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Abstract

Saccadic suppression is the reduced visibility that occurs during saccadic eye movements. Recent psychophysical
studies have suggested that this is due to a reduction in responsiveness of magnocellular (M), but not parvocellular
(P), cells of the lateral geniculate nucleus. To address this and other phenomena of responsiveness during saccades,
we recorded from geniculate neurons in the behaving monkey before, during, and after saccades. Specifically, we
measured neuronal responses to a flashing, whole-field illumination. Contrary to the prediction, most M neurons
showed pronouncedenhancementof visual activity during saccades, whereas such responsiveness of parvocellular
(P) neurons was not significantly affected by saccades. We also analyzed the extent to which saccades affected burst
firing, which results from activation of a voltage-dependent Ca21 conductance. We found that both M and P cells
displayed a significant suppression of burst firing during saccades. These results do not support the idea that
saccadic suppression has an obvious substrate in reduced responsiveness of geniculate cells, but this suppression
may be related to an increased visual threshold for detection associated with reduced burst firing.
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Introduction

Normal vision is continuously being interrupted by saccadic eye
movements made from one point in the visual field to another.
During these rapid movements, which are made to foveate images,
the visual world is swept across the retina and might be expected
to produce blurred vision for periods of up to about 100 ms
depending on the size of the saccade (Robinson, 1964). However,
our perception remains relatively stable during these events due to
a phenomenon known as saccadic suppression, which dramatically
reduces visual sensitivity during saccades. How saccadic suppres-
sion is achieved is unknown, but mechanisms such as central
suppression of visual transmission (Holt, 1903) and visual mask-
ing (MacKay, 1970; Campbell & Wurtz, 1978) have been pro-
posed. More recent psychophysical studies have suggested that the
form and motion part of the visual system, presumed to involve the
magnocellular (M) pathway, is selectively suppressed at an early
stage presumed to be at the level of the lateral geniculate nucleus
(LGN) (Burr et al., 1994; Diamond et al., 2000). By this notion,
the parallel parvocellular (P) pathway is relatively unaffected by
saccades. There are numerous nonretinal, modulatory inputs to the
lateral geniculate nucleus that could be involved in controlling
suppression of retinogeniculate transmission (reviewed in Sher-
man & Guillery, 1996), and it is plausible that this could be
selectively gated for the M and P pathways. There is accumulating

evidence that these high-velocity eye movements modulate the
visual activity of geniculate relay neurons in cat (Noda, 1975;
Fischer et al., 1996), rabbit (Lo, 1988; Zhu & Lo, 1996), and
monkey (Büttner & Fuchs 1973; Bartlett et al., 1976; Wilson &
Noyd, 1998; Reppas et al., 1999). However, there is no consensus
as to the nature of the modulatory effects of saccades on the
responsiveness of different types of relay neurons.

Furthermore, thalamic relay cells are known to fire in two very
different response modes that affect the nature of retinogeniculate
transmission (Sherman, 1996; Sherman & Guillery, 1996): these
are thetonic andburst modes, which depend on the inactivation
state of a voltage-dependent Ca21 conductance. Activation of this
conductance, which can be accomplished from relatively hyper-
polarized levels at which the Ca21 conductance is deinactivated,
leads to the influx of Ca21 resulting in the production of a low-
threshold spike (LTS) and burst firing. If instead the cell is rela-
tively depolarized, which would inactivate the Ca21 conductance,
an activating input will not trigger an LTS and will produce a steady
stream of unitary action potentials representing tonic firing. Be-
haviorally, burst firing occurs most frequently during slow wave
sleep (Steriade et al., 1993), but it also occurs occasionally in the
fully awake animal (McCarley et al., 1983; Guido & Weyand, 1995;
Ramcharan et al., 2000a). During the relay of visual information,
tonic firing is thought to produce a more accurate faithful, linear
relay of sensory information to the cortex, whereas burst firing may
result in better signal detection (reviewed in Sherman, 1996).

We therefore sought to determine how saccades might affect
the overall responsiveness of geniculate neurons in the behaving
monkey as well as the burst or tonic firing mode of these cells.
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Methods

We made single-unit recordings in two Rhesus monkeys that were
treated in accordance with institutional guidelines for animal care.
The animals used in this study were not sacrificed. We have
previously described the general techniques (Ramcharan et al.,
2000a) and briefly outline them here. Recording cylinders and
scleral eye coils were surgically placed on the animals. All record-
ings were made while the animal sat in a confinement chair. These
chairs were customized for each animal so as to maximize their
comfort during training and recording sessions, each typically
lasting for about 2 h. To motivate the subjects, the daily intake of
water was restricted to that earned as reward for successful com-
pletion of trials. After several weeks of training, monkeys were
able to fixate a small visual target contained within an error
window (a square 2.5 deg per side) and make saccades to the target
after it jumped to a new position. A single trial consisted of a
variable fixation period, then a 10-deg horizontal rightward sac-
cade to the new target position, then a fixation on this new position
for a variable period, then a saccade back to the original point, and
then a final fixation period. The fixation periods before saccades
varied randomly between 750 and 2000 ms before the target
jumped to a new position. Each trial therefore consisted of two
saccadic eye movements. Both forward and return saccades were
pooled together for data analysis since there was no difference in
activity between the two directions.

