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Rodent posterior parietal cortex, similar to its homologue in primates, has been shown to be criti
cally involved in spatial navigation. We summarize here selected neurophysiological data and their rel
evance to recent lesion-behavioral studies. The fmdings indicate that the rat posterior parietal cortex 
contains a significant proportion of neurons that code for head-centered (or body-centered) space by 
making use of the vestibular and proprioceptive inputs. Some posterior parietal neurons may store a 
working representation of space, which appears to be allocentric. 

Rodent cortex is thought to be organized in a general 

scheme similar to that in primates. The rat occipital cortex, 

similar to its counterpart in the primates, sits posterior to 

the parietal cortex (Zilles, 1985, 1990). Past studies have 

shown that an area sandwiched between the rat primary 

visual cortex (Oc 1) and somatosensory cortex (Par 1) is 

an associative cortex, possibly a homologue of primate 
posterior parietal cortex (Kolb, 1990; Krieg, 1946; Reep, 

Chandler, King, & Corwin, 1994). This region has been 
given a multitude of names, such as Krieg area 7 (Krieg, 

1946), area AM (Olavarria & Montero, 1981), and rostral 

prestriate Oc2M (rostral Oc2MM and Oc2ML; Zilles, 

1985). In this paper, the rat posterior parietal cortex will 

be referred to as area Oc2M. This by no means implies 

that this area is primarily a pre striate visual area. In fact, 

it has been shown that this region integrates multimodal 

inputs: visual, somatosensory, and auditory inputs (Miller 

& Vogt, 1984; Toldi, Foher, & Wolff, 1986; Vogt & Miller, 

1983). A significant proportion of the Oc2M cells ap

peared to show complex visual-sensorimotor associative 

characteristics; the visuomotor activity persisted even in 

the absence of the salient visual cues (Chen, Lin, Barnes, 

& McNaughton, 1994b). 

Rat posterior parietal cortex has been shown to be crit
ically involved in guiding spatial navigation, directing 

spatial attention, and forming spatial memory (Crowne, 

Richardson, & Dawson, 1989; see Ko1b, 1990, for review). 

Previous lesion-behavioral studies have indicated that a 
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lesion of posterior parietal cortex produces profound def

icits in visuospatial discrimination and spatial navigation 

(DiMattia & Kesner, 1988a, 1988b; Kesner, Farnsworth, 

& DiMattia, 1989; Kolb, Buhrmann, McDonald, & 

Sutherland, 1994; Kolb & Walkey, 1987; Long & Kesner, 

1996; McDaniel & Skeel, 1993; Sanchez et aI., 1997; 

Save, Poucet, Foreman, & Buhot, 1992). The deficit in 

spatial working memory has been consistently demon

strated to be a major symptom in rats whose parietal cor

tex was lesioned (Cho & Kesner, 1996; Kametani & Kes

ner, 1989; Kesner, Farnsworth, & Kametani, 1992; Kolb 

et aI., 1994; Poucet& Benhamou, 1997; Save & Moghad

darn, 1996). Thus, overwhelming lesion-behavioral evi

dence has suggested that some forms of spatial informa

tion must be processed and temporarily stored in this 

area. However, the neurophysiological basis supporting 

these functions remains poorly understood. 

There are two approaches to studying the neurophysi

ology of sensory and spatial information processing. The 

first approach, as has been adopted widely in freely mov
ing rodent experiments, is to allow the animals to travel 

across space. This quasi-ethological approach provides an 

opportunity for the experimenters to observe spatially se

lective responses of neurons, such as "place" cells (O'Keefe 

& Dostrovsky, 1971) or "head-direction" cells (Knierim, 

Skaggs, Kudrimoti, & McNaughton, 1996; Ranck, 1984; 

see McNaughton et aI., 1996). The alternate approach is 

to restrain the animals' mobility, then study the neural re

sponses while the spatial cues were presented around the 

animals (Andersen, Snyder, Bradley, & Xing, 1997; 

