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The inferior parietal lobule (IPL) is a functionally and anatomi-
cally heterogeneous region that is concerned with multiple
aspects of sensory processing and sensorimotor integration.
Although considerable information is available about the corti-
cocortical connections to the IPL, much less is known about
the origin and importance of subcortical inputs to this cortical
region. To examine this issue, we used retrograde transneuronal
transport of the McIntyre-B strain of herpes simplex virus type
1 (HSV1) to identify the second-order neurons in subcortical
nuclei that project to the IPL. Four monkeys (Cebus apella)
received injections of HSV1 into three different subregions of
the IPL. Injections into a portion of the lateral intraparietal area
labeled second-order neurons primarily in the superficial (visu-
al) layers of the superior colliculus. Injections of HSV1 into a
portion of area 7a labeled many second-order neurons in the

CA1 region of the hippocampus. In contrast, virus injections
within a portion of area 7b labeled second-order neurons in
posterior regions of the dentate nucleus of the cerebellum.
These observations have some important functional implica-
tions. The IPL is known to be involved in oculomotor and
attentional mechanisms, the establishment of maps of extrap-
ersonal space, and the adaptive recalibration of eye–hand co-
ordination. Our findings suggest that these functions are sub-
served by distinct subcortical systems from the superior
colliculus, hippocampus, and cerebellum. Furthermore, the
finding that each system appears to target a separate subre-
gion of the IPL provides an anatomical substrate for under-
standing the functional heterogeneity of the IPL.
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The inferior parietal lobe (IPL) is thought to be involved in a
diverse set of neural operations, including spatial attention, multi-
modal sensory integration, and oculomotor control (Lynch, 1980;
Hyvarinen, 1981). Electrophysiological studies have demonstrated
that neurons in IPL have response properties ranging from
attention-enhanced visual and oculomotor responses (Lynch et al.,
1977; Goldberg et al., 1990; Colby et al., 1996) to complex patterns
of activity during object visualization and manipulation (Sakata et
al., 1995; Murata et al., 1996). Some of these properties have led to
the concept that IPL participates in building multiple spatial rep-
resentations for the guidance of both eye and limb movements
(Andersen, 1989; Colby and Goldberg, 1999).

Anatomical evidence indicates that IPL is a heterogeneous
structure, with subregions characterized by unique patterns of
cortical and subcortical connections (Pandya and Seltzer, 1982;
Asanuma et al., 1985; May and Andersen, 1986; Cavada and
Goldman-Rakic, 1989a,b, 1991; Andersen et al., 1990; Lewis and

Van Essen, 2000). For example, the lateral intraparietal area (LIP)
is extensively interconnected with the frontal eye field (FEF), as
well as with other visual cortical areas, and projects heavily to the
intermediate layers of the superior colliculus (Barbas and Mesu-
lam, 1981; Lynch et al., 1985; Andersen et al., 1990). Another
subregion of IPL, area 7b, is preferentially connected to somato-
sensory areas I and II and the ventral premotor area (PMv) (Ca-
vada and Goldman-Rakic, 1989a,b; Andersen et al., 1990). A third
subregion of IPL, area 7a, shows little connectivity to FEF and no
projection to the superior colliculus (Lynch et al., 1985; Andersen
et al., 1990); yet area 7a has stronger connectivity to the dorsolat-
eral prefrontal cortex than has either LIP or area 7b (Cavada and
Goldman-Rakic, 1989b). It is likely that the functional subdivisions
in IPL reflect, in part, this differential connectivity.

Little is known about the subcortical inputs to different subre-
gions of IPL. Thalamic inputs to LIP, area 7a, and area 7b are
known to be distinct (Asanuma et al., 1985; Schmahmann and
Pandya, 1990; Hardy and Lynch, 1992). Such segregation of the
thalamic projections suggests that the subdivisions of IPL receive
unique patterns of subcortical inputs as well. However, the disyn-
aptic nature of these connections has made it difficult to define
these pathways. Therefore, we used retrograde transneuronal
transport of the McIntyre-B strain of herpes simplex virus type 1
(HSV1) to determine subcortical inputs to portions of LIP, area 7a,
and area 7b. There are two major results of this study. First, we
found that the IPL is the target of disynaptic outputs from the
superior colliculus, hippocampus, and cerebellum. Second, each of
these subcortical nuclei projects to a different subregion of the IPL.
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Parts of this paper have been published previously in abstract
form (West et al., 1998, 1999).

