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Abstract
We report on the corticocortical connections of areas on the mesial surface of the macaque posterior parietal cortex, based
on 10 retrograde tracer injections targeting different parts of the precuneate gyrus. Analysis of afferent connections
supported the existence of two areas: PGm (also known as 7m) and area 31. Both areas received major afferents from the
V6A complex and from the external subdivision of area 23, but they differed in most other aspects. Area 31 showed greater
emphasis on connections with premotor and parietal sensorimotor areas, whereas PGm received a greater proportion of its
afferents from visuomotor structures involved in spatial cognition (including the lateral intraparietal cortex, inferior parietal
lobule, and the putative visual areas in the ventral part of the precuneus). Medially, the anterior cingulate cortex (area 24)
preferentially targeted area 31, whereas retrosplenial areas preferentially targeted PGm. These results indicate that earlier
views on the connections of PGm were based on tracer injections that included parts of adjacent areas (including area 31),
and prompt a reassessment of the limits of PGm. Our findings are compatible with a primary role of PGm in visuospatial
cognition (including navigation), while supporting a role for area 31 in sensorimotor planning and coordination.
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Numerous studies have focused on the anatomical and physio-
logical characteristics of different areas of the parietal associ-
ation cortex in the macaque monkey, and this knowledge has
been important in suggesting homologies with the human
brain (Lewis and Van Essen 2000; Cavada 2001; Grefkes and
Fink 2005; Culham et al. 2006; Kravitz et al. 2011; Huang et al.

2015; Orban 2016). However, most studies have concentrated on
the areas located on the exposed surfaces of the inferior and
superior parietal lobules and intraparietal sulcus, whereas
much less attention has been directed to areas located on the
caudal mesial surface of the parietal lobe (i.e., the precuneate
gyrus). This relatively large region is delimited caudally by
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visual and visuomotor areas located within and rostral to the
parieto-occipital sulcus (V6 and V6A), dorsally by superior par-
ietal areas (PE, PEc, and PEci), rostrally by subdivisions of the
posterior cingulate cortex, and ventrally by still poorly charac-
terized subdivisions of putative visual cortex (Kobayashi and
Amaral 2003; Morecraft et al. 2004; Bakola et al. 2010, 2013;
Gamberini et al. 2015). Here we present the first comprehensive
exploration of the anatomical connections of the macaque pre-
cuneate gyrus. This not only clarifies the anatomical boundar-
ies of areas in this part of the brain, but also suggests the need
for a re-evaluation of the function of its largest area, termed
PGm, or 7m (Pandya and Seltzer 1982; Cavada and Goldman-
Rakic 1989a; in this report, we will use the designation PGm).

Traditionally, most of the precuneate cortex has been con-
sidered to correspond to a single cytoarchitectural field, PGm
(Fig. 1A, B). However, cortex that overlaps with the currently
recognized limits of PGm has been implicated in a wide variety
of functions, including eye movement control (Olson et al. 1996;
Thier and Andersen 1998, Leichnetz 2001), visually controlled
reaching (Ferraina et al. 1997; Leichnetz 2001), visually guided
navigation and scene perception (Sato et al. 2006, 2010; Baumann
and Mattingley 2010; Kravitz et al. 2011) and spatial working
memory (Kravitz et al. 2011; Hutchison et al. 2015). Although it is
possible that these functions are not mutually exclusive, with
area PGm being central to some higher-order cognitive process
that is relevant for all of the above, the existing data are insuffi-
cient to test the competing hypothesis, that is, that the currently
recognized limits of this cytoarchitectural field actually encom-
pass sub-regions that are individually involved in different sets
of processes. In addition, relating functional observations to pre-
cise anatomical subdivisions has been difficult, in part due to
discrepancies in the proposed extent of PGm according to differ-
ent cytoarchitectural studies. For example, many studies depict
PGm as extending into the caudal tip of the cingulate sulcus

(Fig. 1A, B, D), whereas others indicate that a different cytoarchi-
tectural area (area 31) occupies this location (Fig. 1C).

