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Abstract
To date there is still no proper neuroimaging methods suitable for noninvasively providing both
detailed spatial and temporal information of neural interaction across large-scale brain networks.
This limitation has impeded the advance of neuroscience research. In an attempt to overcome this
challenge, Ogawa et al applied a paired-stimulus paradigm, which is composed of a pair of stimuli
separated by a variable inter-stimulus interval (ISI), to decode temporal information of neural
interaction from amplitude modulation of the blood-oxygenation-level-dependent (BOLD) responses
elicited by the neural interaction pursued (Ogawa et al., 2000). Although application of this paradigm
has been demonstrated in a few publications, most of them only focused on investigating cortico-
cortical interaction. Considering the vital roles that cortico-thalamic networks play in brain
communication and function, extending the applicability of this method to studying cortico-thalamic
neural interaction should be significant. In this study, we applied the paired-visual-stimulus paradigm
to simultaneously measure the BOLD amplitude modulations as a function of ISI in the lateral
geniculate nucleus (LGN) and primary visual cortex (V1) in the cat brain. The results reveal that
both V1 and LGN BOLD responses were significantly suppressed when the visual system was within
the refractory period at ISI ≤ 1s and the suppression extent gradually recovered when ISI became
longer. Both BOLD and electrophysiological measurements show a facilitatory activity in V1 at ISI
≈ 1.5 s, but not in LGN. Furthermore, there was additional and consistent reduction in the LGN
BOLD response compared to V1 within the range of ISI below 4s, which is likely controlled by
inhibitory effects through the cortico-geniculate feedback. These findings together suggest that the
dynamic fMRI approach is sensitive to neuronal inhibitory and facilitatory interactions and it should
be useful for noninvasively investigating large-scale cortico-thalamic neural networks.

Keywords
Lateral geniculate nucleus; Primary visual cortex; Cortico-thalamic network; Visual system; fMRI;
Neural interaction

*Correspondence Author: Wei Chen, Ph.D., Center for Magnetic Resonance Research, Department of Radiology, University of
Minnesota School of Medicine, 2021 6th Street S.E., Minneapolis, MN 55455, Phone: (612) 868-8303, Fax: (612) 626-2004, E-mail:
wei@cmrr.umn.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Neuroimage. Author manuscript; available in PMC 2009 September 1.

Published in final edited form as:
Neuroimage. 2008 September 1; 42(3): 1110–1117. doi:10.1016/j.neuroimage.2008.05.060.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
The normal brain consists of numerous neural networks coordinately working together and
accomplishing a specific task. For these neural networks to function properly, many neuronal
groups inside and outside of a specific network need to harmonize sequentially or concurrently,
as electrophysiological signals propagate along the network. This feature of brain function
makes neural interaction a ubiquitous phenomenon at various brain function levels.
Consequently, understanding detailed spatiotemporal characteristics of different types of
neural interaction is the cornerstone of uncovering the brain network and, ultimately, the brain
function. To accomplish this task, a neuroimaging technique with the capability of
simultaneously and non-invasively detecting spatial and temporal information of neuronal
events and interaction in large-scale brain networks is required. Unfortunately, current
neuroimaging techniques with relatively high-spatial resolution including positron emission
tomography (PET), single photon emission computed tomography (SPECT), optical imaging,
near infrared spectroscopy (NIRS) and functional magnetic resonance imaging (fMRI) all have
low temporal resolvability due to the sluggish and lagged vascular responses they measure. On
the other hand, neuroimaging techniques such as electroencephalography (EEG) and
magnetoencephalography (MEG) have very high temporal resolution that enables them to trace
the time evolution of neuronal events, typically on the scale of tens to hundreds of milliseconds.
These techniques, however, suffer from the difficulty of precisely defining spatial origins of
the brain activity, particularly in the deep brain regions such as thalamus, due to their inherent
mathematical difficulties and low spatial resolution (Dale and Halgren, 2001; He and Lian,
2002).