MATERIALS AND METHODS
This report is based on observations from four juvenile Cebus apella
monkeys. The McIntyre-B strain of HSV1 was injected into different
portions of the inferior parietal cortex in four hemispheres. This strain of
HSV1 travels transneuronally in the retrograde direction in a time-
dependent manner (Zemanick et al., 1991; Strick and Card, 1992;
Hoover and Strick, 1999). The procedures adopted for this study and the
care provided experimental animals conformed to the regulations de-
tailed in the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. All protocols were reviewed and approved by the
Institutional Animal Care and Use committees. The biosafety precau-
tions taken during these experiments conformed to or exceeded biosafety
level 2 (BSL-2) regulations detailed in Biosafety in Microbiolog ical and
Biomedical Laboratories (Health and Human Services Publication 93-
8395). A detailed description of the procedures for handling virus and
virus-infected animals is presented in Strick and Card (1992) and Hoover
and Strick (1999).

Surgery. Twelve hours before surgery, each animal was administered
dexamethasone (Decadron, 0.5 mg/kg, i.m.) and restricted from food and
water. Approximately twenty minutes before anesthesia was initiated,
animals were pretreated with either atropine sulfate (0.05 mg/kg, i.m.) or
glycopyrrolate (0.01 mg/kg, i.m.). Most of the animals were anesthetized
initially with ketamine hydrochloride (Ketalar, 15–20 mg/kg, i.m.), intu-
bated, and maintained under gas anesthesia using a 1:1 mixture of
isoflurane (Enflurane) and nitrous oxide (1.5–2.5%; 1–3 l /min). Other
animals were anesthetized with Telazol (initial dose, 20 mg/kg, i.m.;
supplemental dose, 5–7 mg � kg �1 � hr �1, i.m.). In these cases, the anal-
gesic butorphenol (Torbugesic, 0.1–0.4 mg/kg, i.m.) was given every 2–4
hr to reduce the overall amount of Telazol used. After being anesthe-
tized, all animals were administered dexamethasone (0.5 mg/kg, i.m.)
and an antibiotic [cefazolin sodium (Kefzol, 25 mg/kg, i.m.) or ceftriax-
one (Rocephin, 75 mg/kg, i.m.)]. Hydration was maintained using lac-
tated Ringer’s solution with 5% dextrose (6–10 cc/hr, i.v.), and temper-
ature was maintained with a heating pad. Heart rate, blood oxygen
saturation, body temperature, and respiratory depth were continuously
monitored during the surgery.

All surgical procedures were conducted using aseptic techniques. Each
animal’s head was positioned in a stereotaxic frame (Kopf). Ophthalmic
ointment was placed in the eyes. A craniotomy was performed over the
parietal lobe, and the dura was incised and reflected to expose the region
of interest. The cortex was kept moist by the use of warmed (37–40°C)
sterile saline throughout the entire procedure.

Injection sites. One monkey received injections into LIP as well as
portions of area 7a and area 7b. The other monkeys received smaller
injections focused within one of the above-mentioned subregions. The
location of each injection site was based on surface landmarks and their
known relationship to the cytoarchitectonic borders of parietal cortex.
LIP has been defined as a region in the lateral or posterior bank of the
intraparietal sulcus that projects to the FEF (Andersen et al., 1985). A
previous anatomical study confirmed that LIP occupies a similar location
in the Cebus monkey (Tian and Lynch, 1996).

To guide the HSV1 injections visually into the posterior bank of the
intraparietal sulcus, in some animals we removed the medial bank of the
parietal sulcus using subpial aspiration. We then used a 5 �l Hamilton
syringe with a 28–32 gauge removable needle to place multiple injections
(0.2 �l per site) of virus into selected regions of the inferior parietal
cortex (see Fig. 1). For injections into the intraparietal sulcus, the tip of
the needle was bent at a 90° angle to insure injections were made normal
to the cortical surface. The depth of the injections was designed to place
the tip of the syringe needle in cortical layer IV. Injections were spaced
1 mm apart except to avoid blood vessels. The absolute number of
injections in each animal varied according to the size of the targeted
region (see Fig. 1). After each injection into the cortex, the needle
remained in place for 1–3 min. When the injections were completed, the
dura was sutured (if possible), the bone flap was replaced and fixed with
sheets of SILASTIC, and the wound was closed in anatomical layers.

Survival period. After the surgery, animals were placed in a BSL-2
isolation room for further observation and recovery. Observations of each
animal’s appearance and behavior were recorded every 4–8 hr, or more
often as needed. All animals received dexamethasone (0.1–0.5 mg/kg, i.m.
or p.o.) during the initial recovery period. Animals that showed signs of
discomfort were given butorphenol (0.01–0.4 mg/kg, i.m.) or buprenor-

phine (Buprenex, 0.01 mg/kg, i.m.). If an animal developed partial or
generalized seizures, it was given phenobarbital (2–6 mg/kg, i.m., until the
seizures were controlled; up to 40 mg/kg in a 24 hr period).