Knowledge obtained through the use ofmodern neuroanatom-
ical tracing techniques can help define the extent of area PGm,
while also providing insight on its likely functions. Early connec-
tional work showed that PGm is connected with a wide variety of
cortical systems, including in particular limbic, premotor, and
somatosensory cortical areas (Pandya and Seltzer 1982; Cavada
and Goldman-Rakic 1989a; Leichnetz 2001), but these studies were
based on very large tracer injections, which lacked the resolution
to explore the possibility of subdivisions, or only explored the
most dorsal part of PGm (Parvizi et al. 2006). Here, our main goal
was to define the common and variable features of the connectiv-
ity of the precuneate cortex, by placing more localized injections
of retrograde fluorescent tracers, which collectively covered the
entire putative extent of area PGm. Our results provide a more
refined view of the connectivity of PGm, which better emphasizes
the anatomical distinctiveness of this area. Importantly, clarifica-
tion of its boundaries based on anatomical tracing reveals that the
core function of PGm is primarily related to integration of visuo-
spatial and limbic information (including main afferents from the
V6A complex, the visual cortex ventral to PGm, the lateral intra-
parietal area, the inferior parietal lobule, and frontal areas F7, 8a
and 46, as well as posterior cingulate and retrosplenial areas).
This constellation of connections is compatible with a role in
mnemonic processes for visually based navigation (as suggested,
e.g., by Sato et al. 2010), and indicates that the previously sug-
gested role of PGm in somatomotor integration is better ascribed
to adjacent cortex (including areas 31 and PEc/PEci).

Materials and Methods
Experiments were conducted in 5 adult macaques (4 Macaca fas-
cicularis, 1 Macaca nemestrina; Table 1). Fluorescent tracers were

Figure 1. (A–D) Anatomical subdivision of the precuneate cortex of the macaque brain according to different studies. Dashed lines indicate the proposed limits of

areas. The thicker lines indicate the fundus of the cingulate sulcus and the dorsal limit of the corpus callosum. In panel (C) the main diagram is an unfolded recon-

struction of the region indicated in the inset. Abbreviations: cal, calcarine sulcus; cc, corpus callosum; cgs, cingulate sulcus; pos, parieto-occipital sulcus; 2, cortical

area 2; other abbreviations correspond to names of cortical areas, as specified in Table 2. In the insert (bottom right) D indicates dorsal, and A indicates anterior.
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injected in different locations in the precuneate cortex, which
collectively encompassed the entire territory assigned to area
PGm (7m) by previous studies (Fig. 2A). Protocols were
approved by the Bioethical Committee of the University of

Bologna and by the Monash University Animal Experimentation
Ethics Committee. All procedures followed the European Union
Directives 86/609/EEC and 2010/63/EU on the care and use of
laboratory animals, and the Australian Code of Practice for the
Care and Use of Animals for Scientific Purposes.

Surgery

In all cases the heart rate, blood pressure, respiratory depth,
and body temperature were monitored. The protocol for anesthe-
sia varied depending on the procedures approved by the 2
Universities, as well as refinements introduced during the dur-
ation of this project. Thus, animal A9R was pretreated with injec-
tions of atropine (0.04mgkg−1, i.m.) and ketamine hydrochloride
(15mgkg−1, i.m.) and, after 30min, anesthetized with sodium
thiopental (8mgkg−1, i.v.), with additional doses administered as
required. Animals MF3 and MF4 were premedicated with i.m.
injections of diazepam (3.0mgkg−1) and atropine (0.2mgkg−1),
and had anesthesia induced 30min later with alfaxalone
(10mg kg−1, i.m.), with supplemental doses (5mgkg−1) admi-
nistered i.v. as required. Animals MF6 and NM31 were preme-
dicated with i.m. injections of diazepam (1.0mgkg−1) and
atropine (0.04mgkg−1), and had anesthesia induced 30min
later with a mixture of ketamine (2mgkg−1), medetomidine
(0.02mgkg−1) and butorphanol (0.1mgkg−1) injected intramus-
cularly, after which they were intubated and maintained with
isoflurane (0.5–2%). In all cases hydration was provided by
constant infusion of Hartmann’s solution, i.v. Dexamethasone
(0.3mgkg−1, i.m.) and Norocillin (25mgkg−1, i.m.) were also
administered at the start of the procedures.