Brotchie, Andersen, Snyder, & Goodman, 1995; Galletti, 
Battaglini, & Fattori, 1993; Mountcastle, Lynch, Georgo

poulos, Sakata, & Acuna, 1975; Sakata, Taira, Kusunoki, 

Murata, & Tanaka, 1997). The latter approach is widely 

adopted in primate studies but is less common in rodent 

studies. In the following sections, we will focus on some 

selected neurophysiological studies that have employed 
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Figure 1. Experimental design for tracking rat's head orienta
tion and position. (A) Schematic drawing of the dual-LED rod 
mounted on the rat's head. When the rat was in motion, its head 
displacement (AS) and head-angle displacement (A0) could be 

extrapolated on the basis of the LED trajectories. (B) The veloc
ity cutoffs for distinctive modes of motion. F, forward motion; L, 
left turns; M, motionless or nonlocomotive mode; R. right turns. 
Note---From "Head-Direction Cells in the Rat Posterior Cortex: 
I. Anatomical Distribution and Behavioral Modulation," by L. L. 
Chen, L.-H. Lin, E. J. Green, C. A. Barnes, and B. L. Mc
Naughton, 1994, Experimental Brain Research, 101, p. 13. Copy
right 1994 by Springer-Verlag. Adapted with permission. 

the two approaches to study the function of rat posterior 

parietal cortex. 

EXPERIMENTAL DESIGN FOR STUDYING 
THE FREELY MOVING RODENTS 

Chen, Lin, Green, Barnes, and McNaughton (1994) 

designed a dual-light-emitting-diode (LED) head-tracking 

system to study the activity of rat cortical neurons. In their 
design, the rat's head was mounted with a rod containing 

dual LEDs (Figure 1A; BrainWave System Corp.). The 
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LED positions, sequential in time, could then be extrap

olated to reflect the linear and angular velocities of the 

head trajectories. When the two velocity profiles were 

plotted in an orthogonal manner during movements, var

ious modes of motion could be objectively teased apart 

with reasonable confidence. The modes of motion include 

angular motion (left and right turns), forward motion, 

and motionless (Figure 1B). 

The rats were trained to perform the spatial working 

memory task on a radial eight-arm maze (Olton & Sam

uelson, 1976). The maze had small aluminum containers 

at the end of each arm, one of each was baited with choco

late milk. The maze arms were baited once per trial. The 
rats had to remember not to visit the same arm more than 

once in order to maximize the reward rates. Spatial cues 

must be properly controlled in order to draw useful con

clusions from the freely moving rats (Chen, Lin, Barnes, 
& McNaughton, 1994b). The maze room was painted 

black, providing the minimal reflectance of the wall. The 

maze was lit symmetrically by a single reflector light 
bulb mounted on the center ofthe ceiling. Black and white 

cardboard panels were placed around the maze as con
trolled visual cues. These cues gave some degree of re

flectance of light (2.5-5 cd/cm2), but the remainder of 

the room was poorly lit. Also, the visual cue panels were 

manipulated when the light was turned out. This pre

vented the animals from keeping track of the visual cue 

manipulation. 

REPRESENTATION OF 
HEAD ORIENTATION 

Some posterior parietal neurons have been found to 
respond selectively to the animal's head orientation (Fig

ure 2A; Chen, Lin, Green, et aI., 1994). These "head-
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Figure 2. Cells whose activities were modulated by head orientation and body mo
tion for (A) Oc2M and (8) RSA. In the plots, 100% modulation indicates the maxi
mal firing rate for the motionless mode in the preferred direction, whereas 0% refers 
to the mean rate for the same mode in the four nonpreferred directions. Note that the 
modulation can go from 50% to 200%, depending on the mode of angular motion. 
Error bars represent SEMs. Note---From "Head-Direction Cells in the Rat Posterior 
Cortex: I. Anatomical Distribution and Behavioral Modulation," by L. L. Chen, 
L.-H. Lin, E. J. Green, C. A. Barnes, and B. L. McNaughton, 1994, Experimental Brain 