Virus transport between neurons is time dependent (Zemanick et al.,
1991; Strick and Card, 1992; Hoover and Strick, 1999; Middleton and
Strick, 2001). Therefore, the number of hours that an animal survives
after an injection determines how many synapses will be crossed. In the
present study, animals were allowed to survive for 5–6 d after the virus
injections. This time period permitted transneuronal transport to second-
order but not third-order neurons (Strick and Card, 1992; Hoover and
Strick, 1999; Middleton and Strick, 2001).

At the end of the survival period, each animal was deeply anesthetized
(ketamine hydrochloride, 25 mg/kg, i.m.; pentobarbital sodium, 36–40
mg/kg, i.p.) and transcardially perfused using a three-step procedure
(Rosene and Mesulam, 1978). The perfusates included 0.1 M PBS, 4%
(w/v) paraformaldehyde in PBS, and 4% paraformaldehyde in PBS with
10% (v/v) glycerin. After the perfusion, the brain and cerebellum were
photographed, stereotaxically blocked, removed from the cranium, and
stored in buffered 4% paraformaldehyde with 20% glycerin (4°C) for 4–7 d.

Histology. Blocks of brain were frozen (Rosene et al., 1986) and serially
sectioned in the coronal plane at a thickness of 50 �m. Every 10th section
was counterstained with cresyl violet for cytoarchitectonic analysis [E. C.
Gower in Mesulam (1982)]. To identify neurons labeled by virus trans-
port, we processed free-floating tissue sections according to the avidin–
biotin–peroxidase method (ABC; Vectastain; Vector Laboratories, Bur-
lingame, CA) using a commercially available antibody to HSV1 (Dako,
Carpinteria, CA; 1:2000 dilution). At least every other section from these
animals was reacted. Sections were mounted onto gelatin-coated glass
slides, air dried, and then coverslipped with either Artmount or DPX.

Analytic procedures. Approximately every other section was processed
and examined for labeled neurons under bright-field, dark-field, and
polarized illumination. Sections through the injection sites, frontal lobe,
superior colliculus, hippocampus, and dentate nucleus were plotted using
a computerized charting system (MD2; MN Datametrics, St. Paul, MN).
This system uses optical encoders to sense x–y movements of the micro-
scope stage and stores the coordinates of charted structures (e.g., section
outlines, injection site zones, and labeled neurons). Digital images of
selected structures were “captured” from the microscope using a video
camera coupled to a high-resolution video processing board in a personal
computer. Software written in the laboratory enabled us to generate
high-resolution composites from multiple images.

The frequency of plotting varied according to the dimensions of the
structure and ranged between 100 and 500 �m intervals. Sections through
the superior colliculus were charted while wet and uncoverslipped to take
advantage of the differential refractive index of myelin compared with
neuron cell bodies. This technique allowed the layers of the superior
colliculus to be clearly visualized in tissue that had not been subjected to
traditional myelin stains, a process that is not compatible with
immunostaining.

Determination of injection sites. Three concentric zones of labeling
characterize virus injection sites (Strick and Card, 1992; Hoover and
Strick, 1999). Zone I contains the needle track and the highest density of
viral staining and pathology. In some instances, the tissue in this zone
disintegrates during tissue processing. Zone II contains a dense accu-
mulation of infected neurons and glia, as well as a high degree of
background staining. Zone III contains large numbers of labeled neurons
but little or no background staining. There is evidence that the actual
zone of uptake for transneuronal transport of HSV1 is limited to zone I
[for discussion of this issue, see Strick and Card (1992); Hoover and
Strick (1999)].

The combination of subpial aspiration of the medial bank of the
parietal sulcus and injection of HSV1 into the lateral bank caused
significant tissue destruction in reacted sections containing the injection
site. Therefore, to aid our determination of the spread of virus at the
injection site, we plotted the distribution of first-order labeling in the IPL
of the contralateral hemisphere and in the ipsilateral frontal lobe. We
identified these regions of first-order labeling on the basis of the presence
of large numbers of labeled and lysed neurons in the terminal stages of
infection and intense background staining.

RESULTS
We made injections of HSV1 into the IPL of four C. apella
monkeys. One animal (W06L) received a large injection that
included LIP and portions of areas 7a and 7b. Each of the other
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animals received more focused injections into either LIP
(W17R), area 7a (W07L), or area 7b (W21L). We then examined
second-order labeling at subcortical sites including the superior
colliculus, hippocampus, cerebellum, globus pallidus, and sub-
stantia nigra. In the first section of our results we will describe the
injection sites, in the second section we will briefly discuss tha-
lamic labeling, and in the third section we will present the pat-
terns of second-order labeling.

