the maps provided by Hutchins and
Updyke (1989) for LP-P and Tusa et al. (1981) for visual cortical areas.
The retinotopy of the MSS recording sites was not confirmed physiolog-
ically, and we therefore relied only on the histology matched to the maps
defined by others (Tusa et al., 1981; Grant and Shipp, 1991). Taking into
account the large distance from which local field potential (LFP) sources
can be recorded (0.4 mm), the possible error of such evaluation was
within the limits of our recording method.

Recording and data analysis. Monopolar LFPs amplified 1000 times
(with bandwidth of 1 Hz to 5 kHz) were recorded throughout the whole
experimental session on an FM magnetic tape recorder (Racal V-Store;
Racal Recorders, Southampton, UK). Low-pass-filtered data (3 dB am-
plitude attenuation at 100 Hz; 24 dB/octave; Bessel analog filter) were
digitized with a 400 Hz sampling rate. The signal analysis was limited to
LFPs recorded between the cue and the target stimuli (i.e., 8 –14 s). Fast
Fourier Transform (FFT) amplitude spectra were calculated for each trial
for a number of consecutive time epochs. Each epoch was 512 samples
(1.28 s) long and shifted by 240 samples (�50% overlap) from the pre-

Figure 1. The attention paradigm used in this study. The visual and auditory trials started
with cue stimuli of a given modality: a short diffuse flash behind the frontal wall or a white noise
delivered from the frontal loudspeaker. In a given modality trial, the animal anticipated the
target stimulus for 8 –14 s, with no stimulation present until a small spot of light or white noise
from the side loudspeaker was delivered. Two seconds later, the transparent screen was re-
moved, and the cat was allowed to open the indicated door for a food reward. Visual trials
(16 –20) were randomly intermingled with auditory (16 –20) trials. During the experiment, the
cage was covered by a removable ceiling. See Materials and Methods for details.
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vious one. Before Fourier transformation, the raw data within the epochs
were multiplied by the Hanning window function. The mean spectra
were always calculated separately for individual animals and individual
recording sites. Means were obtained from the first 3– 6 recording days

by averaging unitary spectra for all data epochs (excluding epochs con-
taminated by movement artifacts) from all trials of a given modality that
ended with the same (correct or incorrect) behavioral response. Signifi-
cant differences between mean visual and auditory FFT amplitude values
were calculated at each frequency with the Student’s t test. To reveal
whether histograms of summed frequency bands were similar, we con-
ducted the Kolmogorov–Smirnov (KS) test, comparing the distribution
of the two samples. Dependencies between two factors were evaluated by
Pearson correlation coefficient. Because no stimuli were present during
the analyzed period, and cats could not anticipate the side of cue stimuli
appearance, we did not make a distinction in the analysis of trials termi-
nated by left and right cues.

For additional correlation analysis, LFPs were digitally bandpass fil-
tered (100th-order Finite Impulse Response filter with Kaiser window
and no phase shift) with half-amplitude cutoff frequencies of 12–25,
12–19, and 17–25 Hz. These frequency bands were chosen to encompass
the whole range of �, low-frequency � 1, and high-frequency � 2 that
were enhanced during the visual task at specific regions of the investi-
gated visual structures (compare Figs. 3, 6). To measure phase correla-
tions, the filtered LFPs were subjected to the Hilbert transform (Barlow,
1993) to obtain the instantaneous amplitude of the oscillatory signals.
Then, the raw filtered activities were divided by their amplitude envelope
and changed to oscillatory signals of constant amplitude equaling 1.
Phase-cross-correlation functions were calculated first for single trials
(time lag varied from �1 to 1 s in steps of 2.5 ms; correlated signals were
always corrected for zero means) and then averaged over trials. The
maximal correlation values were taken for comparisons.

Table 1. List of experimental animals with location of electrodes, their corresponding retinotopic positions, and frequency ranges of significant increases of amplitude
spectra in visually attentive trials.

LPl-c

VCx area 17 VCx area 18 Middle suprasylvian banks

PosteriorO¡ anterior PosteriorO¡ anterior Medial Lateral

Cat 7 5/�5 0/�5 0/�5
(vm LP1-c) 12–19 12–17 12–19

36 –37; 42– 43 37– 43 31–33

Cat 8 0/�10 0/�2.5 0/�2.5
(dl LP1-c) 20 –25 15–20 15–18

Cat 9 5/�5 2/1 0/�2.5 0/�5 5/�5 5/�10 12–15
(vm LP1-c) 12–16 12–15 12–16 12–17 18 –23 19 –28

38 – 42;44 – 48 30 –32
Cat 10 10/�5 0/�5 5/�10 5/�15 20/�15 14 –18
(dl LP1-c) 16 –21 13–18 13–22 18 –23 17–23

36 –37 40 – 41 37–38; 40 – 42

Cat 12 20/�5 0/�2.5 0/�4 0/�2.5 5/�5 19 –20; 24 –25
(dl LP1-c) 18 –22 12–24 19 –24Hz 19 –21 18 –22

37– 42 36 – 41

Cat 13 5/�20 0/�5 0/�2.5 0/0 5/�5 0/�2.5 10/�10 18 –23; 28 –29
(vm LP1-c) 14 –16 13–21 13–23 17–23 17–23 13–21 16 –25 35–38; 41– 42