Research, 101, p. 18. Copyright 1994 by Springer-Verlag. Adapted with permission. 
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Figure 4. Modulation of angular motions in different task conditions: active movement on a maze 
task Oeft panels) and passive rotation in the dark (right panels). The bar charts are plotted as rela
tive modulation from the mean rates for motionless mode. Error bars represent SEMs. The aster
isks indicate statistical significance in the comparison of a given angular motion modulation with 
that of motionless (Mann-Whitney U,p < .01). Am, active movement; Pr, passive rotation in the 
dark; L, left turns; R. right turns. Cells A and C were recorded in Oc2M, Cell B in HL, and Cell D 
in RSA. 

direction" cells were named after Ranck's terminology, 

because these cells exhibited a head-orientation selective 
discharge (Ranck, 1984). Head-direction cells are also 

found in para1imbic cortices: postsubiculum and dys

granular (RSA) and granular (RSG) retrosplenial cortex, 

as well as other brain regions that are connected to these 

areas (Blair & Sharp, 1996; Chen, Lin, Green, et aI., 1994; 
McNaughton, Chen, & Markus, 1991; Mizumori & 

Williams, 1993; Ranck, 1994; Taube, Muller, & Ranck, 

1990). Like the head-direction cells observed in the par

alimbic regions (e.g., RSA; see Figure 2B), the head

direction cells in the posterior parietal cortex retained 

their directional biases either in the dark or after the re
moval ofthe controlling cues (Chen, Lin, Barnes, & Mc

Naughton, 1994b). 

Some head-direction cells appeared to associate an

gular motions with head orientation. As shown in Fig

ure 2A, the most significant modulation took place for 
the right turns, whereas the modulation was suppressed 

for the left turns. This indicates that these cells keep 

tracking the head orientation by integrating the angular 

motion information. McNaughton et aI. (1991) hypoth

esized that the vestibular inputs can help "read out" the 

projected head-direction ensemble. That is, the activa

tion of head-direction ensemble is determined by the 
conjunctive activation of an initial head-direction en

semble and the angular displacement, which is calcu

lated on the basis of vestibular inputs (e.g., integral of an-

gular velocity). For instance, the activation of a 180° 

head-direction ensemble results from the activation of a 

90° head-direction ensemble plus a 90° turn. Such a 

mechanism can serve to track the head orientation with

out referencing to external sensory inputs (such as in 

total darkness). This hypothesis has been supported by 

recent studies that showed that vestibular manipulations 
or lesions significantly influence the head-direction tun

ing (Blair & Sharp, 1996; Stackman & Taube, 1997). 

However, the hypothesis (McNaughton et aI., 1991) as

sumes that the head-direction cells form reverberating 

circuits and that the vestibular inputs must be widely dis
tributed among the head-direction cells. So far, there 

have been no experiments aimed at elaborating the ana

tomical connections supporting the notion of the rever

berating circuitry. Moreover, multiple sensorimotor inputs 

are compounded in behaving animals. One cannot simply 

equate the angular motion correlates, observed in freely 
moving animals, as the vestibular contribution. If the pos

terior parietal cortex contributes to the head-direction 

spatial processing, it would be important to know what 

information the cortex contributes. 

ANGULAR MOTION MODULATION 
AND VESTIBULAR INPUTS 

It should be noted that the head-direction cells in the 
posterior parietal cortex are rare-3% of the total cells 
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sampled (Chen, Lin, Green, et aI., 1994). Motor effer

ence copies, presumably widely present in the posterior 

parietal cortex, may provide more general spatial signals 

help animals navigate through space (Chapin & Wood

ward, 1986; Chen, Lin, Barnes, & McNaughton, 1994b; 

Hyvarinen, 1982; McNaughton et aI., 1994; Neafsey 

et aI., 1986; Wise & Donoghue, 1986). Thus, these head

direction cells may represent a fraction of the neuronal 

population that code for various spatial maps, possibly 

by making use ofthe available sensory inputs in order to 

meet different goals of action s, such as escaping from 

potential predators, reaching for prey or objects, or nav

igating through space (Andersen et aI., 1997; Duhamel, 

Bremmer, BenHamed, & Graf, 1997; Goodale & Milner, 

1992; Jennerod, Arbib, Rizzolatti, & Sakata, 1995; 

Sakata et aI., 1997; Snyder, Batista, & Andersen, 1997). 