Characterization of injection sites
The injections of virus in W17R were placed entirely in the lateral
(or caudal) bank of the intraparietal sulcus in LIP of the Cebus
monkey (Tian and Lynch, 1996) (Fig. 1, bottom left). The injections
in W07L were placed in area 7a on the cortical surface, caudal and
lateral to LIP (Fig. 1, bottom middle). The injections in W21L were
placed in the part of area 7b that is located rostrally in the lateral
bank of the intraparietal sulcus (Fig. 1, bottom right). The injections
in W06L were placed in the superficial, middle, and deep thirds of
the lateral bank of the intraparietal sulcus (data not shown). The
intent of the injections in W06L was to cover the full medial–
lateral and rostrocaudal extent of LIP.

As noted in Materials and Methods, we observed significant
tissue destruction at the sites of virus injection. To confirm the
placement of injection sites, we examined the distribution of
first-order labeling in the contralateral IPL. Callosal projections
are known to interconnect complimentary regions of the IPL
(Divac et al., 1977; Andersen et al., 1985; Neal, 1990; Lewis and
Van Essen, 2000), and in W17R, W07L, and W21L, we found dense

first-order labeling in the contralateral hemisphere at locations that
mirrored the injection sites indicated in Figure 1. The injections in
W06L resulted in first-order labeling not only in contralateral LIP
but also in adjacent portions of area 7a and area 7b.

The functional subdivisions of the IPL are known to have
unique patterns of connections with the frontal lobe (Andersen et
al., 1985, 1990; Cavada and Goldman-Rakic, 1989b; Stanton et al.,
1995; Lewis and Van Essen, 2000). Briefly, LIP is known to be
interconnected with the FEF. In fact, this region of posterior
parietal cortex was initially defined by this connection (Seltzer
and Pandya, 1980; Barbas and Mesulam, 1981; Andersen et al.,
1985). Area 7b is interconnected with the PMv (Cavada and
Goldman-Rakic, 1989b; Kurata, 1991). Area 7a is interconnected
with the supplementary eye field (SEF) and caudal portions of the
cingulate gyrus (CGc) (Andersen et al., 1990), but not with the
FEF or the PMv. To characterize the injection sites further, we
examined four areas in the frontal lobe for first-order labeling:
FEF, PMv, SEF, and CGc. We found massive first-order labeling
in the “saccadic subregion” of the FEF only in W17R and in
W06L. Dense first-order labeling in the PMv of the Cebus monkey
(R. P. Dum and P. L. Strick, unpublished observations) was
present only in W21L and in W06L. Dense first-order labeling was
present in the SEF and CGc only in W07L and in W06L. On the
basis of the labeling in the contralateral IPL and in the frontal
lobe, we will refer to W17R as the “LIP” animal, W07L as the
“7a” animal, and W21L as the “7b” animal. We will refer to W06L
as the “Multi” animal, because the labeling in the contralateral

Figure 1. Schematic diagrams of injec-
tion sites. Top lef t, Lateral view of the
hemisphere. Top middle, Enlarged view
of the posterior parietal cortex (the re-
gion boxed in the top lef t). The intrapa-
rietal sulcus is opened in this diagram.
Top right, Flattened map of the intrapa-
rietal sulcus. Bottom row, Flattened maps
in the region of the intraparietal sulcus
showing the targets for injection sites.
Each dot represents the target for a sin-
gle penetration of the injection syringe
needle. Bottom lef t, Animal W17R, the
LIP injection site. Bottom middle, Ani-
mal W07L, the 7a injection site. Bottom
right, Animal W21L, the 7b injection site.
All unfolded maps are oriented for dis-
play as the left hemisphere to facilitate
comparison. Portions of the medial bank
of the intraparietal sulcus were aspirated
in animals W17R and W21L. Scale bars,
5.0 mm. CS, Central sulcus; IPS, intrapa-
rietal sulcus; LS, lunate sulcus; STS, su-
perior temporal sulcus.
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IPL and in the frontal lobe indicates that the injection site
included LIP and portions of area 7a and area 7b. Thus, the Multi
animal serves as a “second” case for each of the experiments with
more focal injection sites.