Cat 14 20/�5 5/�5 0/�2.5 0/�1 10/�5 5/�7 10/�15 23–25
(dl LP1-c) 19 –22 15–21 15–24 16 –23 22–24 18 –23 19 –27

40 – 42 42– 43 33–35 31–32

Cat 15 5/�5 0/�5 0/0 5/�5
(dl LP1-c) 17–20 17–20 17–20 17–22

40 – 41

Cat 16 40/�5 0/�2.5 5/�5 0/�10
(dl LP1-c) 20 –24 20 –24 20 –22 18 –25

38 – 40 31– 41 33–39

Cat 17 5/�5 5/�5
(vm LP1-c) 13–18 13–21 13–21

Values are for azimuth/elevation (° ) in the top row for each cat, beta band (Hz) in the middle row, and gamma band (Hz) in the bottom row; vm, ventromedial; dl, dorsoventral.

Table 2. Data from Bekisz and Wrobel (2003) used for the histogram presented in
Figure 3D

VCx area 17

PosteriorO¡ anterior

Cat 1 0/�1.5 �0.5/�5 0/�10
12–19 12–17 11–21

31–32

Cat 4 �2.5/�3 0/�1.5 �2/�2
12–19 12–17 11–20

33–34

Cat 5 �0.5/�2.5 �2/0 �1.5/�2
12–20 12–18 11–18
31–32, 38 – 40 38 –39

Cat 6 0/�1 0/�2 �0.5/�10
16 –17, 21–24,
30 –31

12–19, 30 –
34, 38 –39

12–19, 22–23,
32–34

Values are for azimuth/elevation (° ) in the top row for each cat, beta band (Hz) in the middle row, and gamma band
(Hz) in the bottom row.
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Running correlation was also performed on the signals with constant
amplitude, using a rectangular 125 ms window, 2.5 ms step, and zero
time lag between signals. The final mean values of running correlation
analysis were calculated by grand averaging of all unitary results obtained
from individual trials of a given modality that ended with a correct be-
havioral response (trials contaminated by movement artifacts were ex-
cluded) for all available electrode pairs located in any two visual centers
under investigation. The difference between mean visual and auditory
values was calculated using two-way ANOVA (factors: modality and
electrodes; the indicated probability values correspond to the modality
factor).

Results
We have analyzed the spectral content of LFPs recorded between
the cue stimulus, which directed the animals’ attention to either
the visual or auditory modality, and the suitable target stimulus,
which indicated the appropriate reward feeder. Data from 58
recording sites in the left hemisphere of 10 cats were analyzed: 11
in the caudal part of the lateral zone of the LP-P (LPl-c), 6 in the
rostral part of the lateral zone of the LP-P (LPl-r) and pulvinar
proper, 35 in visual cortical areas 17 and 18, and 6 in the MSS
[often called the lateral suprasylvian visual region (LS)]. Among
the latter, three were placed in the medial bank of the MSS, in
areas PMLS and AMLS, and three in its lateral bank, in areas PLLS
and ALLS (for specification of the recording sites in each cat, see
Tables 1, 2; Fig. 5). In most cases, the electrodes implanted in both
cortical projection areas were placed pair-wise in approximately
similar retinotopic positions: within the representation of the
area centralis and at �5° eccentricity. Nine recording sites were
located at more peripheral representations of the visual field
(�5–20° of azimuth and �10 to �15 elevation angles). Addi-
tional data from our previous experiment (Bekisz and Wróbel,
2003) from 12 recording sites in area 17, obtained in four other
cats (Table 2) were included to enlarge the sample in Figure 3D.
From these animals, cat 6 was trained in the same paradigm as
that used in the present experiment, but cats 1, 4, and 5 saw a
small, moving light stimulus (0.5 � 1.0°) during the anticipatory
period of the trial. The distribution of data used for analysis from
the two groups of cats (with and without the moving spot) were
shown to be the same (12–24 Hz; p � 0.65; KS test for comparing
distributions).

Cortical recordings
In accordance with our previous experiments (Bekisz and Wró-
bel, 1993, 2003; Wróbel et al., 1994), anticipation of visual but not
auditory target stimuli increased the number and amplitude of
short (100 –350 ms) bursts of oscillations in the �-frequency
range (12–29 Hz) recorded in both striate and extrastriate corti-
cal areas (data not shown). Accordingly, the amplitude of the FFT
spectra within the �-frequency band was significantly elevated
(Fig. 2A,B). These elevations were consistently observed only in
the visual trials that ended with correct responses and were not
seen in recordings preceding incorrect choices for the food re-
ward (example in Fig. 2C). Note that the enhanced � activity
could not be related to any specific perceptual mechanism be-
cause no visual stimulus was present during several seconds of the
analyzed anticipatory period of recording. The only difference
between the visual and auditory conditions was the modality-
specific attentional activation started by cue stimulus within one
of the two systems (Bekisz and Wróbel, 1993; Maunsell, 2004).
Similar results were obtained for the first time from MSS record-
ing sites (example in Fig. 2D). The frequency ranges of significant
differences between FFTs obtained in visual and auditory trials
from all cortical recording sites were compiled to show the dis-

tribution of frequencies most activated by visual attention (Fig.
3A,C,D).