Various sources of sensorimotor inputs could provide spa

tial information to cells of the posterior parietal cortex, 

including head-direction cells. One type of spatial infor

mation is angular motion modulation, which possibly re

flects an elementary, explicit head-centered (or body

centered) spatial coding (e.g., left vs. right). Whether or 

not the majority of the posterior cortical neurons code 

for the angular motion on the basis of vestibular inputs has 

been a critical issue, because the vestibular inputs could 

serve as a read-out mechanism for the head-directional 

representation (McNaughton et aI., 1991). 

Chen, Lin, Barnes, and McNaughton (1994a, 1994b) 

have taken advantage ofthe angular motion analysis and 

attempted to examine the angular motion signal in pas

sive rotation conditions compared with that during ac

tive movements. The former should be driven primarily 

by vestibular inputs (plus possibly the proprioceptive in

puts), whereas the latter should be driven by various com

pounded active movement inputs and higher cognitive 

processes. The active-movement maze task was as de

scribed in the previous section. The passive-rotation task 
was carried out using a modified "lazy Susan," in which 

the rats sat still throughout the period, with the light 

turned out. The rats were placed in the middle ofthe lazy 

Susan tray; the tray had woodblock "fences" on the sides 

to help animals stand firm. The experimenter then moved 

around the tray and rotated the platform in clockwise and 

counterclockwise directions alternately. The task paused 

randomly for 1-3 sec between rotations. The angle of 

each rotation was 120°-200° at a speed of 30-50 rpm. 

This experiment was carried out either immediately be
fore or after the maze task; the same units were retained 

for tests. Note that, in such a passive-rotation manipula
tion, the animals were devoid of visual inputs and most 

of the sensorimotor inputs that were present in freely mov

ing animals. The angular motion correlates could then be 

attributed primarily to vestibular contribution. Some pro
prioceptive inputs might have been involved when the 

animals adjusted their own postures during the rotations. 

It was found that, in some cells in the posterior pari

etal cortex, the active movements could significantly alter 

the neural activity pattern; the neuronal responses of 

these cells during the passive-rotation task were dramat

ically different from those during the active-movement 

task. Figure 3 illustrates examples in which cells exhib

ited apparently different activity modulation in response 

to different angular motion. Figure 4 illustrates the aver

age modulation rates for different modes of motion in dif

ferent tasks. The angular motion correlates are measured 

relative to those of motionless mode. Head-direction, vi

suomotor, and illuminance-sensitive cells were excluded 

from the analysis. The modulation can be categorized 
into four types: (1) Am+/Pr-, cells that were active ex

clusively during the active movement; (2) Am-I Pr+, cells 

(e.g., Figures 3Bl and 3B2) that were exclusively active 

during the passive rotation; (3) Am"# Pr, cells (e.g., Fig

ures 3C 1 and 3C2) that were active during both tasks, but 

the modulation differed in the signs of angular motion 

(i.e., left vs. right turns); and (4) Am = Pr, cells (e.g., 

Figures 3Al and 3A2) that showed similar modulation 

in both tasks. The remainder were unmodulated cells 
(i.e., U or Am-/Pr-) that were not selective for either of 

the angular motions. Figure 5 illustrates the proportional 

distribution of these cells in areas Oc2M, HL (hindlimb 

sensorimotor area; Zilles, 1985), RSA, and RSG. Note 

that HL contains the vast majority (80%) of cells selec

tive for angular motions. This proportion is reduced to 
60% in Oc2M, 51 % in RSA, and 46% in RSG. Also, the 