Thalamic labeling
Injections of HSV1 into IPL led to dense labeling in thalamic
nuclei known to be the origin of input to each cortical region
(Kasdon and Jacobson, 1978; Asanuma et al., 1985; Schmahmann
and Pandya, 1990; Hardy and Lynch, 1992; Baizer et al., 1993).
Labeled neurons were found in other thalamic nuclei as well. This
is not surprising because survival times were set to reveal second-
order neurons. As a consequence, some of the labeled neurons in
the thalamus represent second-order neurons labeled by retrograde

transneuronal transport of virus via first-order neurons in cortical
areas that innervate the injection site (Hoover and Strick, 1999).

Distribution of second-order labeling
We found second-order neurons, labeled by retrograde transneu-
ronal transport of HSV1, at three major subcortical sites after
virus injections into the IPL: the superior colliculus, the hip-
pocampus, and the dentate nucleus of the cerebellum. The pres-
ence of second-order neurons at these subcortical sites depended
on the portion of IPL injected (Fig. 2). Specifically, all injection
sites that included LIP resulted in second-order neurons in the
superior colliculus. Injection sites that included area 7a labeled
neurons in the hippocampus, whereas injections that included
area 7b labeled neurons in the dentate nucleus of the cerebellum.

It is important to note that the three subcortical sites where we
found labeled neurons do not project monosynaptically to the
cortical areas under study (Divac et al., 1977; Morecraft et al.,
1993). Furthermore, the survival time we used (5–6 d) has been
shown in previous studies to label second-order but not third-
order neurons (Zemanick et al., 1991; Strick and Card, 1992;
Hoover and Strick, 1999; Middleton and Strick, 2001). Thus, the
labeled neurons in the superior colliculus, hippocampus, and
dentate nucleus are termed “second-order” because they have
disynaptic connections with the regions injected with HSV1 and
are labeled via retrograde transneuronal transport of virus.

Superior colliculus
Most of the second-order neurons labeled in the superior collicu-
lus after virus injections into LIP were found ipsilateral to the
injection site. However, unilateral injections of virus also resulted
in a small number of labeled neurons in the contralateral superior
colliculus. In the LIP animal, almost all of the second-order
neurons were found ipsilaterally in the caudal half of the collicu-
lus. Similarly, most of the second-order neurons were located in
the caudal half of the colliculus in the Multi animal; however a
small portion of the total sample (20%) was found in the rostral
half of the colliculus (Fig. 3, lef t). On the basis of this differential
distribution, a topography may exist in the projection from the
colliculus to LIP, although further experiments are necessary to
explore this possibility.

Figure 2. Quantification of second-order labeled neurons. The bar
graphs depict the number of labeled neurons in each animal in the
superior colliculus (top), hippocampus (middle), and dentate nucleus
(bottom). Cell counts are normalized to the highest frequency of sampling
(every 100 micrometers).

Figure 3. Distribution of second-order labeled neurons. The histograms show the rostrocaudal distribution of labeling in the superior colliculus for
W06L (Multi) versus W17R (LIP) (lef t), in the hippocampus for W06L (Multi) versus W07L (7a) (middle), and in the dentate nucleus for W06L (Multi)
versus W21L (7b) (right).
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The laminar distribution of second-order neurons varied with
their rostrocaudal location (Fig. 4). Second-order neurons in the
caudal half of the colliculus were located predominantly (91%) in
the superficial or visual layers (stratum griseum superficiale and
stratum opticum). In contrast, neurons labeled in the rostral half
of the colliculus were located in both the superficial (59%) and
intermediate layers (stratum griseum intermediale; 41%). A very
small number of the second-order neurons also were located in
the deep layers of the colliculus (e.g., 27/1901 labeled neurons in
the Multi animal).

Hippocampus
Second-order neurons labeled in the hippocampus after virus
injections into area 7a were found primarily ipsilateral to the
injection site, although a small number were found contralater-
ally. The labeled neurons were found in the pyramidal cell layer

of the CA1 region. The region of CA1 that contained labeled
neurons occupied the central third in the transverse plane and
primarily the rostral three-quarters in the longitudinal axis (Fig.
5). The population of labeled neurons in the area 7a animal was
centered slightly caudal to that of the Multi animal (Fig. 3,
middle).

Deep cerebellar nuclei
Second-order neurons labeled in the deep cerebellar nuclei after
virus injections into area 7b were found in the dentate nucleus
contralateral to the injection site (Fig. 6). Labeled neurons were
located throughout the caudal half of the dentate. The greatest
density of these neurons was found ventrally in the caudal third of
the nucleus (Figs. 3, right, 6). The population of labeled neurons
in the Multi animal extended more rostrally in the dentate than
did that of the area 7b animal (Fig. 3). The dentate neurons
labeled from virus injections into area 7b had characteristics that
were typical of “projection” neurons in the deep cerebellar nuclei.