The lack of a neuroimaging modality suitable for investigating neural interaction and brain
networks has impeded the advancement of the neuroscience field. In an attempt to overcome
this challenge, Ogawa et al combined a paired-stimulus paradigm and fMRI to decode temporal
information of neural interaction from the amplitude modulation of the blood-oxygenation-
level-dependent (BOLD) signal (Ogawa et al., 2000). The paired-stimulus paradigm is
composed of two stimuli separated by an inter-stimulus interval (ISI). With substantial
evidence coming from neuronal recording (Nelson, 1991a, 1991b, 1991c), PET (Henson,
2003; Henson and Rugg, 2003) and fMRI (Ogawa et al., 2000; Zhang and Chen, 2006; Zhang
et al., 2007; Zhang et al., 2005) studies in the species of cat, monkey and human, it has been
well demonstrated that desired neural interaction can be elicited using this stimulation
paradigm, resulting in amplitude variations of the elevated brain activity and hemodynamic
change sensitive to ISI. Consequently, the spatiotemporal information of neural interaction and
brain activation can be obtained from a series of fMRI maps with characteristic BOLD
amplitude modulations at different ISIs.

The concept of using BOLD amplitude modulations to extract temporal (or dynamic)
information of neural interaction has been demonstrated in several publications (Ogawa et al.,
2000; Zhang and Chen, 2006; Zhang et al., 2007; Zhang et al., 2005). However, all of the
dynamic fMRI studies only focused on neural interaction at local cortical regions while there
is no study attempting to simultaneously map BOLD amplitude modulations induced by neural
interactions in a cortico-thalamic neural network covering large-scale brain regions.
Considering the vital roles that cortico-thalamic networks play in brain communication and
function, extending the applicability of this method to studying cortico-thalamic neural
interaction should be significant.

One particularly interesting cortico-thalamic neural network is related to the visual sensory
system. The retinal afferents cross at the optical chiasm and project bilaterally to the lateral
geniculate nucleus (LGN) via the optic tracts; the LGN in turn projects to the primary visual
cortex (V1) through optic radiation (Hubel and Wiesel, 1968, 1972; Wiesel et al., 1974); visual
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information is then passed further from V1 to higher-tier visual processing areas (e.g. V2, V3
and MT). In addition, the LGN also receives a large number of backward projection fibers from
V1 (Murphy and Sillito, 1996), indicating a possible two-way (bottom-up and top-down)
communication between LGN and V1. Neural interactions among different brain regions
involved in the visual system are vital to ensure visual information not only be smoothly passed
along, but also appropriately processed so as to generate a proper visual perception. Therefore,
probing cortico-thalamic neural interactions within each and across multiple mutually
interacted visual regions will be of great interest.

Aiming to explore this capability, in this study we employed the dynamic fMRI approach with
a pair of visual stimuli separated by a number of ISIs to elicit different levels of inhibition in
the cat visual system, and simultaneously measured the BOLD amplitude modulations as a
function of ISI at LGN and V1. Both LGN and V1 exhibited similar temporal inhibition
dynamics during the refractory period, suggesting a common state elicited by the paradigm in
the visual system. At the same time, we observed additional inhibition occurring in the LGN
which might be not relevant to refractory inhibition because it occurs in a much longer-lasting
temporal window. The possible mechanisms underlying these two types of inhibition were
discussed in this article. The results of the present study suggest that it is feasible to investigate
neural interaction within cortico-thalamic networks by combining an appropriately designed
paired-stimulus paradigm and fMRI.

Materials and Methods
Animal preparation

Six cats (body weight: 1.4±0.2 kg) were used to map cortico-thalamic interaction using the
dynamic fMRI approach. Five of them were used to investigate the neuronal response to the
same paradigm in the visual cortex. Cats were initially anesthetized with a mixture of ketamine
(15.0 mg/kg, i.v.) and xylazine (2.5 mg/kg). After oral intubation and mechanical ventilation
(30–33 stokes/min), anesthesia was switched to 0.9–1.2% isoflurane in a N2O/O2 mixture of
70:30 volume ratio throughout the experiment. The pupils of the cat were dilated with a drop
of atropine sulfate solution; corrective contact lenses were placed to focus the eyes on the visual
stimulus by refracting and locating the fovea of the cat retina with the aid of a fundus camera
(Zeiss, Germany). They can also protect the corneas from drying. The animal was placed in a
cradle and restrained in normal postural position. The head of the cat was firmly positioned by
a home-built head holder with mouth and ear bars to avoid head movement. The rectal
temperature of cats was monitored with a temperature sensor (PhysiTemp Instrument, Clifton,
NJ) and maintained at 38.3±0.3 °C by using a heated circulating water blanket. The end-tidal
CO2 was monitored (Capnomac Ultima; Instrumentarium Corp. Finland) and maintained at
normal conditions (between 3.8% and 4.2%) by adjusting respiratory rate and tidal volume.
All animal surgical procedures and experimental protocol were approved by the Institutional
Animal Care and Use Committee of the University of Minnesota.