The animals were placed in a stereotaxic frame and a cra-
niotomy was performed over the posterior parietal cortex. In
order to reach the mesial surface of the hemisphere, a portion
of the posterior parietal cortex of the contralateral hemi-
sphere was retracted or removed by aspiration, the falx cerebri
was retracted, and the mesial surface exposed. Injection sites
were selected using the cingulate and parieto-occipital sulci
as landmarks. The fluorescent tracers were typically injected
using a microsyringe that had a glass micropipette attached
to its needle, which approached the cortex at an angle of ~30˚
from the midsagittal plane (Fig. 8C). In 2 cases (Table 1), the
retrograde fluorescent tracers fast blue (FB) and diamidino
yellow (DY) were directly applied into the cortex as crystals,
with the aid of blunt tungsten wires (Rosa et al. 2005). In all
cases care was taken to remove any leakage of tracer from the
surface cortex by repeated blotting of the penetration site

Table 1 Summary of experimental cases

Case Designation Species Weight Injection site Amount and concentration Total number of labeled cellsa

1 A9-FBb Macaca fascicularis 4.1 kg Area 31 0.2 μl, 1% 15 581
2 A9-CTB M. fascicularis 4.1 kg Area 31 2 μl, 1% 8282
3 MF3-FB M. fascicularis 2.5 kg Dorsorostral PGm 1 crystal 25 535
4 MF6-FB M. fascicularis 4.9 kg Dorsorostral PGm 0.35 μl, 1.5% 53 398
5 NM31-dexc M.nemestrina 7.8 kg Dorsorostral PGm 1 μl, 15% 748
6 MF3-FR M. fascicularis 2.5 kg Dorsorostral PGm 0.25 μl 1281
7 MF4-FR M. fascicularis 2.8 kg Ventrocaudal PGm 0.4 μl 2496
8 MF4-DY M. fascicularis 2.8 kg Ventrocaudal PGm 1 μl 166 982
9 MF3-DY M. fascicularis 2.5 kg Ventrocaudal PGm 1 crystal 6811
10 MF6-DY M. fascicularis 4.9 kg Ventrocaudal PGm 0.35 μl, 1.5% 19 674

aNumber of labeled neurons excludes intrinsic connections (i.e., labeled cells within the estimated limits of areas 31 (cases 1, 2) and PGm (cases 3–10).
bTracer abbreviations: CTB, cholera toxin subunit B, conjugated with Alexa 594; DY, diamidino yellow; FB, fast blue; FE, fluoroemerald; FR, fluororuby.
cDex: injection of mixed dextrans (fluoroemerald + fluororuby).

Figure 2. Summary of injection site locations and cytoarchitectural features of

areas PGm and 31. (A) Mesial view of a reconstruction of a macaque left hemi-

sphere showing the location of the injection sites, based on computerized regis-

tration of the brains of the different animals relative to the sulcal pattern.

Injections in area 31 (purple), the dorsorostral part of area PGm (cyan) and the

ventrocaudal part of area PGm (green) are indicated. The dashed lines indicate

the approximate extent of area PGm according to previous studies (Fig. 1A, B).

The pink and yellow shading indicate the borders of areas PGm and 31 accord-

ing to the present results. (B, C) Nissl-stained coronal sections taken at the

levels indicated on the insert (left). Section B illustrates the cytoarchitectural

features of area PGm, and section C those of area 31. Scale bar (in C) = 200 μm.
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with absorbent cotton pads, leading to no tracer spillage
beyond the injected site.

After the injections, the mesial surface was covered with
Gelfilm®, the bone flap was repositioned and fixed in place with
dental acrylic, and the muscles and skin were sutured. Upon
recovery from anesthesia, the animals were returned to their
home cages and closely monitored. For cases A9R, MF3, and MF4,
analgesics (ketorolac, 1mgkg−1, i.m., or Carprofen 5mgkg−1, sub-
cutaneous for 2 consecutive days) and antibiotics (Erythromycin,
1–1.5ml/10 kg, or Norocillin 0.1ml) were provided postopera-
tively. In animals MF6 and NM31 postsurgery analgesics
(Temgesic 0.01mgkg−1, i.m., Carprofen 4mgkg−1, s.c.) were deliv-
ered after the animal exhibited the first spontaneous movements
following surgery, and for 2–3 days thereafter.