An additional dense patch of second-order neurons was labeled
in a ventral and caudal site within the PIP of the Multi animal.
This region of PIP contains neurons with activity related to eye
movements (van Kan et al., 1993; Zhang and Gamlin, 1998).
Labeled neurons were not found at this site in the area 7b animal
or in any of the other animals of this study. Further experiments
are necessary to determine whether a subregion of LIP, area 7b,
or an adjacent region of the IPL such as the ventral intraparietal
area is the source of this labeling.

DISCUSSION
We found that IPL is the target of disynaptic output from three
subcortical sites: the superior colliculus, the hippocampus, and the
cerebellum. In fact, each subcortical region innervates a different
area of the IPL (Fig. 7). LIP receives input from visual layers of
the superior colliculus, area 7a receives input from the CA1
region of the hippocampus, and area 7b receives input from the
dentate nucleus. This discussion will focus on the functional
implications of these segregated inputs.

Superior colliculus to LIP
It is known from experiments with conventional tracers that the
superficial, “visual” layers of the superior colliculus project to the
lateral pulvinar nucleus in the thalamus (Harting et al., 1980;
Benevento and Standage, 1983). Similarly, a dorsal portion of the
lateral pulvinar projects to LIP (Asanuma et al., 1985; Hardy and
Lynch, 1992; Baizer et al., 1993). Our results suggest that neurons
in the lateral pulvinar mediate a projection from the superficial
layers of the superior colliculus to LIP. Neurons in these layers
have visual receptive fields that are retinotopically organized
(Lund, 1972; Sparks, 1986). Thus, it is likely that input from the
colliculus contributes to the visual responses of LIP neurons
(Blatt et al., 1990; Barash et al., 1991a,b).

We found that most of the second-order neurons labeled after
LIP injections were located in the caudal portion of the colliculus
where the peripheral visual field is represented (Cynader and
Berman, 1972; Goldberg and Wurtz, 1972a). However, the larger
injection site in LIP labeled some second-order neurons in the
rostral portion of the colliculus where the fovea is represented.
These observations suggest that the projection from the superior
colliculus to LIP is topographically organized. Furthermore, the
rough topographic organization of visual receptive fields seen in
LIP (Blatt et al., 1990) may be partly a consequence of collicular
input. In this respect, it is interesting that approximately one-

Figure 4. Second-order labeling in the superior colliculus after injections
including LIP. Top four panels, Plots of sections (section numbers in
bottom lef t corner) through the superior colliculus of W06L. Each black
dot indicates one labeled neuron, and dotted lines indicate the borders
between layers. A darker dashed line indicates the border between super-
ficial and intermediate layers of the superior colliculus. Bottom panel, The
location of labeled cells (in yellow) superimposed on a photomicrograph
of the boxed region in the 683 panel. Scale bar, 1.0 mm. SAI, Stratum
album intermedium; SAP, stratum album profundum; SGI, stratum gri-
seum intermedium; SGP, stratum griseum profundum; SGS, stratum
griseum superficiale; SO, stratum opticum.
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quarter of the corticotectal neurons in LIP reported by Paré and
Wurtz (1997) respond to foveal stimuli. Similarly, a comparable
percentage of tectal input to LIP appears to originate from the
rostral (foveal) portion of the colliculus.

As noted above, our results demonstrate that the superficial
layers provide the majority of the collicular input to LIP. In
contrast, the intermediate layers receive the majority of the
output from LIP (Lynch et al., 1985). Thus, there is a clear “open
loop” bias in the flow of information. This pattern of information
flow is evident in the physiological properties of the neurons in
the regions that form this circuit. Certain properties, such as
presaccadic enhancement of visual responses, are present in both
the superficial layers of the colliculus and LIP, but not in the
intermediate layers of the colliculus (Goldberg and Wurtz, 1972b;
Wurtz and Mohler, 1976; Goldberg et al., 1990; Colby et al.,
1993). Likewise, sustained delay period activity related to an
upcoming eye movement is present in both LIP and the interme-
diate layers of the colliculus, but not in the superficial layers
(Mazzoni et al., 1996; Paré and Wurtz, 1997; Snyder et al., 1997).
Thus, our results are consistent with the classical view that the
superficial layers of the colliculus are a source of disynaptic visual
input to LIP and that LIP sends signals related to oculomotor
function back to the intermediate layers (Lynch, 1980, 1992;
Lynch et al., 1985; Tian and Lynch, 1996).