proportion of the fourth type of cells (i.e., Am = Pr), 

whose angular motion correlates can be accounted for 

Oc2M 

Am+/pr 

RSA 

Am=Pr 

HL 

RSG 

Figure S. Percentile distribution of ceUs classified on the basis 
of their activity modulation in the active movements and passive 
rotations. Total cells tested were 30 in Oc2M, 7S in HL, 66 in 
RSA, and 63 in RSG. Am, active movement; Pr, passive rotation 
in the dark; U, unmodulated. Same classification scheme as in 
Figure 4 •. Note that the cells exhibiting directional biases (i.e., 
head-direction cells, visuomotor cells, and illuminance-sensitive 
ceUs) were excluded from the plots. 
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Figure 6. An Oc2M cell discriminating for spatial tones. (A) The experimental setup, in 
which 6 speakers were placed around the rats, is illustrated at the top ofthe panel. Task 
epochs and sequence of tone presentation are plotted below. (B) Histograms illustrating 
the cell's response to directional tones during the cue-tone period (open square) and dur
ing the delay period (f"IIIed circles) in which no tone was present. Dash lines indicate:<:1 SD 

of the activity in the reference epoch. Error bars represent SEMs. (C) Similar measure
ment, except the rat was reoriented toward the 1800 direction. 

primarily by vestibular and proprioceptive inputs, were 

significantly reduced from 19% in HL to 13% in Oc2M 

to 11 % in RSA and to 3% in RSG. These differences are 

striking, and they appear to suggest that the vestibu

lar/proprioceptive influence constitutes only a small por

tion of the angular motion signals in the paralimbic 
areas, in which the angular motion signals are also sig

nificantly deemphasized. Given that the angular motion 

correlate is a measure of an explicit head-centered (or 

body-centered) spatial coding, the paralimbic coding 

strategy of space would be far from a head-centered frame

work. Unlike the paralimbic areas, the posterior parietal 

cortex appears to have a significant proportion of neurons 

relying on the vestibular/proprioceptive inputs to code 
for the head-centered (or body-centered) space. 

Note also that active-movement inputs often override 
the passive-motion inputs (i.e., Am+/Pr-, Am-/Pr+, and 

Am"# Pr; e.g., Figures 3B-3D). Such an active-movement 

modulation is widely spread among these areas. This ac

tive-movement gating phenomenon has been demon

strated previously in the somatosensory areas, in which 

the motor efference copies often inhibit the sensory in
puts, rather than excite them (Chapin & Woodward, 1981, 

1986). Such a gating mechanism may serve to distin

guish the subject's own body movement from the motion 

of the surroundings (e.g., visual motion-vestibular or 

vestibular-proprioception interactions; see Keshner & 
Peterson, 1995; Peterson, Baker, Perlmutter, & Iwamoto, 

1992; Sakata et aI., 1997; Tanaka et aI., 1986). 

MEMORY FOR SPATIAL DIRECTIONS 

Nakamura and colleagues (Nakamura, Miyamoto, Ki

noshita, & Ohzawa, 1997; Nakamura, Ono, Isaji, & 
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Yoshida, 1995) took a different approach to study the rat 
posterior parietal cortex. In their task design, the rats, 
with their heads fixed, were seated comfortably in the 
middle of a room. Figure 6A illustrates the basic ele
ments of their setups and task flows. Six loudspeakers, 
placed 60° apart from each other and 1 m from the rat, 
were used as directional probes. The direction-testing ap
paratus was enclosed in hexagon-shaped walls surround
ing the rats. This setup removed the influence of the re

mote cues. 
The rats were trained to perform a directional delayed

matching-to-sample (or nonmatching-to-sample) task. A 
cue tone (1000 Hz and 90 dB SPL) was first given in a 
particular loudspeaker; this was followed by a 2-sec de
lay period. Then, a second testing tone of the same fre
quency and amplitude was presented in either the same 
(matching) loudspeaker or a different (nonmatching) 
one. The rats were required to lick a spout to receive the 

reward in one of the two conditions immediately follow
ing a nonmatched testing tone or were required to post
pone the licking (for 1 sec) after the matched ones. The 

reward, in this case, was an electrical-stimulating pulse 
given to the rat's lateral hypothalamus. A trained rat could 
perform at above 85% correct level. 