Tissue Processing

After 14 days each animal was anesthetized as above, and admi-
nistered a lethal i.v. barbiturate injection. They were then per-
fused with several liters of heparinized saline, followed by 4%
paraformaldehyde in 0.1M phosphate buffer at pH 7.4 (followed
by of 5% buffered glycerol, in case A9R). The brains were cryopro-
tected by immersion in buffered sucrose (10–30%, most cases) or
glycerol (10–20%, A9R). Coronal sections (40–60 µm) were obtained
using a freezing microtome. One series was left unstained for
fluorescence observation, with the sections being coverslipped
with DPX after rapid dehydration in ethanol and clearing with
xylene. Adjacent series in all cases were stained for Nissl, myelin
(Gallyas 1979), and cytochrome oxidase (Wong-Riley 1979).

Data Analysis

The unstained sections were scanned using Zeiss fluorescence
microscopes equipped with ×20 dry objectives. For all sections

examined, the outer and inner boundaries of the cerebral
cortex, the outlines of the injection sites, and the location of
labeled cells were charted using software tools that read the
input of X/Y transducers mounted on the microscope stage.
Two- and 3-dimensional cortical reconstructions were cre-
ated using the CARET software (http://www.nitrc.org/
projects/caret/; Van Essen et al. 2001), from mid-thickness
section contours, according to the procedures described pre-
viously (Galletti et al. 2005; Gamberini et al. 2009). The same
software was employed to prepare the density maps of
labeled neurons by projecting the location of each neuron to
the nearest mid-thickness contour (Bakola et al. 2010;
Passarelli et al. 2011).

Figure 3. Myeloarchitectural characteristics of precuneate areas, as revealed in

low power views of sections stained with the Gallyas method. (A) Caudal sec-

tion at the level of area PGm. (B) Rostral section, at the level of areas 23e and 31.

The lines adjacent to layers I (black) and VI (white) indicate the uncertainty in

the definitions of borders. Scale bar (in B) = 1mm.

Table 2 abbreviations

Designations of areas
7m Cortical area 7, medial subdivision (also known as PGm)
8A Cortical area 8, subdivision A
8Ad Cortical area 8, subdivision A, dorsal
8B Cortical area 8, subdivision B
23 Cortical area 23 (posterior cingulate cortex)
23e Cortical area 23, external subdivision
23i Cortical area 23, internal subdivision
23v Cortical area 23, ventral subdivision
24 Cortical area 24 (anterior cingulate cortex)
29 Cortical area 29 (granular retrolimbic area)
30 Cortical area 30 (agranular retrolimbic area)
31 Cortical area 31 (dorsal posterior cingulate area)
46 Cortical area 46 (periprincipal granular frontal area)
F1 Frontal area 1 (primary motor area)
F2 Frontal area 2 (dorsocaudal premotor area)
F3 Frontal area 3 (supplementary motor area)
F4/F5 Frontal areas 4 and 5 (ventral premotor areas)
F6 Frontal area 6 (presupplementry motor area)
F7 Frontal area 7 (dorsorostral premotor area)
LIP Lateral intraparietal area
MIP Medial intraparietal area
MST Medial superior temporal area
Opt Cortical area Opt (occipitoparietal transition area)
PE Cortical area PE (parietal field E)
PEc Cortical area PE caudal
PEci Cortical area PE cingulate (supplementary sensory area)
PG Cortical area PG (parietal field G)
PGm Cortical area PGm
TA Cortical area TA (temporal field A)
TF Cortical area TF (temporal field F)
TH Cortical area TH (temporal field H)
TPO Cortical area TPO
TPOc Cortical area TPO, caudal subdivision
Tpt Cortical area Tpt (temporoparietal transition area)
V2 Second visual area
V6 Visual area 6
V6A Visual area 6A
V6Ad Visual area 6A, dorsal subdivision
V6Av Visual area 6A, ventral subdivision
VIP Ventral intraparietal area
Vis Visual cortex ventral to area PGm

Groupings of areas
EXT Extrastriate areas V2, V3, V4, MST, V6, PIP, and TEO
PFC Prefrontal cortex areas 9, 10, and 12
PM&M Premotor and motor areas F1 and F3
RSC Retrosplenial cortex areas 29, 30, 23i and 23v
ST&P Superior temporal and polysensory areas TPO, TA,

and Tpt
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Identification of Precuneate Cortical Areas