Insulated tungsten electrodes were lowered through the dura
into the thalamus. Neurons in the lateral geniculate nucleus were
identified by their relatively small visual receptive fields, predict-
able ocular dominance switching as we progressed through the
laminae, and a change to larger receptive fields with better contrast
sensitivity as we passed from P to M laminae. We measured
responses evoked during square-wave flashing at 8 Hz of a 25 deg
by 20 deg region adjusted so that the receptive field always fell
within the screen during all phases of fixation and saccade periods.
The flashing stimulus was constantly present during the totality of
each trial. We used a square-wave stimulus at a temporal frequency
of 8 Hz and zero spatial frequency (Cambridge Systems VSG 203
graphics card) because this is the highest temporal frequency we
found to satisfactorily drive neurons while maximizing the chances
of stimuli occurring during the relatively short time span of the eye
movement.

All resulting neuronal action potentials were monitored on an
oscilloscope and single-unit activity was isolated through a time0
amplitude window discriminator and recorded by a computer with
a sampling period of 0.1 ms. Eye position was monitored using the
scleral eye coil technique with a resolution of 2 ms temporally and
0.2 deg spatially.

All statistics were done using Repeated Measures ANOVA with
Tukey-Kramer Multiple Comparisons test (GraphPad Instat, Graph-
Pad Software, San Diego, CA).

Results

We recorded from 21 relay neurons of the monkey lateral genic-
ulate nucleus before, during, and after saccadic eye movements.
These included ten magnocellular (M) and 11 parvocellular (P)
neurons.

For analysis, each saccade trial was divided into five epochs,
and the responses during each epoch was separately analyzed (see
Fig. 1A). Epoch 1extends from the beginning of the fixation on
the target to the time when the target jumps 10 deg horizontally to

the right;epoch 2extends from this point to the beginning of the
eye movement;epoch 3extends for the duration of the saccade;
epoch 4 consists of a 50-ms period after termination of the
saccade; andepoch 5is the period from 50 ms following termi-
nation of the saccade to 300 ms.Epochs 2–4can be considered to
be saccade related, with the latter twoepochsrepresenting the
saccade proper.Epoch 4 is included with the saccade, because
responses of geniculate cells show visual latencies of;50 ms, and
thus any responses inepoch 4are likely to be evoked by stimuli

Fig. 1. Schematic of saccadic eye movement (A) plus responses of two
magnocellular cells (B and C) to a full-field 8-Hz flashing stimulus. Below
the schematic are shown the 5epochsdescribed more fully in the text, with
arrows indicating boundaries betweenepochs. Analysis to a cycle of the
stimulus. Each line on the graphs of B and C represents averaged histo-
grams for stimulus onsets during each of theepochs.
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during the saccade. A final control consists of trials of fixation only
during which the target did not jump and thus no saccades were
generated. Responses during these five epochs plus the control
(fixation-only) period were analyzed. We reasoned that the base-
line response properties of the neurons should be similar during
epochs 1and5 and also during the fixation-only controls. The cell
responses per stimulus cycle were sorted into epochs according to
within which epoch the onset of the excitatory phase landed.
ON-center cells responded to the bright phase of each cycle, and
OFF-center cells to each dark phase. To simplify comparisons, we
started each histogram with the excitatory phase of the stimulus
(i.e. the bright cycle for ON-center cells and the dark cycle for
OFF-center cells).