Visual Stimuli
Visual stimulation presented as ultrashort flashing light (10 ms duration per flash; 100%
contrast light) was generated by a pair of red LED goggles (Grass Instruments, Quincy, MA)
and a home-built amplifier and pulsing device. Full-field visual stimuli were displayed either
singly or in pairs separated by an ISI. Fourteen ISI values ranging from 0 ms to 4000 ms were
chosen to cover a full range of the refractory period of the cat visual system (Nelson, 1991a,
1991b). During the baseline condition, cats were in uniform darkness.
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Experiment procedure and data acquisition
All the fMRI studies were performed on a 9.4T horizontal magnet (Magnex Scientific, UK)
interfaced with a Varian INOVA console (Varian Inc., Palo Alto, CA). A half-volume
radiofrequency (RF) surface coil was used to ensure sufficient MRI detection sensitivity in the
brain volume where cat visual cortex and LGN are located. At first, multi-slice anatomical
images were acquired using a conventional T1-weighted TurboFLASH imaging method
(Haase, 1990). On the basis of the anatomic images, slices covering the cat LGN and V1 areas
were appropriately selected for acquiring fMRI data using multi-slice gradient echo planar
images (EPI) with the parameters: repetition time (TR) = 252 ms; echo time (TE) = 14 ms; 5
adjacent axial EPI slices; field of view = 5×5 cm2; 780µm×780µm in-plane spatial resolution;
1 mm slice thickness, 1 mm gap between adjacent image slices.

The fMRI experiment was conducted using an event-related paradigm design. Stimulus onset
was time locked to the onset of TR of acquiring each EPI volume. The duration of stimulus
and ISI were controlled by a home-built pulsing device. For each single or paired visual-
stimulation task, 15 trials were repeated in each fMRI run. Successive trials of single or paired
stimuli were separated by an inter-trial interval (ITI) of 20 seconds. A total of 15 fMRI runs
corresponding to 15 tasks (1 single and 14 paired visual stimulation tasks) were acquired in a
pseudo-randomized order in each experiment.

To confirm that the measured BOLD response indeed reflects the neuronal activity behavior,
the visual evoked potential (VEP) response to the same paradigm was acquired to investigate
the neuronal activity change as a function of ISI in V1. This experiment was conducted outside
of the magnet scanner. The physiologic conditions of the cats were monitored and maintained
in the same way as in the fMRI experiment. A small hole was drilled in the skull overlaying
the visual cortical area 17, and the dura underneath was carefully removed. Continuous
intracranial electroencephalography (EEG) signals were acquired from an EEG electrode
inserted into the cortical area 17. The VEP signal was digitized at 1000 Hz with 0.1–30 Hz
bandpass filtering. Then the signals were segmented from 100 ms before the onset to 3000 ms
after the offset of visual stimulation for each epoch. At least 200 epochs were averaged to
obtain the final VEP signal.

Data analysis
All the fMRI data analysis was performed using the STIMULATE software package
(Stimulate, Center for Magnetic Resonance Research, University of Minnesota) (Strupp,
1996) and Matlab software (The Mathworks Inc., Natick, MA, USA). The fMRI time series
were segmented from 5 s (10 image volumes) before and 20 s (80 image volumes) after the
onset of stimulation. Epochs identified were selectively averaged for each task, resulting in a
total of 15 averaged time series for the single- and paired-flash tasks.