As shown in Figure 2, the cytoarchitectonic characteristics of
area PGm in our materials closely aligned with those described
by Pandya and Seltzer (1982). PGm has a clear columnar struc-
ture with well-developed layers IV, V, and VI (Fig. 2B). Layer II is
thin and relatively inconspicuous, whereas layer III is thick
with an evident gradient in cell size towards its base. Layer IV

is relatively thick and sharply defined, and layers V and VI are
well differentiated. We observed that the cell size gradient in
layer III was most evident towards the rostral limits of PGm,
where the lower part of layer III contained pyramidal neurons
which were, on average, larger than those in the caudal part of
PGm. However, it was impossible to draw a sharp boundary to
the region where this pattern was observed, in part perhaps

Figure 4. Quantitative comparison of the sources of extrinsic connections to different subdivisions of the precuneate cortex. Each histogram shows the percentage of

labeled cells in different cortical areas (or groups of adjacent areas) after tracer injections in 10 cases. Top: Injections assigned to area 31. Middle: Injections in the dor-

sorostral part of area PGm. Bottom: Injections in the ventrocaudal part of area PGm. Intrinsic connections of areas 31 (top panel) and PGm (middle and bottom panels)

are not included in this figure (X). For abbreviations, see Table 2.
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due to the use of coronal sections. In addition, as is commonly
observed in anatomical tracing studies, we found that the cyto-
architecture was disrupted in the immediate neighborhood of

injection sites, preventing a detailed examination. For these
reasons, we included in our analysis all injection sites regarded
as being within the commonly accepted limits of area PGm

Table 3 Strength of projections (fraction of labeled neurons) from different areas

Area 31 PGm

1 2 3 4 5 6 7 8 9 10

Extrastriate (EXT)
V2 + + ++ + +
V3 + +
V4/TEO + +
V6 + + +++ ++ +
MT +
MST + + ++ + + ++ +++ ++ +++ +

Medial parietal
V6Av +++++ +++ ++++ +++++ ++++ +++++ +++++ ++++ +++++ +++++
V6Ad ++++ +++ +++++ +++++ ++++ ++++ + + +++ ++++
Vis + ++++ ++++ ++++ +++++ ++++ ++++ +++++
PGm ++++ ++ * * * * * * * *
31 * * +++++ +++++ ++++ +++++ ++ ++++ ++++ +++

Superior parietal/somatosensory
PEc + ++ + + + +
PEci ++++ +++ ++++ ++ +++ +
PE ++ + + +
2 + +
Reipt +

Intraparietal
MIP +++ +++ ++ + + + + +
VIP + + + + + + + +
LIP + + ++ + ++++ +++++ +++ +++ +++
PIP + +

Inferior parietal
DP + + + + + +
Opt + ++++ +++ +++ ++ +++++ ++++
PG/PGop +++ + +++ ++++ +++ +++ + + ++++ ++
PF + +

Temporal
TPO/TA + +++ + ++ +++ + + ++ + +
Tpt ++ ++++ + ++ ++ + + +
Parabelt +
TF/TH + +

Limbic
Prostriata + + + + +
29/ 30 + +++ ++++ + +++ ++ ++++ ++++ +++
23v + +++ + +++ +++ +
23i + + ++ +++++ +++++ ++ ++++ +++++ +++++ ++++
23e +++++ +++++ ++++ ++++ +++ +++++ + +++++ +++++ +++
24 ++++ ++++ + + + + + +

Premotor/motor (PM&M)
F1 + + +
F2 +++++ +++++ ++++ ++ ++ +++ + + + +
F3 +++ +++
F4/F5 + +
F6 +++ +++ + + + + + + +
F7 ++ ++++ + +++ ++++ ++ +++ ++ + +++

Prefrontal (PFC)
8A ++ ++ ++++ ++ +++++ +++++ +++++ ++ +++ ++
8B + + ++++ +++ ++
9 ++ + ++++ +
10 +
12 + +
46 + ++++ +++ +++ ++++ + ++++ ++ ++ +++

+, 0.1% < FLN < 1.0%; ++, 1.0% < FLN < 2.5%; +++, 2.5% < FLN < 5.0%; ++++, 5.0% < FLN < 10.0%; +++++, FLN > 10.0%; *, intrinsic.
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(Fig. 1, and dashed outline in Fig. 2A), and used the pattern of
connections as the basis of our investigation of possible
subdivisions.

As shown in detail below, we found that some of our rostral
injection sites resulted in a distinctive pattern of connections,
which led us to propose that they were not located in area
PGm. The cytoarchitecture of the cortex near these injections
differed from the description above (Fig. 2C): the distinction
between layers II and III was more obvious, and the lower parts
of layers III and V both contained scattered and much larger
pyramidal neurons. The latter features are compatible with
area 31 described by Morecraft et al. (2004).