Figure 6B illustrates an Oc2M cell that was selective 
for directional tones. The cell exhibited a robust modu
lation in response to the tones presented at 60°-240°, 
whereas it showed no directional bias during the delay 
period in which the cue tones were absent. Reorienting 
the rat by 180° completely abolished the directional dis
charge of this cell (Figure 6C). This indicates that the 
cell's directional response was gated by the animal's vi
sual views or possibly head (or body) orientation in allo-

A 180 ~II 
It "II' 

It· 0 

20 

0' 
D Cue tone 

Q) 
• Delay ..!!! 

I/) 
Q) 
~ .B-
I/) -
~ 
> 
U 
« 

-------

0 
0 180 360 

Speaker direction (deg) 

centric space. This type of cell constitutes about a quar
ter (26%) of the total cells examined. 

Among the cells that responded to directional tones, 
over two thirds were particularly interesting. Their re
sponses appeared to carry some mnemonic values. Fig
ure 7 A illustrates an Oc2M cell that exhibited robust re

sponse during the cue-tone period as well as during the 
delay period. This suggests that the cell was capable of 
retaining the spatial information for a short period, at 
least lasting through the delay period, in which the cue 
tones were no longer present. Strikingly, such a direc
tional preference persisted even after the rat was reori
ented 180° away from the original direction (Figure 7B). 
The directional response persisted through the delay pe
riod. The results together support the notion that the pos
terior parietal cortex processes directional memory that 

can be allocentric in nature in the testing environment 
(Cho & Kesner, 1996; Long & Kesner, 1996; Poucet & 

Benhamou, 1997; Save & Moghaddam, 1996). 
Whether such apparent mnemonic responses are ac

quired through experience, such as those in other parts of 
the brain (Chen & Wise, 1995a, 1995b, 1996, 1997; Mitz, 
Godschalk, & Wise, 1991; Miyashita, Sakai, & Hiko
saka, 1996; Wise, Chen, & Dominey, 1996), remains open 
for future studies. 

CONCLUDING REMARKS 

We conclude that the rat posterior parietal cortex, sim
ilar to its homologue in primates, is a multimodal inte
grator. A significant proportion of the posterior parietal 
neurons codes for a head-centered (or body-centered) 
space on the basis of the vestibular/proprioceptive inputs. 

B 180 II 1't:J III'" II 

0 

20 

0 
0 180 360 

Speaker direction (deg) 

Figure 7. An Oc2M cell exhibiting apparent memory for the cue-tone directions dur
ing the delay period. Note that the directional tunings of this cell remained unchanged for 
the cue-tone and delay epochs. Such a directional response was unaltered even after the 
rat's head was reoriented toward the 180· direction. Format same as in Figure 6. 
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This is in sharp contrast to the paralimbic neurons, which 

tend to rely less on vestibular or proprioceptive infor

mation. It is thus unlikely that vestibular/proprioceptive 

inputs serve as a "vestibular reflex" type of read-out inter

face for the head-direction cells, especially in the paral

imic regions. Nevertheless, it is likely that some residual 

of vestibular influence is passed on to those regions ei

ther through the posterior parietal cortex or other routes. 

The information passed on may be gated by other mech

anisms not yet determined. This would explain the results 

in which the vestibular manipulations tend to produce 

significant influence on the head-directional activity; how

ever, the effects were often inconsistent and somewhat 

unpredictable. The same manipulation may produce more 

consistent results in the posterior parietal head-direction 

cells, since the posterior parietal cortex is more directly 

involved in the vestibular and proprioceptive processing 

(Fukushima, 1997). 

Spatial memory representation in the posterior pari

etal cortex is complex. Some posterior parietal neurons 

appear to store an allocentric, working representation of 

the spatial tones, regardless of body orientation. This 

leads to the possibility that the posterior parietal cortex 
reconstructs an allocentric representation by combining 

the available head-centered or body-part-centered infor

mation that it processes (Nakamura & Takarajima, 1996; 

Pouget & Sejnowski, 1997). The reconstruction and con

solidation of such an allocentric representation may be 

via the help of the paralimbic inputs (McClelland, Mc
Naughton, & O'Reilly, 1995). 
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