Activation maps were generated using a time-shifted cross-correlation (CC) method
(Bandettini et al., 1993; Xiong et al., 1995). The activated pixels for each stimulation task were
identified by correlating the averaged fMRI time course with a trapezoidal function (the
modified box-car function with the capability of accounting for hemodynamic delays). This
procedure generated typical activation maps in LGN and V1 (area 17 and area 18, as shown
in Figure 1a), which were consistent across different cats. We chose a statistical threshold of
p < 0.01 to generate activation maps for individual tasks. Furthermore, to ensure data reliability
in subsequent processing, we created a functional region of interest (ROI) based on the
following criterion: a pixel was deemed as activated only if it passed the threshold for at least
half of all the tasks: i.e., this pixel was considered activated in at least eight of all the tasks.
The created ROIs composed of all activated pixels in either LGNs or in the visual areas 17 and
18 (as shown in Figure 1b) were applied to all the tasks for quantification.
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A ROI-based analysis was used to quantify BOLD amplitudes for all tasks. First, the BOLD
time course was averaged across all activated pixels within the ROI for each task. The averaged
time course was then calculated as percentage change relative to the baseline condition.
Subsequently, the BOLD amplitude was quantified by integrating positive BOLD signal
expressed in percentage change for each task. Lastly, BOLD integrals of all paired-stimulus
tasks were normalized to the single-stimulus task (i.e., BOLD integral ratio between them).
The relative BOLD integral after normalization was used to quantify the modulation of
hemodynamic response as a function of ISI in both LGN and V1 (i.e. a value smaller than 2
indicates proportional BOLD suppression owing to neuronal interaction).

Neuronal activity in V1 was quantified by the amplitude of VEP peak, which was defined as
the difference between the peak height and peak offset (Arthurs et al., 2000; Brinker et al.,
1999; Ogawa et al., 2000; Zhang et al., 2007). All VEP amplitudes were also normalized to
the single-flash condition. Relative VEP amplitude after normalization was used to quantify
the modulation of neuronal response as a function of ISI in V1 (i.e. a value smaller than 2
indicates proportional suppression of neuronal activity).

All results were presented as mean±standard deviation.

Results
Relative BOLD amplitudes at LGN and V1 as a function of ISI

Figures 2a and 2b show the averaged BOLD time courses of all tasks in both ROIs of LGN
(Fig. 2a) and V1 (Fig. 2b). We have demonstrated that when ITI is long enough, there is no
interference between consecutive stimulation pairs (Ogawa et al., 2000; Zhang et al., 2007).
Therefore, BOLD response to the second stimulus at a paired-stimulus condition can be
individuated by subtracting the BOLD time course at the single-stimulus condition from that
at the paired-stimulus condition. Figure 3 shows the averaged time courses of BOLD responses
to the single stimulus (first one on the left side in Fig. 3) and to the second stimulus at all ISIs
in LGN (Fig. 3a) and V1 (Fig. 3b). The time courses suggest that within individual ROIs of
LGN and V1, BOLD responses were significantly suppressed when the visual system was in
a refractory period (ISI < ~1 s), based on the fact that BOLD amplitude in response to the
second stimulus was smaller than that in response to the single stimulus when ISI was relatively
short. Nevertheless, the suppression of BOLD response to the second stimulus at ISI > 1 s
completely disappeared in V1 but was sustained in LGN.

The pattern of BOLD modulation at different ISIs is more evident in Fig. 4, showing the
normalized BOLD amplitudes in the ROIs of LGN and V1 at all ISIs. In both ROIs, BOLD
responses were significantly suppressed (i.e., below the dotted reference line) at ISIs of < 1 s.
When ISI got longer, BOLD suppression at both ROIs gradually became smaller. These results
confirm that the cat visual system is in a refractory state if the delay after the initial stimulation
is shorter than 1 s. In contrast to this similarity between LGN and V1, a very different behavior
between LGN and V1 was also observed. First, for shorter ISIs (< 1 s) when both V1 and LGN
are in the refractory state, the relative BOLD integral ratio in V1 was always larger than that
in LGN at each corresponding ISI indicating a faster recovery from the suppression in V1.
Second, suppression in V1 BOLD amplitude completely disappeared when ISI ≥ 1 s, whereas
BOLD suppression in LGN was sustained for even longer ISIs (e.g. 4 s). Third, a facilitatory
effect was clearly detected in V1 when ISI was between 1 and 2 seconds, and such phenomenon
was not observed in LGN (see Fig. 4). Taken together, the data suggests that although LGN
and V1 have similarity in temporal behavior of suppression, reflecting a common state of the
visual system, there is still substantial difference in it. Considering the observation that the
BOLD response to the second stimulus recovers to the same level of the response to the single
stimulus in V1 at ISI > 1 s, we hypothesize that the additional suppression observed in LGN
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might come from the inhibitory effect of cortico-thalamus feedback. A possible mechanism to
explain this hypothesis will be described in more detail in Discussion.