Myeloarchitectural features also proved useful in distin-
guishing area PGm from its neighbors. Throughout its extent
PGm was characterized by a medium density of myelina-
tion, and well-separated inner and outer bands of Baillarger
(Fig. 3A). PGm was easily distinguishable from areas V6A and
PEc, which are more densely myelinated. The ventral border of
PGm with the yet uncharacterized visual area (Vis) was subtler,
but could be estimated based on the higher density of myelin
in the latter, particularly in the infragranular layers, and on the
clearer separation between the inner band of Baillarger and the
white matter in PGm. Rostrally, the external subdivision of area
23 (23e; Kobayashi and Amaral 2000) was lightly myelinated,
whereas area 31 had relatively dense myelination and less
sharply defined bands of Baillarger. These myeloarchitectural
features were consistently observed across species of macaque
(M. fascicularis and M. nemestrina), and were confirmed in ani-
mals that were not subject to surgical procedures.

Identification of Other Areas

Areas Surrounding PGm
The identification of areas containing labeled neurons was per-
formed separately for each case, using stained sections adja-
cent to those examined under fluorescence microscopy. A list
of abbreviations used is provided in Table 2.

Posterior to PGm, in the parieto-occipital sulcus and adja-
cent mesial surface, we identified areas V6 and V6A according
to Luppino et al. (2005). Area V6A had dorsal and ventral subdi-
visions (V6Ad and V6Av) with somewhat different connections

and cytoatchitecture, as detailed previously (Gamberini et al.
2009; Passarelli et al. 2011). As shown in Figure 3A, the mye-
loarchitectures of V6 and V6A were also different from those of
area PGm.

The cortex located dorsal to PGm was assigned to areas PEc
and PEci. As shown below, most of the labeled neurons were
located in the cingulate sulcus (area PEci; also known as the
supplementary sensory area, SSA; Morecraft et al. 2004) rather
than in the superior parietal gyrus (area PEc).

The mesial cortex immediately anterior to PGm was
assigned either to area 31 or to subdivisions of area 23 (Fig. 2A),
according to Kobayashi and Amaral (2000, 2003). Area 23 was
subdivided into external, internal, and ventral sub-areas (23e,
23i, and 23v; Fig. 1C). In addition to the well-described differ-
ences in cytoarchitecture, our results revealed that these subdi-
visions differ in their connections with different precuneate
areas, as well as in their myeloarchitecture (Fig. 3B).

Finally, the cortex immediately ventral to PGm, dorsal to
area V2, rostral to V6 and V6A and caudal to area 23v was
assigned to undefined visual cortex (Vis) according to Kobayashi
and Amaral (2003). Although this region of cortex formed major
afferent connections to PGm, there is still a paucity of data in
the literature regarding how it is organized (see Discussion).

Other Subdivisions of the Posterior Parietal Cortex
The inferior parietal lobule, including two areas that were
found to form major projections to PGm (Opt and PG), was sub-
divided according to Pandya and Seltzer (1982) and Gregoriou
et al. (2006). The dorsal prelunate area (DP), which is function-
ally related to PG and Opt, was identified according to
Andersen et al. (1990). Identification of the areas in the intra-
parietal sulcus was based on previous descriptions by several
authors (Colby et al. 1988; Blatt et al. 1990; Matelli et al. 1998),
leading to the assignment of labeled neurons to medial (MIP),
ventral (VIP), lateral (LIP), and posterior (PIP) intraparietal areas.
Our data revealed no distinctions between dorsal and ventral
subdivisions of LIP (Liu et al. 2010), so they were considered
together for quantitative analyses. Labeled neurons in the ros-
tral part of the superior parietal lobule and dorsal intraparietal
sulcus were assigned to area PE (Bakola et al. 2013).