Responses for all ten M cells during simple fixation, involving
epochs 1, 2, 5, and the fixation-only control, were indistinguish-
able. This indicates that there was no obvious response change in
epoch 2(i.e. the period between target movement and the begin-
ning of the saccade). Five of the ten M cells also showed no
significant response changes during the saccade itself or the period
immediately afterwards (epochs 3and4). However, the other five
did show significant response elevation during one or both of these
epochs. For two of these five neurons, the facilitation was signif-
icant only duringepoch 3compared to the fixation periods (P ,
0.01). Figs. 1B and 1C show the responses of these two cells. In
these cases, it appears the facilitation peaked during the saccade
(epoch 3) and tailed off in the 50-ms period after the saccade
(epoch 4). For two others, the enhanced activity was significant in
epoch 4, the period 50 ms after the eye movement (P , 0.01).
Here it seems the enhancement in visual activity began during the
eye movement and peaked during the 50 ms after. A fifth cell
exhibited an increase in activity 50 ms after the saccade compared
to the saccade (P , 0.001) and during periods of no eye move-
ments (P , 0.05). In this case, there was a small insignificant
saccadic suppression followed by a large significant postsaccadic
facilitation. Of the remaining five cells that did not show any
significant changes between the various episodes, three showed
some small tendency towards enhanced visual activity during the
saccade and extending to the earlier period after the saccade. The
activity during saccades and the short period after saccades was
also enhanced compared to the activity during fixation tasks. These
findings are in agreement with Reppas et al. (1999) who reported
that monkey geniculate magnocellular neurons exhibited saccadic
related facilitation. We found no difference in the visual respon-
siveness between ON and OFF magnocellular neurons.

To illustrate the population behavior of the M neurons, the
activity of each cell was normalized to its highest firing rate during
any of theepochsor fixation only, and we averaged across these
normalized values. The results are shown in Fig. 2A. These cells
showed significant response enhancement during the saccadic eye
movement (epoch 3) that lasted for at least 50 ms after the saccade
(epoch 4; P , 0.01). During fixation (epochs 1, 2, and5), there
was no difference in responsiveness from the fixation-only control.

In contrast to the effects on M cells, saccades had no discern-
able affect on the responsiveness to the visual stimuli for P cells
(Figs. 2B and 3). None of the 11 P cells showed any significant
changes among the variousepochs, nor were any of these signif-
icantly different from the fixation-only control (P . 0.1 for all
comparisons). Thus, we found no evidence for saccadic suppres-
sion among the 11 P cells as had previously been reported (Wilson
& Noyd, 1998).

We also investigated the possibility that saccades affect the
response mode—burst or tonic (see Introduction)—of geniculate

neurons. As we have reported previously (Ramcharan et al.,
2000a,b), bursting does occasionally occur in geniculate relay
cells of the awake monkey under our behavioral conditions. In
these experiments, the response to the majority of cycles of the
visual response was in tonic mode, but bursts were occasionally
seen. The extent of bursting varied considerably among cells (see
Ramcharan et al., 2000a). On the whole the incidence of bursts
varied anyway between one every 25 cycles of the stimulus to one
every 250 cycles of the stimulus. We did not include possible
bursts consisting of only one spike (see Ramcharan et al., 2000a,b).
For this reason, we separated the eye movement trial into three
episodes. We simplified this analysis by using only three sampling
periods:Beforestarted at the beginning of fixation and ran until the
target moved (equivalent toepoch 1above);During started with
the target position change and ended 50 ms after the completion of
the saccade (we basically combinedepochs 2–4as “saccade asso-
ciated” to increase the number of cycles of the stimulus sampled);
andAfter was the next 250 ms (equivalent toepoch 5above). The
During time effectively contains all of the saccade-related periods.
To perform a population analysis, we normalized bursting sepa-

Fig. 2. Population analysis for responses to visual stimulation for magno-
cellular (A;n5 10) cells and parvocellular (B;n5 11) cells. Each response
during eachepoch has been normalized for comparison (see text for
details).
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rately for M and P cells by determining the largest fraction of
stimulus cycles evoking a burst in each cell during any of the three
periods defined above and setting this to 1. Fig. 4A shows that
bursting in magnocellular neurons was significantly reduced dur-
ing the saccade period compared to the fixations before or after the
saccade (P , 0.01). Likewise, Fig. 4B shows that bursting in
parvocellular cells was equally inhibited during the saccadic0
perisaccadic period compared to the fixations before or after the
eye movement (P , 0.01).

Discussion

We have found that saccades do affect visual responsiveness of
geniculate relay cells in the monkey in two ways. First, many M
cells show an increased responsiveness during saccades, whereas
responsiveness of P cells is unaffected by our measures. Second,
the prevalence of burst mode responses is reduced in both M and
P cells during saccades.