In a previous study using similar methods (Lynch et al., 1994),
we found that a larger proportion of the collicular input to FEF
originates from the intermediate layers where activity is predom-
inantly related to the generation of saccades (Sparks, 1986). Thus,
it is likely that the collicular input to FEF is biased toward
oculomotor function, whereas that to LIP is biased toward visual
processing. On the other hand, a small percentage (�15%) of the
cells labeled after LIP injections were found in intermediate
layers. Consequently, collicular input to LIP may contribute to
oculomotor function as well.

Hippocampus to area 7a
Perhaps our most surprising finding is the demonstration that
area 7a in the posterior parietal cortex receives a strong disyn-
aptic input from the CA1 region of the hippocampus. The pyra-

midal cells labeled in our study were found primarily in the
central strip of the CA1 region, in the rostral three-quarters of the
hippocampus. The central portion of CA1 projects to area TF of
the parahippocampal gyrus (Blatt and Rosene, 1998), and area
TF is reciprocally connected with area 7a (Andersen et al., 1990).
Thus, area TF is likely to mediate the projection from CA1 to
area 7a.

Previous studies have shown that CA1 receives direct projec-
tions from area 7a (and area 7b) (Cavada and Goldman-Rakic,
1989a; Rockland and Van Hoesen, 1999). There is considerable
evidence that CA1 participates in a spatial memory system useful
for navigation (Rolls et al., 1997, 1998; Rolls, 1999). Similarly,
area 7a has been implicated in spatial processing. For example,
area 7a neurons display visual responses that are modulated by
both head and body position (Snyder et al., 1998). In addition, the
responses of some area 7a neurons show an interactive depen-
dence on both speed and direction of optic flow (Phinney and
Siegel, 2000). This property might contribute to the perception of
self-motion and heading during navigation. Thus, input from area
7a to CA1 could influence some of the spatial properties of CA1
neurons.

Our results emphasize a different perspective, namely, that
CA1 may contribute to the construction of responses in area 7a.
In fact, the CA1 region that sends a disynaptic projection to area
7a is considerably more extensive than is the CA1 region that
receives from area 7a. The portion of CA1 that receives direct
input from area 7a is located in a small area that is posterior
(along the longitudinal axis) and distal (along the transverse axis)
to the large CA1 region that projects to area 7a. Thus, although
the hippocampus receives from area 7a and projects to area 7a,
this pathway does not appear to be a simple “closed loop” circuit.
Furthermore, the most significant direction of information flow
may be from CA1 to area 7a rather than the reverse.

Human imaging and lesion studies support the concept that a
functional linkage exists between the hippocampus and the pos-
terior parietal cortex (Kesner et al., 1991; Berthoz, 1997). Tasks
involving spatial navigation result in activation of portions of both
the posterior parietal cortex and the hippocampus (Maguire et al.,

Figure 5. Second-order labeling in the
hippocampus after injections including
area 7a. Left, Plots of sections (section
numbers in bottom right corner) through
the hippocampus of W07L. Each black
dot indicates one labeled neuron. Right,
A photomicrograph of the region out-
lined in the bottom lef t section. Scale bar,
500 �m.
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1998; Gron et al., 2000). Similarly, damage to either the hip-
pocampus or posterior parietal cortex leads to difficulty in route
finding (Barrash, 1998; Barrash et al., 2000). Our results provide
an anatomical substrate for linking these two brain regions into a
parietohippocampal network for spatial navigation. We suggest
that the disynaptic projection from CA1 to area 7a should be
viewed as the efferent limb of this circuit. Such a pathway would
allow the memory functions of the hippocampus to influence the
spatial processing in area 7a.

Dentate nucleus to area 7b
The cerebellum is the third subcortical site that we identified as a
source of second-order input to IPL. This pathway originates
from the dentate nucleus and terminates in a portion of area 7b.
It is likely that the dentate projection to area 7b is mediated
primarily by thalamocortical projections from the caudal portion
of VLc. Caudal VLc and some adjacent subdivisions of the
ventrolateral thalamus receive dentate input, and these same
thalamic subdivisions project to regions of the IPL in or near area

7b (see also Sasaki et al., 1976; Kasdon and Jacobson, 1978;
Miyata and Sasaki, 1983; Asanuma et al., 1985; Schmahmann and
Pandya, 1990).

In previous studies, we found that a number of motor and
nonmotor regions in the frontal lobe are the target of dentate
output. Neurons that project to each of these cortical areas are
clustered in spatially separate regions of the dentate and form
distinct “output channels” (Middleton and Strick, 1994, 1998,
2001). In the present study, the dentate neurons that target area
7b are predominantly located in a ventral region within the caudal
third of the nucleus. This region is posterior to the dentate output
channel that innervates M1, and it is nested between the channels
that project to the hand region of PMv and the saccadic subregion
of the FEF (Strick et al., 1993; Lynch et al., 1994; Hoover and
Strick, 1999). Thus, the present results suggest that the dentate
contains a distinct output channel that targets a portion of the
posterior parietal cortex.