Pooling relative BOLD integrals at all ISIs in both V1 and LGN can provide comprehensive
information regarding BOLD response to the paired-stimulus paradigm. Statistically, there was
a significant reduction in relative BOLD integrals compared to the state of no inhibition in both
V1 and LGN (two-tail paired t-test, p < 0.005 for V1 and p < 10−6 for LGN, n = 15). Paired t-
tests also revealed a statistically significant difference in relative BOLD integrals between
LGN and V1 (two-tail paired t-test, p < 3×10−5, n = 15).

Relative VEP amplitude in V1 as a function of ISI
To further confirm the notion that variation of BOLD integral as a function of ISI results from
the corresponding variation of neuronal activity at the same stimulation condition, we measured
VEP response to the same paradigm in V1. Figure 5 shows the VEP time courses at two ISIs
from one representative cat. Figure 5a indicates that at a short ISI, the neuronal response to the
second stimulus was significantly suppressed in V1. However, when ISI became longer (e.g.,
ISI = 3 seconds) this suppression disappeared as shown in Fig. 5b.

Figure 6 summarizes the averaged normalized VEP amplitude in V1 as a function of ISI,
revealing a very similar temporal behavior as the normalized BOLD amplitudes shown in Fig.
4: at short ISIs (< 1 s), the VEP amplitude was significantly suppressed; while when ISI got
longer, this suppression gradually became smaller, eventually disappearing; VEP suppression
completely disappeared after approximately 1 second of refractory period. There was a strong
correlation (R2 = 0.91) between the normalized VEP and normalized BOLD amplitudes as
shown in Fig. 7. This result validates the temporal dynamics in response to the paired-flash
paradigm measured by the BOLD signal in the cat visual system and suggests a tight coupling
between neuronal activity and its accompanied hemodynamic response measured by the BOLD
signal. Interestingly, a significant neuronal facilitatory effect was also observed in relative VEP
amplitude at ISI of 1500 ms (two-tail paired t-tests, p < 0.05, n = 6). A closer examination of
the relative BOLD integral at the same ISI (Fig. 2) also indicates a similar facilitatory effect,
though the effect does not reach statistical significance (two-tail paired t-test, p = 0.16, n = 6),
possibly due to a relatively large signal variation and a small sample size.

Discussion and Conclusion
For a long time, the major role of LGN was viewed merely as a relay of transferring visual
information from the retina to visual cortex. However, it has also been documented that the
number of backward-projection fibers from V1 to LGN is ten times larger than the forward-
projection ones in the cat brain (Murphy and Sillito, 1996). This large-scale cortico-thalamic
feedback connection makes it intriguing to assume that there must be strong feedback control
from V1 to LGN. In the present study, we investigated the transfer function at LGN and V1
using fMRI and a paired-stimulus paradigm. We found strong inhibitory BOLD and VEP
activities in LGN and V1 in response to the second stimulus in the paired visual-stimulation
paradigm when the visual system is in a refractory period. There is an additional and consistent
reduction in LGN BOLD activity compared to V1 when ISI is within a few seconds. Two
different mechanisms can be involved in these inhibitory activities. Each mechanism has its
characteristic temporal property and distinct functional implication as discussed in the
following.

Retino-geniculate neural interaction induces refractory inhibition in LGN and V1
The major driving inputs in the LGN from the retinal afferents make multiple complex contacts
with dendrites of geniculate relay cells and inhibitory interneurons, typically forming a
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characteristic triad (Guillery and Sherman, 2002). Cox and Sherman showed that the retinal
glutamatergic innervation of the inhibitory interneuron terminal involves the metabotropic
receptor, and activation of this receptor increases GABA release from the interneuronal
terminal (Cox and Sherman, 2000). Based on the innervation and receptor patterns, one can
predict that retinal activation will produce monosynaptic excitatory postsynaptic potentials
(EPSPs) followed by disynaptic inhibitory postsynaptic potentials (IPSPs) in the relay cell, as
suggested by Guillery and Sherman (Guillery and Sherman, 2002). Guillery and Sherman also
pointed out that it can be predicted that after a period of strong retinal activation, the disynaptic
IPSPs would continue to be present hundreds of milliseconds after the monosynaptic EPSPs
faded away. This is because metabotropic receptors in interneurons generate long-lasting PSPs,
as opposed to brief PSPs via ionotropic receptors. This prediction exactly conforms to what
we have observed in the present study. Following the first stimulus, the BOLD response to the
second stimulus is significantly smaller if the delay between the two stimuli is shorter than 1
s and gradually recovers when ISI gets longer.