Figure 5. Polar plots summarizing the average percentages of labeled neurons after injections in different parts of precuneate cortex. Left: the average percentages of

labeled neurons in different cortical regions of following 2 injections in area 31. Right: black polygon, average percentages of labeled neurons following 5 injections in

the dorsorostral sector of PGm; white polygon, average percentages of labeled neurons following 3 injections in the ventrocaudal sector of PGm (gray indicates over-

lap). For this diagram, only connections representing at least 1% of the extrinsic label (on average, in at least one of the sampled regions) were considered. The com-

bined percentage of labeled neurons in areas PF, PG, Opt, and DP is indicated by the abbreviation IPL (inferior parietal lobule), and that in areas PE, PEc, and PEci is

indicated by the abbreviation SPL. For simplicity, labeled neurons in area 46 were combined with those in other areas of the PFC.
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Temporal Cortex
Labeled cells located in the caudal superior temporal sulcus (pri-
marily in the medial superior temporal area, MST) were assigned
on the basis of location and myeloarchitectonic patterns
(Boussaoud et al. 1990). Superior temporal areas TPO, TA, and Tpt
were defined according to Pandya and Sanides (1973; see also
Cusick et al. 1995; Leichnetz 2001; Padberg et al. 2003), and areas in
themedial temporal cortex according to Suzuki and Amaral (1994).

Other Areas
Labeling in the rostral cingulate cortex was assigned to area 24
based on location and cytoarchitectural features (Vogt et al.
2005). The premotor and motor cortices were subdivided into
areas following the criteria of Matelli et al. (1991) and Geyer
et al. (2000). Prefrontal areas were identified according to
Petrides and Pandya (1999). Finally, labeled neurons in the peri-
callosal cortex were assigned to area 29 or area 30 according to
Kobayashi and Amaral (2000).

Grouping of Areas for Quantitative Analyses

Although counts of labeled neurons were always obtained for
each cortical area, in order to better describe the main trends
in our findings, for some of the analyses we grouped areas
where relatively few labeled neurons were observed, taking
into account their location and functional characteristics.
Thus, in some of the figures we refer to areas V2, V3, V4, MST,
V6, PIP, and TEO as the extrastriate (EXT) group of areas, while
areas TPO, TA, and Tpt are referred to as parts of the superior
temporal and polysensory (ST&P) group. We have also
referred to areas 29, 30, prostriata, 23i and 23v as the retrospe-
nial cortex (RSC), and areas 9, 10, and 12 as parts of the pre-
frontal cortex (PFC). Note that this PFC group of areas excludes
areas 8A, 8B, and 46, each of which formed major afferent
connections to PGm, and was therefore analyzed individually.
Likewise, a premotor and motor (PM&M) group of areas was
defined as encompassing several caudal frontal areas involved
in motor control, in which smaller numbers of labeled

Figure 6. Injection site and cortical distribution of retrogradely labeled cells in case 1 (injection in area 31). (A–I) Coronal sections of the brain were taken at the levels

indicated on the dorsal view of the brain (insert, bottom row). Each black point represents a labeled cell. The center and halo of the injection site are shown in

section B. Borders between areas, determined by cyto- and myeloarchitectural analysis, are indicated by dashed lines. Abbreviations: ips, intraparietal sulcus; sts,

superior temporal sulcus; lf, lateral fissure; sas, superior arcuate sulcus; ps, principal sulcus; other abbreviations as in Figure 1 and Table 2.
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neurons were found, but excluding the dorsal caudal pre-
motor (F2) and dorsal rostral premotor (F7) areas, which
formed more substantial connections following most injec-
tions, and were therefore analyzed separately.

Results
We describe the pattern of cortical projections to the precune-
ate cortex based on 10 fluorescent tracer injections in 5 maca-
ques. Figure 2A shows the locations of the injection sites, as
projected to the surface of a representative macaque brain, on
the basis of computerized morphing based on sulcal land-
marks and borders of adjacent areas. Collectively, our sample
included most of the territory that is traditionally assigned to
area PGm (or area 7m; Pandya and Seltzer 1982; Cavada and
Goldman-Rakic 1989b), from its caudal border with area V6A
to its rostral border with subdivisions of the posterior cingu-
late cortex. Our sample also included injection sites in the
ventral part of PGm, which was not explored in earlier
studies.