We found that area 7a and LIP receive scant cerebellar input.
This suggests that the cerebellum directly influences limited
portions of the IPL. However, we have examined the inputs to a
relatively small portion of the posterior parietal cortex. Previous
electrophysiological studies in the monkey have provided evi-
dence of a projection from the fastigial nucleus to a portion of
parietal area 5 (Sasaki et al., 1976; Miyata and Sasaki, 1983).
Similarly, in the cat there appears to be a projection from the
dentate and interpositus to areas 5 and 7 (Wannier et al., 1992;
Kakei et al., 1995). Thus, it is likely that the cerebellum gains
access to multiple areas of the posterior parietal cortex, and the
complete set of parietal areas that are the target of cerebellar
output remains to be determined.

Classically, cerebellar function was thought to be limited to the
domain of motor control. A number of recent observations have
led to some alteration in this point of view (Leiner et al., 1986,
1993; Botez et al., 1989; Ivry and Keele, 1989; Schmahmann,
1991, 1997a,b; Akshoomoff and Courchesne, 1992; Fiez et al.,
1992; Schmahmann and Sherman, 1998). For example, Middleton
and Strick (1994, 1998, 2001) have shown that there are output
channels in the dentate that innervate regions of prefrontal cor-
tex. Cerebellar lesions in humans cause cognitive deficits (Graf-

Figure 6. Second-order labeling in the dentate nucleus after injections
including area 7b. Top four panels, Plots of sections (section numbers in
bottom lef t corner) through the dentate nucleus of W21L. Each black dot
indicates one labeled neuron. Labeled cells from three consecutive sec-
tions spaced 100 �m apart are superimposed on each plot. Bottom panel,
Labeled neurons in the dentate of W21L. These neurons were found on
section 172. The region enlarged on the bottom lef t is indicated by the box
on the top right. The region enlarged on the bottom right is indicated by the
box on the bottom lef t. Scale bars (bottom panel ): top, 1000 �m; bottom
lef t, 500 �m; bottom right, 100 �m. DN, Dentate nucleus; PIP, posterior
interpositus.

Figure 7. Subcortical inputs to posterior parietal subregions. Each sub-
region of the posterior parietal cortex that we examined receives input
from a different subcortical site. The potential first-order regions that
mediate these connections are indicated by asterisks. The diagram also
indicates the unique “motor” areas in the frontal lobe that are intercon-
nected with each parietal subregion. The double arrows indicate reciprocal
connections. PL, Lateral pulvinar nucleus; PM, medial pulvinar nucleus;
VLc, ventral lateral nucleus, pars caudalis.
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man et al., 1992; Drepper et al., 1999), and cognitive tasks lead to
functional activation of cerebellar structures (Petersen et al.,
1988; Kim et al., 1994; Raichle et al., 1994; Fiez et al., 1996; Gao
et al., 1996; Cabeza and Nyberg, 2000). Our finding that the
dentate also contains an output channel that disynaptically inner-
vates a subregion of IPL suggests that concepts about cerebellar
function should be expanded further to include a potential contri-
bution to sensory processing (see also Gao et al., 1996; Ivry, 2000).

At this point, we can only speculate on what the cerebellum
might contribute to the function of posterior parietal cortex.
However, some important clues may come from the results of
recent studies on the neural basis of prism adaptation. When
vision is displaced by prisms, systematic errors in reaching move-
ments occur. In addition, the prisms induce a sensory mismatch
between the visual and proprioceptive representations of the limb
(see Harris, 1965; Welch, 1986). As a consequence, the process of
prism adaptation involves at least two components, a motor
component involving the correction of errors in motor output and
a perceptual component involving a recalibration of sensory rep-
resentations. The cerebellum has long been thought to participate
in the motor component of this process (Marr, 1969; Oscarsson,
1969; Ito, 1993; Thach, 1998; Baizer et al., 1999). Cerebellar
projections to motor areas in the frontal lobe may represent part
of the neural substrate for adapting motor performance. Like-
wise, the posterior parietal cortex has been implicated in the
perceptual recalibration associated with prism adaptation
(Clower et al., 1996; Rossetti et al., 1998). We suggest that the
cerebellar projection to posterior parietal cortex may provide
signals that contribute to (or initiate) the sensory recalibration
that occurs during the adaptive process.
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