Additionally, a number of recording sites available in the cor-
tex showed that the ranges of elevated � activity differed between
cortical areas 17 and 18 (Tables 1, 2). To better reveal these dif-
ferences, we have included data gathered in our previous experi-
ment that was devoted solely to � activity in LGN and primary
cortical sites (Bekisz and Wróbel, 2003) (Tables 1, 2). The LFPs
obtained from area 17 (Figs. 2A, 3D) showed averaged enhance-
ment of activity in the whole � range (12–24 Hz; 12–20 Hz at
half-maximal value on the averaged band histogram) (Fig. 3D),
whereas recordings in area 18 (Figs. 2B, 3C) showed an increase
in the amplitude of the spectral content predominantly in higher
� frequencies (18 –24 Hz at half-maximal value). The distribu-
tions obtained for area 17 and 18 were shown to be different as
measured at the whole � range (12–29 Hz; p � 0.047; KS test).
Note that this difference is probably not biased by the retinotopic
position of available recording sites in areas 17 and 18 because the
distributions calculated separately from recordings at central (ec-
centricity �5°) and peripheral loci of both areas were similar
( p � 1.0 to p � 0.15; KS test).

The number of recording sites in different areas of the MSS
was limited, and therefore, we pooled our data into two groups
located in either the lateral or medial bank of MSS. The summed
histogram calculated from recordings in the MSS covered the
whole � range (13–25 Hz at half-maximal value), and its distri-
bution was similar to that obtained in areas 17 ( p � 0.84, KS test)
(Fig. 3A,D) and 18 ( p � 0.56) (Fig. 3A,C). Note that, during
visually attentive trials, FFT amplitudes recorded from sites lo-
cated in the medial bank of the MSS increased predominantly in

Figure 2. � Activity is increased during the anticipatory period of the trials. Mean FFT am-
plitude spectra for individual cortical sites in area 17 or 18 of cat 9 attentively expecting visual or
auditory target stimuli. The analysis was done on signals recorded during the time interval
between cessation of the cue and onset of the target stimuli. A, B, D, Averages were taken only
from trials that ended with correct behavioral responses. The gray line in C shows FFT obtained
during visual trials that ended with an incorrect reward choice. Means were obtained from the
first three recording days by averaging unitary spectra for all data epochs (1.28 s each; epochs
with artifacts were excluded) during all trials of a given modality that ended with the same
(correct or incorrect) behavioral responses (for details, see Materials and Methods). From “cor-
rect” trials, �600 epochs were averaged for each site; for “incorrect” trials, 100 epochs were
averaged. Black lines above the horizontal axis denote significantly different frequency ranges
between the spectra (Student’s t test, p � 0.01). Note that, in these examples, activity in areas
17 and PMLS was enhanced during visual trials in the lower �-frequency range (� 1) but, at the
same time, area 18 recordings exhibited larger amplitudes in higher � frequencies (� 2).

Wróbel et al. • � Activity in the LP-P Complex of Attending Cat J. Neurosci., February 28, 2007 • 27(9):2230 –2240 • 2233



the lower � range (Fig. 3A) (13–18 Hz at half-maximal value),
whereas recordings from the lateral bank of MSS showed an en-
hancement in the high �-frequency ranges (Fig. 3A) (19 –25 Hz at
half-maximal value). Accordingly, MSS histograms have a clearly
bimodal distribution, with peaks located in high and low � fre-
quencies formed by data from medial and lateral loci ( p � 0.001,
KS) (Fig. 3A). Note, however, that histograms obtained from data
in the medial MSS bank versus area 17 and the lateral MSS bank
versus area 18 are alike ( p � 0.95 and 0.27, correspondingly, KS
test) (Fig. 3A,C,D).

Thus, we found that � activation during the attentive visual
state also encompasses the MSS cortex in accordance with one of
the driving pathways of visual processing (Sherman and Guillery,
2002). The available data suggests a causative link between �
activity and the known anatomical connections of MSS (Garey et
al., 1991; Huppe-Gourgues et al., 2006), which could link � ac-
tivity between the primary visual cortex and MSS.

LP-P recording sites
According to the classification of Hutchins and Updyke (1988,
1989), the LP-P of the cat consists of functionally different zones,

which have distinct connections with cortical areas and subcor-
tical structures. One of them, the lateral zone (LPl), includes the
LPl-c and LPl-r. The large caudal part is the region of LPl that
receives strong “driving input” (Guillery et al., 2001) from and
sends reciprocal connections to areas 17 and 18 and was therefore
called the “striate-recipient zone” (Updyke, 1977; Raczkowski
and Rosenquist, 1983). The cells in LPl-c and striate cortex ex-
hibit many similar response properties, such as binocularity, ori-
entation, and direction selectivity, but LPl-c neurons often pos-
sess larger and more complex receptive fields than those seen in
the striate cortex (Harutiunian-Kozak et al., 1981; Chalupa and
Abramson, 1989; Casanova et al., 1997). In addition, LPl-c is
reciprocally interconnected with many other visual areas includ-
ing those located in the suprasylvian sulcus (for review, see Garey
et al., 1991). Accordingly, some of the complex functional prop-
erties of LPl-c neurons like binocular facilitation (Rauschecker et
al., 1987) and global motion processing (Rudolph and Pasternak,
1996; Merabet et al., 2000; Dumbrava et al., 2001) were attributed
to the inputs from the “lateral syprasylvian cortex” located at the
banks of the middle suprasylvian sulcus (Grant and Hilgetag,
2005). The LPl-r receives its predominant input from the mid-
brain visual centers, instead of projections from striate cortex,
and is reciprocally interconnected with a different set of cortical
visual areas (Garey et al., 1991).

To define the functional role of the lateral posterior–pulvinar
complex in visual processing, we analyzed attention-related
changes in the FFT amplitude spectra of local field potentials
recorded from the three main divisions of this complex (LPl-c,
LPl-r, and pulvinar proper). The examples of averaged FFT spec-
tra calculated from different recording sites in the LP-P complex
during visual and auditory trials are shown in Figure 4A–C.

Figure 4. Increased � activity during attentive anticipation of the target stimuli in LPl-c.
A–D, Mean visual and auditory FFT amplitude spectra obtained for LFPs recorded from individ-
ual sites in different regions of lateral zone of the lateral posterior–pulvinar complex in cat 9 (A,
C) and 10 (B, D). The analysis encompassed signals recorded during the time interval between
cessation of the cue and onset of the target stimuli. A–C contain exclusively those trials that
ended with correct behavioral responses. The spectra are presented with reference to the loca-
tion of the recording electrodes, i.e., from the most caudal (A) through intermediate (B) to the
most rostral (C) site according to Horsley-Clarke coordinates (compare the exact locations in Fig.
5). A–C, Different recording sites are located in the ventromedial core of LPl-c (A), the dorso-
lateral region of LPl-c (B), and the rostral part of LPl (C). D, FFT spectra averaged from visual
trials ending with a correct response (black line) are compared with those ending with an
incorrect behavioral response. Note the enhancement of low-frequency (� 1) activity in the ventro-
lateral region of LPl-c (A) and high-frequency (� 2) activity in dorsolateral region of LPl-c (B). No
enhancementof�activitywasobservedinLPl-r(C)orduringincorrectlyendedvisualtrials inLPl-c(D;
gray line). In each cat, �600 data epochs from first three recording sessions were used to calculate
meanspectrumfortrialswithcorrectresponseand50epochsweretakentoobtainmeanspectrumfor
trials with incorrect reward choice. Other explanations are as in Figure 2.

Figure 3. Frequency bands that were increased by attentive anticipation of the target stim-
uli. Histograms resulting from stacking together the frequency ranges with significant differ-
ences between FFTs obtained from visual and auditory attentive trials at all investigated levels
of the visual system (see Results for details). A, MSS; B, LPl-c; C, area 18; D, area 17. Black parts
in the two top histograms indicate stacked ranges of significantly different FFT amplitudes
obtained from the ventromedial core region of LPl-c (�0.8 mm from pulvinar border) and from
medial bank of the MSS. White parts of these histograms represent the dorsolateral LPl-c and lateral
bank of MSS, respectively. Each histogram consists of a different number of animals/recording sites:
area 17 (14/30), area 18 (10/17), LPl-c (10/10), and MSS (6/6). For details, see Tables 1, 2.
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These examples were obtained from two animals and are pre-
sented with reference to the location of the recording electrodes,
i.e., from the most caudal (Fig. 4A) through intermediate (Fig.
4B) to the most rostral (Fig. 4C) site according to Horsley-Clarke
coordinates. The elevated � activity observed during visual trials
was only seen in the recording sites located in LPl-c (Fig. 4A,B)
and not in pulvinar proper (Fig. 4C). Similar to the cortical re-
cordings, the �-frequency enhancement in LPl-c accompanied
only trials that ended with a correct behavioral response (Fig.
4D), thus providing additional evidence for its involvement in an
attentional mechanism. The locations of all recording sites in
LP-P, together with the frequency ranges of significant � en-
hancement during visual trials are presented in Figure 5. Data
from the lowermost row of this figure show that, in contrast to
LPl-c (the striate-recipient zone), � power was not enhanced
during visual trials either in the rostral part of LPl nor in the
pulvinar proper.

The distribution of significant � activity increases during at-
tentive visual trials recorded from LPl-c encompassed the whole

� range (12–25 Hz) (Fig. 3B). This increase
was similar to that found in area 17 ( p �
1.00, KS test for similarity of distribu-
tions), area 18 ( p � 0.26), and MSS ( p �
0.97). The histological verification of re-
cording sites (Fig. 5) revealed that the fre-
quency range activated by increased visual
attention was dependent on the recording
location within this region. We found that
the recordings obtained from sites located
not further than 0.8 mm from the pulvinar
border, in the dorsolateral segment of the
LPl-c, showed an increase of visual
attention-related activity within the upper
� range (16 –25 Hz) (Fig. 4B; compare re-
cording locations in Figs. 5, 6), whereas
activity in ventromedial loci showed an in-
crease within the lower � range (12–19
Hz) (see Figs. 4A, 5, 6). The distributions
of these attention-sensitive frequency
ranges from both LPl-c regions were
clearly different ( p � 0.001, KS test). Fur-
thermore, the distribution of attention-
influenced frequencies in the dorsolateral

segment (Fig. 3B, white area of the histogram) was also different
from that in area 17 ( p � 0.02, KS test) (Fig. 3D) but matched the
distribution obtained in area 18 ( p � 1.00) (Fig. 3C). At the same
time, the distribution found in the ventromedial part of LPl-c
(Fig. 3B, dark area of histogram) was similar to that found in area
17 ( p � 0.17) (Fig. 3D) and differed from the area 18 distribution
( p � 0.001) (Fig. 3C).

Note that the division of LPl-c into dorsolateral and ventro-
medial regions was unexpected and based solely on physiological
data that grouped the recordings sites with high and low
�-frequency activations according to their distance from the
pulvinar border (Fig. 6). Although the number of our recording
sites in LP1-c is limited (10 in 11 cats), the proposed division
perfectly matches the diverse morphology and connectivity of
these subregions (Berson and Graybiel, 1978; Updyke, 1983;
Abramson and Chalupa, 1988; Garey et al., 1991; Kelly et al.,
2003; Huppe-Gourgues et al., 2006) and differences of their neu-
ronal responses in anesthetized cats (Casanova et al., 1989; Cha-
lupa and Abramson, 1989; Hutchins and Updyke, 1989; Dumb-
rava et al., 2001). There is, however, a discrepancy between our
data and those of others with regard to the extent of the dorsolat-
eral region bordering on the pulvinar. Previous data (Chalupa
and Abramson, 1989) estimated this distance to be �0.4 mm
along the vertical penetration of the recording electrode, whereas
our histological reconstructions of electrode locations at which
recording of higher-frequency � activity occurred were localized
as far as 0.7 mm from the LPl/P border (Fig. 6). We attribute this
difference to the large volume of tissue contributing to LFPs that
originate from signal sources located up to 0.4 mm from the
electrode tip and may cause such error.

Increased gamma activity associated with visually
attentive situations
Finally, it should be noted that, in agreement with our previous
findings (Bekisz and Wróbel, 1999), we frequently noticed ele-
vated activity in the gamma band in both visual and auditory
situations. For a number of visual trials, gamma activity increased
in parallel with � attentional modulation reaching statistical sig-

Figure 6. Frequency ranges of significant differences between FFTs obtained from all re-
cording sites in LPl-c. The LFP signals taken for analysis were recorded during correctly ended
visual and auditory trials. Ordinate indicates shortest distance (in three-dimensional space)
between the electrode location and the pulvinar border. Numbers specify experimental ani-
mals. Pulv, Pulvinar zone of LP-P.

Figure 5. Schematic drawing showing all of the recording sites in LP-P. The two top rows show locations where �-activity
enhancement during visual trials was statistically significant (ranges are given above the cat number). Sections are ordered from
most posterior (top left) to most anterior (middle row, right) according to Horsley-Clarke coordinates. The third row shows the
locations where no increase of � activity was recorded. Pul, Pulvinar zone of LP-P; LGN, lateral geniculate nucleus.
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nificance in all investigated visual regions (Fig. 3, frequencies
�30 Hz).

Correlations of � activity between cortical and
thalamic recordings
To determine whether the dorsolateral and ventromedial regions
of the LPl-c, which expressed enhanced � activity of different
frequencies in visually attentive situations, would also exhibit
different functional connections with cortical areas 17 and 18, we
correlated LFPs recorded from all of the available corticothalamic
pair sites. In line with our previous study on geniculocortical
loops (Bekisz and Wróbel, 2003), we have not found the
attention-dependent change in correlations calculated between
LPl-c and primary cortex signals with either raw or envelope
techniques. This was not surprising, because the two signal sam-
ples (from LPl-c and cortex) represented clearly different, central
and peripheral retinotopic locations, and attention-dependent
coupling between envelopes of � activity was previously con-
firmed only for these cortical and geniculate recording sites that
both represented the central visual field (Bekisz and Wróbel,
2003). In contrast, neurons in the LPl-c have larger receptive
fields and may thus detect weak signals from distant sources. We

have therefore checked whether the temporary state of congruent
activity at LPl-c and cortical sites would be expressed by phase
correlation, which does not take into account the amplitude of
synchronous oscillations (Varela et al., 2001) (for details, see Ma-
terials and Methods). We found that the correlation coefficients
calculated between the signals that expressed enhanced � activity
at the same subrange (low or high) were bigger than those be-
tween recordings with mixed functional � subranges that never
exceeded 0.25 (data not shown). Figure 7 shows the mean phase-
correlation coefficients for all available pairs that expressed
matched ranges of enhanced � activity during visual trials. They
were calculated within low (12–19 Hz) or high (17–25 Hz)
�-frequency windows for pairs with corresponding frequency
ranges from data registered during the first 2 s of the anticipatory
period in all experimental trials. Most of the obtained correlation
coefficients were small, which might be partly caused by the fact
that the investigated corticothalamic pairs did not match retino-
topically (Table 1). Indeed, the larger the distance between reti-
notopic representations of the cortical and thalamic recording
sites, the lower the correlation coefficient (r � �0.509; p �
0.018) (Fig. 7).