Main Findings

Our main findings can be summarized as follows. First, some of
the injections (cases 1 and 2; Table 1) revealed connection pat-
terns that resemble those previously described for area 31
(Morecraft et al. 2004), rather than those revealed by more cau-
dal injections, which were undoubtedly within PGm. This result
is in agreement with the proposal that area PGm does not, in
fact, extend as far rostrally as the cingulate sulcus (Kobayashi
and Amaral 2003; Fig. 1C). Second, there is a defined set of con-
sistent connections which targets the entire extent of PGm, and
is consistent with a higher-order association role in visuo-
spatial cognition. Third, within PGm there is a regional vari-
ation in the density of some of these connections, which
suggests greater emphasis on visual information in the ventro-
caudal part of this area. To reflect this heterogeneity, for the pres-
entation of the results we have subdivided our injection sites into

3 groups, characterized by location and common connectivity.
We refer to these injections as being located in area 31, dorsoros-
tral PGm, or ventrocaudal PGm (these are shown in different col-
ors in Fig. 2A). We will illustrate these differences by detailed
analysis of representative cases, using both serial sections and 2-
dimensional reconstructions of the cortex.

Figure 4 shows the proportions of labeled neurons that
formed extrinsic projections to our 10 injection sites. As ex-
plained above, in this figure we have coalesced the projections
from adjacent and functionally related areas as groups (e.g., the
“EXT” group, formed by extrastriate areas), for ease of visualiza-
tion; Table 3 provides a complementary, but finer-grained view
of the same data, with the relative density of connections from
each area (or group of areas) ranked in 5 categories, from very
sparse (percentage of extrinsic label <1.0%) to major (percent-
age of labeled neurons >10.0%).

Irrespective of the location of the injection site, in all cases
major projections were observed from the V6A complex and
area 23e. In addition, consistent projections also originated in
prefrontal area 46 (primarily within and adjacent to the caudal
part of the dorsal bank of the principal sulcus, i.e., subdivision
9/46d of Petrides and Pandya 1999), inferior parietal area PG
(including the subdivision PGop) and frontal area F7. Most
other connections varied in density according to the location
of the injection site. The key differences between cases 1 and
2 (assigned to area 31) and the other cases (Fig. 4) include
stronger projections from the caudal dorsal premotor area (F2)
and other motor-related cortices (PM&M), area 24, the medial
bank of the intraparietal sulcus (MIP), and area PEci.
Conversely, injection sites in area PGm yielded comparatively
stronger projections from the area 8 complex (8A/8B), retrosple-
nial areas (RSC; e.g., areas 29, 30, and 23i), caudal inferior par-
ietal lobule areas (Opt in particular), the lateral bank of the
intraparietal sulcus (LIP), and the putative visual cortex ventral
to PGm (Vis). Figure 5 allows a visualization of the main differ-
ences between the patterns of extrinsic connections observed in
cases assigned to area 31, and those assigned to the two sectors
of PGm.

Figure 7. Two-dimensional reconstructions of the cortex showing the distribution of labeled cells after injections cases 1 and 2 (area 31). The color scale indicates the

relative density of labeled cells, counted within regions of 600 × 600 μm2, expressed as a percentage of the maximum value obtained throughout the cortex.

Abbreviations: cs, central sulcus; other abbreviations as in Figure 1 and Table 2. A, anterior; M, medial.
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Injections in Area 31

Two injections in case A9 were placed near the posterior tip of
the ventral bank of the cingulate sulcus, which, according to
most studies to date, forms part of area PGm (Fig. 1). However,
as summarized above, there were clear differences between the
results of these injections and others, prompting us to consider
that this region is connectionally akin to area 31. Figure 6

illustrates the distribution of retrograde label for case one using
representative sections, while Figure 7 compares the summary
maps for cases 1 and 2. In these, and all subsequent figures,
both intrinsic and extrinsic connections are represented.

Following area 31 injections, dense and consistent projections
were observed from area 23e (Fig. 6C, D), with much fewer or no
labeled neurons located in the retrosplenial areas. In the frontal
cortex, there was a marked emphasis on projections from the

Figure 8. Injection site and distribution of retrogradely labeled cortical cells in case 4 (injection in the dorsorostral part of PGm). (A–I) Coronal sections were taken at

the levels indicated on the dorsal view of the brain (insert, right). Each blue point represents a labeled cell. Bottom right: 2-dimensional reconstruction of the cortex in

the same case; color scale indicates the relative density of labeled cells (see legend to Fig. 7).
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dorsocaudal premotor area (F2; Fig. 6E, F), with smaller numbers
of labeled neurons in the dorsorostral premotor area (F7; Fig. 6G),
other subdivisions of the premotor and motor cortices (e.g., areas
F3, F5, and F6; