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Coding the Locations of Objects in the Dark
Michael S. A. Graziano,* Xin Tian Hu, Charles G. Gross
The ventral premotor cortex in primates is thought to be involved in sensory-motor
integration. Many of its neurons respond to visual stimuli in the space near the arms
or face. In this study on the ventral premotor cortex of monkeys, an object was
presented within the visual receptive fields of individual neurons, then the lights were
turned off and the object was silently removed. A subset of the neurons continued to
respond in the dark as if the object were still present and visible. Such cells exhibit
“object permanence,” encoding the presence of an object that is no longer visible.
These cells may underlie the ability to reach toward or avoid objects that are no longer
directly visible.

A scientist sitting in her office reaches for
a book on the shelf. She knows where the
book is located and does not need to look in
order to guide her hand. Later, while driving home, she adjusts the car radio while
her eyes are fixed on the road. That night,
in darkness, she reaches toward a box of
tissues on the bedside table. How does the
brain keep track of the locations of objects
that are no longer in sight, and how does it
guide movements toward or away from
those objects? Piaget (1) was the first to
emphasize the importance of object permanence, that is, the knowledge that an object
is still present even though it is no longer
visible. More recently, researchers have emphasized the more specific problem of how
movements toward these unseen objects are
guided (2). Here we describe visually responsive neurons in the ventral premotor
cortex (PMv) of the monkey brain that
appear to solve the problem of object permanence. These neurons keep track of the
locations of objects near the monkey’s body,
Department of Psychology, Princeton University, Princeton, NJ 08544, USA.
*To whom correspondence should be addressed. E-mail:
graziano@princeton.edu

even after the lights are turned off and the
monkey is in darkness.
PMv, the area of cortex just posterior to
the lower limb of the arcuate sulcus, is
thought to be involved in the sensory guidance of movement (3). Its neurons respond
to tactile and visual stimuli and also during
movements of the head and the arms (4).
About 40% of the neurons in PMv have
both a tactile and a visual receptive field
(RF). For these bimodal cells, the visual RF
extends from the approximate region of the
tactile RF into the immediately adjacent
space (Fig. 1). For most cells with a tactile
RF on the arm, when the arm moves, the
visual RF moves with it, and for most cells
with a tactile RF on the face, when the
head is rotated, the visual RF moves with it
(5). In contrast, when the eyes move, the
visual RFs do not move but remain anchored to the body surface (5, 6). These
visual RFs, therefore, encode the locations
of nearby stimuli relative to different parts
of the body. One suggestion is that the
bimodal neurons help to guide movements
of the head and arms toward or away from
nearby stimuli (7).
We tested whether the bimodal neurons
in PMv encode the locations of nearby
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stimuli that are no longer visible. Responses
of single neurons in PMv were studied in
two tame male Macaca fascicularis (4.6 and
5.0 kg). For details of the experimental
procedures, see (5). Daily recording sessions
were conducted on each monkey while the
animal was seated in a primate chair with
the head fixed. A hydraulic microdrive was
used to lower an electrode into PMv. Once
a neuron was isolated, it was tested for
somatosensory and visual responsiveness.
Somatosensory RFs were plotted by manipulating the joints and stroking the skin, and
visual RFs were plotted with objects presented on a wand. In addition, we made the
unexpected observation that neurons with a
tactile RF extending onto the back of the
head often responded to auditory stimuli;
therefore, we also routinely tested for auditory responsiveness.
Of 153 isolated single neurons, 6 (4%)
responded only to visual stimuli, 34 (22%)
responded only to somatosensory stimuli, 55
(36%) were bimodal, responding to visual
and tactile stimuli, and 11 (7%) were tri-

Fig. 1. Receptive fields of two bimodal, visualtactile neurons in PMv. (A) The tactile RF (shaded)
is on the snout, mostly contralateral to the recording electrode (indicated by the arrowhead) but
extending partially onto the ipsilateral side of the
face. The visual RF (boxed) is contralateral and
confined to a region of space within ;10 cm of the
tactile RF. (B) The tactile RF for this neuron is on
the hand and forearm contralateral to the recording electrode (indicated by the black dot), and the
visual RF (outlined) surrounds the tactile RF.
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Fig. 2. (A) Experimental apparatus for testing object permanence. The visual
stimulus, a plastic dowel 2.5 cm in diameter, was adjusted for each neuron
until it extended into the center of that neuron’s visual RF. The stimulus was
mounted on an oiled plastic hinge and could be silently swiveled out of the
visual RF or back into it again. A rubber stop prevented the stimulus from
making noise when it reached its final position near the monkey’s face. The
experimenter sat behind a black drape and presented the stimulus manually.
Four LEDs were used to illuminate the space near the monkey in the other-