To investigate the corticothalamic synchronization in more
detail, we have calculated running phase correlations between all
pairs of signals (example from one pair in Fig. 8A). Such a func-
tion continuously fluctuated and randomly reached high values
even for those signal pairs that had small mean correlation values.
It is often assumed that correlation values �0.75 might indicate a
significant functional link (called below the high synchronicity)
between the oscillating sites, as a square of this value exceeds 0.5
(Armitage and Berry, 1994; Wróbel, 2000). Accordingly, we have
measured a cumulative time of high synchronicity (CTS) during

Figure 7. � Synchronization depends on the retinotopic distance between cortical and LPl-c
recording sites. Phase-correlation coefficients calculated for the sample of corticothalamic pairs
of LFP signals with matched ranges of increased attentional � activity plotted against distance
between the retinotopic positions of cortical and thalamic sites are shown. The recordings from
these pairs were filtered at � 1 (12–19 Hz) or � 2 (17–25 Hz) ranges. The two first seconds of
recording after the presentation of the visual cue were taken for analysis. The graph shows
correlation values averaged over visual trials from three to six experimental days. Filled circles
indicate pairs of recordings from LPl-c and cortical sites that were characterized by the increased
attention-related visual activity within the low-frequency (� 1) range. Open circles denote pairs
of recordings showing increases in the high-frequency (� 2) range. Numbers indicate cats from
which correlation values were calculated. Data recorded from cats 7, 12, and 16 were not
included because of recording artifacts that did not allow for correlation analysis over a long
period of time. Pearson’s correlation for the whole sample, �0.509 ( p � 0.018); within � 1
pairs, �0.851 ( p � 0.002); and within � 2 pairs, �0.603 ( p � 0.05).

Figure 8. An example of evaluating the DTS between two LFP signals. A, Running phase
correlation calculated between 12 and 25 Hz � signals recorded during a single visual trial from
two electrodes located in LPl-c and area 17 in cat 9. The time epochs during which the phase
correlation exceeded 0.75 were continuously summed starting from the offset of the cue stim-
ulus and formed a cumulated function for each experimental trial. B, The cumulated functions
obtained from 38 visual (vis) and 45 auditory (aud) trials recorded in three consecutive daily
sessions were averaged to measure CTS during visual and auditory trials. C, The relative time of
high synchronicity as measured from the offset of the cue stimulus in relation to time of the trial
(CTS � 100%/t). The mean percentage DTS between visual and auditory trials was measured at
2 s after cue stimulus offset and compared between all recording sites as shown in Figure 9.
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which a running correlation of � signals (12–25 Hz) exceeded
0.75, separately for visual and auditory trials (Fig. 8B). The global
time of high synchronicity (GTS) between most � signal pairs
occupied on average 10 –20% of the experimental trials and was
typically longer for visual ones (Fig. 8B). The relative time of high
synchronicity, as measured from the offset of cue stimulus in
relation to the time of the trial (CTS/t), is exemplified in Figure
8C for visual and auditory signals recorded in cat 9. As in the data
from other cats, the biggest difference between the mean relative
times of high synchronicity calculated for visual and auditory
signals was observed during the first 2 s of the trials and did not
change for the remaining eight seconds (cf. Gross et al., 2004).
Consequently, to evaluate the difference between the visual and
auditory mean relative times of high synchronicity (DTS) for the
whole sample, we measured this value at 2 s of each trial, as
indicated in Figure 8C.

As shown in Figure 9, the significant positive mean DTS values
were obtained in the full � range (12–25 Hz) for correlations
between both cortical primary areas and the ventromedial region
of LPl-c (Fig. 9A,C, filled bars). This indicates that during the
first 2 s of the visual trials, � signals recorded from ventromedial
LPl-c region and cortical primary areas synchronize more than
during auditory trials. The more detailed analysis was performed
on recording pairs that expressed enhanced � activity during
visual trials at the same � subrange (low or high). For these sites,
we performed correlation analysis using signals filtered specifi-
cally in the relevant (lower or higher) �-frequency range. The

DTS values calculated from these data show that area 17 synchro-
nized its activity in the low �-frequency range only with the ven-
tromedial region of LPl-c ( p � 0.009) (Fig. 9A), whereas area 18
synchronized with dorsolateral LPl-c in high � range ( p � 0.03)
(Fig. 9D, open bars). These results suggest that, during visual
trials, two separate corticothalamic systems are synchronized by
� activity of different frequency ranges. The ANOVA analysis (see
Materials and Methods) has additionally shown an effect of in-
teraction between modality and electrode factors. This effect sug-
gests that recordings from different pairs of electrodes were syn-
chronized at different levels, consistent with the results presented
in Figure 7.

Similar calculations were performed for connections between
recording sites located in the LPl-c and MSS and between pri-
mary areas and MSS cortical loci (Fig. 10). We found that signals
from the medial bank of the MSS synchronized their visually
related activity in the low � range with the ventromedial LPl-c
( p � 0.02) (Fig. 10A) and with area 17 ( p � 0.001) (Fig. 10C).
No significant correlations were found between signals from lat-
eral MSS bank and primary cortical or thalamic recording sites
(data not shown). Together, the correlation analysis supports our
main finding that attention-dependent � activities of particular
�-frequency ranges characterize specific recording sites in the
visual processing pathways (Figs. 3, 9, 10).

Discussion
In this study, we have shown that LFP recordings from the caudal
part of the lateral zone of LP-P and the visual areas located in the
middle suprasylvian sulcus of the cat exhibit increased � (12–25
Hz) activity during attention-related behavior. Such correlation,
together with data from our previous investigations on the LGN
and primary cortex (Bekisz and Wróbel, 1993, 2003; Wróbel et

Figure 9. Synchronicity between attentional � signals recorded from primary visual areas
and LPl-c. Mean DTS values calculated for all connections between the visual cortex (areas 17
and 18) and two LPl-c regions (dorsolateral and ventromedial) are denoted by filled bars. Open
bars indicate DTS values obtained between only those pairs of recordings that expressed
matched �-frequency bands enhanced by the visual task (compare Tables 1, 2). The DTS values
represent relative time of high thalamocortical synchronicity (�0.75) during visual trials minus
relative time of thalamocortical high synchronicity during auditory trials and is measured at 2 s
recording time after cessation of the cue stimulus (see Fig. 8 for additional explanations). A–D,
Signal frequency bands from which DTS values were calculated are shown below each box. Each
of the mean DTSs represent grand averaging across trials and all available electrode pairs for the
connection type indicated in the top right corner of the appropriate graph (e.g., vm-area 17).
The probability values over bars indicate significant differences between visual and auditory
relative times of high synchronicity measured at 2 s (two-way ANOVA, with factors: modality
and electrodes; the indicated probability values correspond to the modality factor). vm, Ven-
tromedial part of LPl-c; dl, dorsolateral part of LPl-c; n, number of pairs for each bar.

Figure 10. Synchronicity between attentional � signals recorded from the medial MSS
(med MSS) and other visual structures. DTS values showing high synchronicity of LFPs recorded
simultaneously from sites in the medial bank of MSS and LPl-c or primary visual cortical areas.
DTSs were calculated from signals filtered in full � band (12–25 Hz), � 1 (12–19 Hz), and � 2
(17–25 Hz). Note that synchronicity between the ventromedial part of the LPl-c and the medial
MSS and between area 17 and medial MSS was enhanced during attentive visual behavior
predominantly in the low-frequency (� 1) band. Significance values were calculated with
ANOVA. Other explanations are as in Figure 9.
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al., 1994) indicate that these structures belong to the part of the
visual system that was proposed to be set into attentional mode by
the spread of �-oscillatory bursts via modulatory branches of
involved loops (Wróbel, 2000). Second, our results indicate that,
depending on the location in cortical areas 17/18 and specific
LPl-c and MSS subregions, � activity in these centers occurs at
two different frequency bands: 12–19 Hz and 17–25 Hz, known as
� 1 and � 2, respectively (von Stein et al., 1999). Consequently,
the phase-correlation analysis showed that, during visually atten-
tive situations, area 17 increases a functional link with the ven-
tromedial region of the LPl-c and medial bank of MSS (at � 1
range), whereas area 18 synchronizes with the dorsolateral region
of the LPl-c (at � 2 range). Our main findings are summarized in
Figure 11.

Relationship of attention-dependent � activity to anatomical
and physiological studies
The idea that the extrageniculate visual thalamus plays an impor-
tant role in corticocortical communication is mainly supported
by anatomical connectivity studies (for review, see Guillery and
Sherman, 2002; Shipp, 2003). In line with well described, distinct
anatomical connections, we have observed visual attention-
related � activity only in the striate recipient caudal part of the
lateral zone (LPl-c) and not in its tecto-recipient rostral part
(LPl-r) nor in the pulvinar proper, which is mainly intercon-
nected with higher visual areas and receives additional input
from pretectal centers (Garey et al., 1991). It is worthy to men-
tion, however, that our paradigm does not evoke stimulus driven
attention. It remains to be verified whether attended moving
stimuli would not increase � activity in the LPl-r subregion of the
LP-P.

Together with our previous findings in the LGN and striate
cortex (Bekisz and Wróbel, 1993, 2003; Wróbel et al., 1994), the
present data indicate that visual attention coincides with in-
creased � activity at consecutive stages of the visual processing
pathway. In the anticipatory situation of the paradigm used in the
present experiment, this activation could only be related to the
general activation of the visual channel and not to the detailed
analysis of the complex visual scene. This may explain why we
have not observed a similar increase of � activity in the pulvinar,
because this zone of the cat’s LP-P is putatively involved in
higher-order visual processing (Chalupa, 1991; Sherman and
Guillery, 2002).

Our correlation results suggest that activity of high and low �
frequencies might synchronize within two separate circuits inter-
connecting the cortical area 17 with ventromedial and area18
with dorsolateral part of striate recipient zone of LP-P (Fig. 11). It
is well known that area 18 receives predominantly Y channel
input (Stone and Dreher, 1973; Stone, 1983). This might suggest
that the higher-frequency, � 2 stream would involve fast,
Y-channel information. In accordance with this hypothesis, our
recordings obtained during the visually attentive task showed
parallel and phase correlated increases of high-frequency � activ-
ity in area 18 and dorsolateral LPl-c (Figs. 3, 8). In this respect it
might be important that the latter subregion also receives an
additional input from the superior colliculus (Abramson and
Chalupa, 1988). Whether the two � frequencies are indeed spread
by different visual pathways remains to be proven by further
detailed analysis.