Additional inhibition in LGN might be attributed to the Cortico-thalamic feedback
In addition to driving inputs from the retina, all geniculate relay cells in the LGN receive the
modulatory inputs from the layer 6 of visual cortex (Guillery and Sherman, 2002). It has been
suggested that the key function of these modulatory inputs to LGN is to control the response
mode, either burst or tonic, of relay cells: when geniculate cells are in the tonic mode, retino-
geniculate transmission is linear (i.e. the LGN can faithfully transmit the visual information
from the retina to the visual cortex), whereas when geniculate cells are in the burst mode, the
transmission of visual information is not as effective (Sherman and Guillery, 1996, Sherman,
2002 #25). The key factor in controlling LGN function between the two distinct response modes
is a low-threshold Ca2+ conductance, which is in turn determined by membrane potential of
the relay cell, with hyperpolarization shifting the response mode from tonic to burst and
depolarization shifting the response mode from burst to tonic (Sherman, 2001, Sherman, 1996
#24, Sherman, 2002 #25). Nelson found a long-lasting suppression of spontaneous activity
accompanied with a reduction of the antidromic excitability in the cat LGN following the offset
of an excitatory visual stimulus (Nelson, 1991b); and this study suggested that in LGN neurons,
the offset of an excitatory visual stimulus produces a hyperpolarization that can last 600–800
ms. Hyperpolarization following the stimulus has also been noted in intracellular recording
studies of LGN neurons in vivo (Singer and Creutzfeldt, 1970). Collectively, all these results
indicate that after a visual stimulus, there is a hyperpolarization in LGN neurons, possibly
modulated by cortico-thalamic feedbacks mediated via thalamic reticular nucleus, interneurons
and/or cortical modulators, which is long enough to lead to a change of membrane potential
and in turn modulates the response mode of LGN to the burst mode. As a result, the LGN
response to the second stimulus would remain reduced at the burst mode for up to a few seconds
even though the V1 activities have recovered from the refractory period. This notion is further
supported by a recent work to record neuronal activity in dorsal LGN when V1 is inhibited by
local transcranial magnetic stimulation (de Labra et al., 2007). This study shows that the
inhibitory effect on V1 could selectively suppress the sustained component of LGN responses
to visual stimulation; and this LGN suppression is the result of a loss of spikes fired in tonic
mode. All of these findings reported in the literature suggest that the long-lasting suppression
in the LGN activity as observed in our fMRI study is possibly associated with the suppression
of the tonic-mode neuronal activity in LGN controlled by the cortico-geniculate feedback
pathway.

Functional implications
It has been reported from visual perception studies that one visual stimulus can alter the
visibility of the second stimulus. The effects of the forward masking stimulus are commonly
suppressive (Breitmeyer, 1980), but facilitatory effects have also been found (Bachmann,
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1988). The major function of masking, as suggested by Noda (Noda, 1975), Judge et al (Judge
et al., 1980) and others, is to suppress visual information during saccade eye movements. It
has been shown in the cat (Noda, 1975) and monkey (Louie et al., 1976) that following saccade,
the transfer of visual information through LGN is impaired. In our study, we demonstrated that
activities in the LGN and V1 are not as vigorous within a delay of 1 second following a brief
visual stimulus. We also observed facilitatory VEP and BOLD activities in V1 during the post-
inhibitory period. Like masking, if the reduction in V1 and LGN activities during the refractory
period contributes to the function of suppressing visual information during saccadic eye
movements, the facilitatory effect observed in V1 during the post-inhibition period could
represent the post saccadic enhancement reported in some studies (Bartlett et al., 1976; Noda,
1975).