modal, responding to visual, tactile, and
auditory stimuli. All 11 trimodal cells had a
tactile RF that extended from the front of
the face onto the back of the head. Fortyseven cells (31%) were unresponsive under
our experimental conditions.
Each of the 72 visually responsive neurons (61 from monkey 1, 11 from monkey
2) was tested with the apparatus shown in
Fig. 2A. The visual stimulus was silently
presented in the dark, then the space near
the monkey was illuminated with four “super-bright” light-emitting diodes (LEDs)
(total of 20,000 millicandela), used because of their fast rise time. The surfaces of
the LEDs were abraded to diffuse the light.
The onset of the LEDs revealed the stationary stimulus within the visual RF of
the neuron. Thirty of the visual neurons
did not respond under these conditions.
These cells gave a vigorous response only
to a visual stimulus in motion within the
RF (8). The remaining 42 neurons were

wise dark room. The black dot on the head shows the hemisphere recorded
from. The stippling on the left eyebrow and the outlined area near the face
show the tactile and visual RFs, respectively, of the neuron whose responses
are shown in (B). (B) Responses of a neuron, averaged over 50 trials, as a
function of onset and offset of the LEDs and presence or absence of the
stimulus near the face (sp/s, spikes per second). The stimulus was first
positioned near the face during an 8-s intertrial interval in darkness (not
shown).

tested for their responses to the stationary
visual stimulus while it was visible within
the RF and after the LEDs were turned off.
During these tests the monkey sat awake
in the primate chair and did not perform
any task (9).
The responses of an example neuron
with a tactile RF on the face and a visual
RF within the space near the face are
shown in Fig. 2B. During the 8-s intertrial
interval (not included in the figure), the
monkey was in darkness and the stimulus
was moved into the area of the visual RF.
The neuron did not respond to the stimulus, presumably because it was inaudible
and invisible. The interval from T1 to T2
shows the relatively low baseline firing
rate of the neuron at the beginning of the
trial when the monkey was still in darkness. At T2, the LEDs were illuminated
and the monkey could see the stimulus
located in the neuron’s visual RF. The cell
began to respond with a 200-ms latency.

At T3, 1 s later, the LEDs were extinguished and the monkey could no longer
see the stimulus; however, the neuron
continued to fire at an elevated rate. By
T4, after 5 s of darkness, the firing rate was
still more than twice the baseline rate.
The LEDs were illuminated again at T4,
revealing the presence of the stimulus, and
the neuron’s firing increased in response.
At T5, the LEDs were extinguished. Within 1 s of the offset of the LEDs, the
stimulus was removed from the area of the
visual RF. The neuron continued to respond as if the object were present in the
RF, presumably because the stimulus was
moved silently and in darkness and therefore the monkey did not know that it had
been retracted. At T6, the LEDs were
illuminated, revealing that the stimulus
was no longer present. The neuron’s firing
rate abruptly dropped to its baseline level.
These results show that the neuron responded to the presence of an object near