Separate streams of different � frequencies in the visual
system: functional considerations
Our data suggest that during attentive behavior the striate recip-
ient zone of the LP-P complex (LPl-c) is segregated into dorso-
lateral and ventromedial regions by different frequency bands of
� oscillatory activity. The two functionally distinct regions of
LPl-c may thus represent integrative relays for separate cortico-
thalamocortical streams of information processing, dealing with
different aspects of visual stimuli. This proposal is strongly sup-
ported by previous studies of anatomical connections (Berson
and Graybiel, 1978; Updyke, 1983; Abramson and Chalupa, 1988;
Kelly et al., 2003; Huppe-Gourgues et al., 2006) and single cell
recordings from anesthetized cats (Casanova et al., 1989; Chalupa
and Abramson, 1989; Dumbrava et al., 2001). The hypothesis
proposed here is based on our clear-cut statistical analysis which
matched two different bands of increased � attentional activity
with anatomically distinct locations at three levels of visual infor-
mation processing (primary cortices, LPl-c and MSS) and addi-
tionally confirmed by correlation data in the functioning net-
work. One of these corticothalamocortical streams would involve
visual cortical areas (mainly area 18), the dorsolateral part of
LPl-c and possibly the lateral bank of the middle suprasylvian
sulcus which all displayed increased attention-related activity at
the � 2 range (Fig. 3). The link between area 18 and dorsolateral
LPl-c was also shown to synchronize at a high � range during
visually attentive trials (Fig. 9D). The other stream would encom-
pass area 17, the ventromedial region of LPl-c, and the medial
areas of MSS, which were activated mainly in the � 1 frequencies
(Fig. 3), and increase their mutual synchronicity also at the same
� 1 range during visually attentive situations (Figs. 9A, 10C,D,
11). Thus, our observations suggest that separate streams of
attention-related corticothalamocortical � activity involve differ-
ent regions in LPl-c and may form thalamic counterparts for two
processing pathways in the cortex.

Somewhat similar functional corticothalamocortical units
have been previously proposed on the basis of purely anatomical
(Symonds et al., 1981; Raczkowski and Rosenquist, 1983) or
physiological (Dumbrava et al., 2001) results. The overall picture
of the functional organization of the cat’s LPl-c elaborated here
would be remarkably similar to that for the monkey pulvinar
complex recently proposed by Shipp (2004) on the basis of the
anatomical connections and retinotopic mapping. He has pro-
posed that the primate pulvinar complex, regardless of internal
anatomical boundaries, might be divided into two functional
parts, which are used by separate corticothalamocortical loops

Figure 11. Two streams of � activity in the corticothalamic system of the cat. Our results
suggest that during anticipatory visual attention two separate corticothalamic systems are
activated and synchronized by different frequency bands of � activity: � 1 (12–19 Hz) and � 2
(17–25 Hz). vm LPl-c, Ventromedial part of LPl-c; dl LPl-c, dorsolateral part of LPl-c; med MSS,
medial bank of middle suprasylvian sulcus. For anatomical locations of ventromedial and dor-
solateral parts of LPl-c, see Figure 5.
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matching reciprocally ventral and dorsal pathways of cortical
processing of visual information.

A recent viewpoint posits that the pulvinar complex of cats
and monkeys acts as a link in corticocortical communication
subserving its important role in situations requiring visual atten-
tion (Olshausen et al., 1993; Portas et al., 1998; Sherman and
Guillery, 2002; Shipp, 2004). Our results provide the first direct,
functional data suggesting a putative mechanism of such modu-
lation, which is related to the spread of � activity within the
system.

Mounting evidence supports our hypothesis (Bekisz and
Wróbel, 1993; Wróbel, 2000) that an increase in �-band activity
plays an important role in attentional modulation. In behaving
cats and monkeys, Rougeul-Buser and colleagues have recorded
20 Hz (�) activity in parietal cortex, during the stimulus expect-
ancy period (Montaron et al., 1979), and they also showed similar
rhythms preceding eye movements in behaving cats (Buser and
Rougeul-Buser, 2005). The modulation in the � band was also
attributed to cognitive processes in cats (Liang et al., 2002), re-
ported during perception-related binocular rivalry in monkeys
(Gail et al., 2004) and object processing in men (von Stein et al.,
1999). Interestingly, a few neuronal pairs recorded in the monkey
extrastriate cortex were shown to synchronize at � frequencies
during attentive expectation (Cardoso de Oliveira et al., 1997).
Recent magnetoencephalographic recordings in human subjects
showed phase synchronization in the � range along long-range
attentional circuits including dorsal and ventral streams (Gross et
al., 2004) and in intracranial EEG signals between a number of
extrastriate areas during maintenance of objects in short-term
memory (Tallon-Baudry et al., 2001). Finally, simulation studies
indicated that � oscillations might be favored during long-range
interactions of widely distributed neuronal networks in contrast
to gamma oscillations, which appeared to be more adequate for
local synchrony (Kopell et al., 2000; Bibbig et al., 2002; Gail et al.,
2004). These theoretical expectations are in line with our pro-
posal that LFP � bursts may be used for subthreshold activation
of a corticogeniculate network subserving local gamma binding
(Bekisz and Wróbel, 1999; Wróbel, 2000). Such a mechanism
could be easily generalized for other recurrent loops. Indeed,
multiunit activity in the cat’s LP-P was shown to oscillate in the �
band during visual stimulation (Shumikhina and Molotchnikoff,
1995) and could therefore set the membrane potential of neurons
in visual cortex (Llinas et al., 1991) to the level required for
gamma oscillations and synchrony (Shumikhina and Molotchni-
koff, 1999; Niebur et al., 2002).
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