A significant suppression in the LGN observed at large ISIs in this study could be related to
controlling the gain of V1 activity level during the post-inhibitory period. The post-inhibition
facilitatory effect in V1 observed in both VEP and BOLD data makes it intriguing to postulate
that enhanced V1 activity during the post-inhibitory period sends a stronger inhibitory signal
to the LGN through the feedback pathway so as to maintain it in the burst response mode.
Sustained suppression in the LGN after the refractory period can in turn prevent the V1 activity
from going even higher. As a result, with this negative feedback mechanism V1 activity can
be maintained at a steady level under neither inhibitory nor facilitatory states.

The suppression in the LGN eventually disappeared at a long enough ISI. Figure 8 shows the
averaged BOLD time course in response to the paired-flash stimulation at ISI = 20 s. The
BOLD responses to the first and second flashing stimulus are very close to each other and also
similar to the BOLD response to the single stimulus, indicating that there is no suppression of
the LGN activity when ISI is long enough.

One limitation in this study is that we did not measure the electrophysiological signal in LGN
in response to the same paradigm due to technique challenges. Lack of such information renders
us unable to explicitly exclude the possibility that a prolonged inhibition period for LGN (e.g.
4 s) could be due to different vasculature and hemodynamics in the LGN. Nevertheless, the
electrophysiological signal measured at V1 suggests a tight coupling between the neuronal
activity and its accompanied hemodynamic response.

Finally, the present study demonstrates that fMRI combined with a paired stimulus paradigm
is sensitive to the dynamics of neuronal inhibitory and facilitatory interactions during brain
activation. In addition, the fMRI approach overcomes the major hurdles of invasiveness and
limited spatial information faced by conventional electrophysiological recording approaches;
it should provide a robust and completely noninvasive neuroimaging tool to study large-scale
neural networks across the entire brain.
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Figure 1.
(a) Activation maps generated using the time shifted cross-correlation method in the task with
ISI=1000 ms in one cat. The threshold is chosen at p < 0.01. (b) Common activation map
generated based on the following criterion: a pixel is deemed as activated in the common
activation map only if it passes the threshold for at least half of all the tasks: i.e., this pixel is
considered activated in at least eight of all the tasks. This common activation map composed
of all activated pixels in LGN and areas 17 and 18 (i.e., V1) created based on this criterion is
used for quantifying BOLD amplitudes for all the tasks.
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Figure 2.
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Averaged BOLD time courses of all tasks from the ROI of (a) LGN and (b) V1. The tasks
include a single stimulus task and paired-stimulus tasks with varied ISIs.
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Figure 3.
(a) The averaged time courses of BOLD responses to the first (the leftmost one) and second
stimulus at each ISI in LGN. BOLD response to the second stimulus at a paired-stimulus
condition is individuated by subtracting the BOLD time course at the single-stimulus
conditions from that at the paired-stimulus condition. (b) The averaged time courses of BOLD
responses to the first (the leftmost one) and second stimulus at each ISI in V1.
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Figure 4.
Normalized BOLD integral as a function of ISI in LGN and V1. At both ROIs, BOLD responses
are significantly suppressed (i.e., below the reference line) at ISIs of < 1 second. When ISI gets
longer, BOLD suppression at both ROIs gradually becomes smaller. Suppression in V1 BOLD
activity completely disappears when ISI ≥ 1 second, whereas BOLD suppression in LGN
sustains for even longer ISIs. V1 activity also shows a short period (~ 1 s) of facilitation (i.e.,
above the reference line) after ISI > 1 second.
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Figure 5.
VEP signals detected from one representative cat visual cortex at (a) ISI = 100 ms and (b) ISI
= 3000 ms, respectively.
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Figure 6.
Normalized VEP amplitudes in V1 as a function of ISI, showing a similar temporal behavior
as BOLD activity. The presented VEP amplitudes were averaged from six measurements; and
if they are > 2 indicating neuronal facilitation (i.e., above the reference line) and if < 2 indicating
neuronal inhibition (below the reference line).
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Figure 7.
Correlation between the normalized VEP and normalized BOLD amplitudes measured under
varied ISIs (R2 = 0.91).
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Figure 8.
Averaged BOLD time course in response to the paired-flash stimulation at ISI = 20 s.
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