Fig. 3. Responses of a
second example neuron.
This cell had a small tactile RF on the left snout
and a small associated
visual RF. (A) Passive rotation of the head
caused the visual RF of
this neuron to move into
and out of alignment with
the stimulus. The bolt
that held the head was
rotated by one of the experimenters who stood behind the
monkey. When the head was turned 20° to the right, the
stimulus was aligned with the visual RF of the cell. When
the head was turned 20° to the left, the stimulus was no
longer aligned with the visual RF. See legend to Fig. 2 for
details of stimulus presentation. (B) Responses of the cell
as a function of LED onset and offset, presence or absence
of the stimulus near the face, and right or left position of the
head (average of 35 trials). At the start of a trial the head
was 20° to the left. Within 1.5 s after T3, the head was
moved 20° to the right. (C) Same as (B) except at the start of a trial the head was 20° to the right. Within 1.5 s after T3, the head was moved 20° to the left.
Trials in the conditions described in (B) and (C) were interleaved in an alternating fashion.
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the face. When the monkey saw that the
object was present, the neuron began to
respond. When the monkey saw that the
object was absent, the neuron ceased to
respond. During the periods of darkness between, the firing of the neuron reflected the
stimulus configuration that the monkey had
most recently seen. This pattern of response
cannot be explained by a dim or partial
view of the object in the dark. Instead, it
can only be explained by the monkey’s
memory of the presence or absence of the
stimulus. That is, the cell showed object
permanence.
Of the 42 neurons tested, 15 (36%)
showed object permanence: They began to
respond at T2, their activity remained significantly above baseline until T6, and
then they returned to baseline after T6
(10). In particular, the activity during the
5-s dark period, between T3 and T4, was
well over baseline, with P , 0.005 in
every case and P , 0.0001 in 11 of the 15
cases. Twenty-two neurons (52%) responded significantly to the sight of the
stimulus at T2 and T4 but returned to
their baseline firing rate when the monkey
was in darkness. Five neurons (12%) did
not respond to the stimulus but instead
responded significantly to the onset of the
LEDs at times T2, T4, and T6.
As described above, for almost all bimodal neurons in PMv with a tactile RF
on the face, the visual RF is anchored to
the head and moves as the head is moved
(5). The responses of a neuron that was
tested by moving the head is shown in Fig.
3. The cell had a tactile RF on the left side
of the face and an excitatory visual RF
near the tactile RF. The cell also gave a
weak, transient inhibitory response to visual stimuli near the opposite side of the
face. As shown in Fig. 3A, when the head
was positioned 20° to the left, the excitatory visual RF was out of register with the
stimulus. When the head was positioned
20° to the right, the visual RF was aligned
with the stimulus. Figure 3B shows the
result when the head was 20° to the left at
the start of the trial. The interval from T1
to T2 shows the baseline firing rate of the
neuron in darkness. At T2, the LEDs were
illuminated, revealing the stimulus near
the ipsilateral side of the face, outside the
excitatory visual RF. The neuron’s firing
rate was transiently inhibited and then
began to recover. By T3, the firing rate
had returned to baseline. At T3 the LEDs
were extinguished. Within the next 1.5 s
the head was turned 20° to the right. In
this new position, the excitatory RF of the
neuron should be in alignment with the
stimulus. Note that during this time interval the monkey was in darkness and did
not see the stimulus inside the visual RF.

Instead, the visual RF overlapped the remembered location of the stimulus. The
neuron responded vigorously and continued to respond throughout the remaining
3.5 s of darkness. At T4 the LEDs were lit
again, revealing the stimulus near the face
and inside the visual RF. At T5 the LEDs
were extinguished. Within 1 s after T5 the
stimulus was silently removed. The cell
continued to respond as if an object were
present in the RF, presumably because the
monkey did not know that the stimulus
had been removed. At T6 the LEDs were
lit again, revealing that the stimulus was
no longer in the visual RF. The neuron’s
firing rate abruptly returned to baseline.
The result on interleaved trials is
shown in Fig. 3C. The head was 20° to the
right at the start of the trial. At T2 the
LEDs were illuminated, revealing the
stimulus inside the excitatory visual RF,
and the neuron responded. At T3, the
LEDs were extinguished, and the neuron
continued to respond in the dark. Within
the next 1.5 s, the head was turned 20° to
the left. In this position, the excitatory RF
of the neuron was no longer in register
with the position where the monkey last
saw the stimulus, and the firing rate of the
neuron returned to baseline.
This neuron, therefore, not only encoded the presence or absence of a stimulus that was no longer visible, but also
encoded the position of the stimulus relative to the head. As the head was rotated
in one direction, the visual RF shifted into
alignment with the remembered location
of the stimulus, and the neuron began to
respond. As the head was rotated in the
opposite direction, the visual RF shifted
out of alignment with the remembered
location of the stimulus, and the neuron
stopped responding. Of the 15 neurons
that showed object permanence, only two
had visual RFs that were sufficiently small
to test by turning the head. The second
neuron showed the same pattern of response as illustrated in Fig. 3.
These results show that a subset of the
bimodal neurons in PMv is able to keep
track of the locations of stimuli near the
monkey’s body, even after the lights are
extinguished and the monkey is in darkness.
As the monkey’s head turns, cells with visual RFs that are anchored to the head
become active or fall quiet as their RFs pass
over the remembered location of the stimulus. Because these neurons are found in a
premotor area that has a high incidence of
movement-related responses (3, 5), we suggest that they may play a role in the guidance of movement toward objects that are
no longer visible, such as objects that are
occluded, that are behind the animal, or
that are no longer foveated. Neurons with
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tactile RFs on the face and visual RFs anchored to the head would be able to code
locations of objects relative to the head and
therefore would be useful for guiding movements of the head toward or away from
those objects. Neurons with tactile RFs on
the arm and visual RFs anchored to the arm
might be more useful for guiding movements of the arm.
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