Relationship to previous studies of responses
during saccades

Earlier studies have reported a variety of different responses of
geniculate cells to saccades, and these reports are often difficult to
reconcile with one another. For example, saccades were found to
have little effect on the activity of either magnocellular or parvo-
cellular neurons in the monkey LGN (Büttner & Fuchs, 1973). In
another study, transmission through the primate geniculate was

reported to be significantly reduced after saccades, an effect that
was consistently greater in magnocellular than parvocellular cells
(Bartlett et al., 1976). In contrast, our results suggest mild facili-
tation during and after saccades but no suppression. In cat, genic-
ulate neurons were found in one study to display postsaccadic
suppression when a patterned background was moved at saccadic
velocity across a stationary eye (Noda, 1975). In another study, all
Y cells and two-thirds of the X cells were found to respond with
one or two activity peaks during and after saccades (Fischer et al.,
1996). The excitation seen in Y cells may perhaps be comparable
to the excitation we have seen in magnocellular cells, but we did
not observe any effects on parvocellular cells (X cells in cats).
Significant postsaccadic facilitation was reportedly stronger for X
cells rather than Y cells (Lee & Malpelli, 1998). Furthermore,
pretectal GABAergic cells, projecting to LGN interneurons, which
could be antidromically activated by LGN stimulation, showed
increased activity during saccades, suggesting a disinhibition of
relay neurons during the eye movements (Schmidt, 1998; Fischer
et al., 1998). It is difficult in this review of the literature to

Fig. 3.The stimulus evoked responses of two parvocellular neurons (A and
B) as in Figs. 1B and 1C.

Fig. 4. Burst mode activity evoked by an 8-Hz full-field flashing stimulus
for magnocellular (A;n5 10) cells and parvocellular (B;n5 11) cells. The
relative amount of bursting has been normalized for comparison (see text
for details).Beforeis equivalent toepoch 1; During is equivalent toepochs
2–4; andAfter is equivalent toepoch 5.
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determine any consensus for the effects of saccades on responses
of geniculate neurons.

Neuronal basis of saccade-related effects
on responsiveness

The effect of saccades on M cells, an increased visual responsive-
ness and reduction in burst mode responses, can be explained by a
simple depolarization of these cells. That is, such a depolarization
would both make the cells more responsive to visual stimuli and
tend to inactivate the T channels underlying the Ca21 conductance
responsible for burst firing. This latter result would reduce bursting
during saccades. Depolarization of M cells could come about by an
increase in excitatory postsynaptic potentials (EPSPs) as well as a
reduction of inhibitory postsynaptic potentials (IPSPs).

The most likely route of effect of saccades on geniculate relay
cells would be brain-stem afferents, and in the monkey, the vast
majority of these are cholinergic from the parabrachial region
(Bickford et al., 2000). While the physiology of the brain-stem
afferents has not been determined yet in the monkey, in the cat,
these both directly excite relay cells and disinhibit them by inhib-
iting local GABAergic inputs from interneurons and the thalamic
reticular nucleus (reviewed in Sherman & Guillery, 1996). Thus, a
simple increase in baseline firing of these cholinergic brain-stem
inputs during saccades could account for the effects we have
documented for M cells.

However, this explanation does not so neatly explain the results
for P cells. On the one hand, P cells also show a reduction of
bursting during saccades, which suggests that these cells are
somewhat depolarized. Yet there is no enhanced responsiveness to
visual stimuli for these cells as would be expected if they were
depolarized. Of course, there are many possible explanations for
such an apparently nonlinear effect of presumed depolarization on
visual responsiveness for P cells, but for the present we feel it best
to limit our comments to highlighting this unusual response of P
cells to saccades.

Relationship to saccadic suppression

Recent psychophysical data have suggested to the authors of those
studies that the neural basis for saccadic suppression is likely to be
at the level of the lateral geniculate nucleus and involve the M
pathway relatively selectively (Burr et al., 1994). However, our
results do not suggest any simple explanation at the level of the
lateral geniculate nucleus for the phenomenon of saccadic suppres-
sion. Not only do we not see suppression of visual responses of
geniculate cells during saccades, M cells actually show a moderate
elevation of responsiveness, and this is hard to reconcile with
response suppression expected for the M pathway. We do note that
Campbell and Wurtz (1978) claim that the majority of the reduced
visual responsiveness during saccades comes not from intrasac-
cadic suppression, but from backwards visual masking by a stable,
clear image at the end of the saccade. It is interesting to note that
the increased responsiveness of M cells roughly corresponds to the
saccade end point. However, the neural mechanisms of visual
masking are unknown, so it is at present unclear if or how these
altered responses relate to such masking.

There is, however, one possible correlation with the effects we
have observed and saccadic suppression. Both M and P cells show
less bursting during saccades. It has been shown elsewhere that
both burst and tonic response modes effectively relay retinal input
to cortex (Guido et al., 1992, 1995; Mukherjee & Kaplan, 1995;

Reinagel et al., 1999). A recent hypothesis offered about these
relay modes is that tonic mode offers a more accurate linear relay,
whereas burst mode offers a relay with better signal detectability
(Sherman, 1996). This hypothesis, then, would predict that any
significant reduction in burst firing could result in poorer stimulus
detectability, and this is broadly consistent with saccadic suppres-
sion. If true, however, we see no evidence that M cells are more
affected in terms of reduced burstiness during saccades than are P
cells.
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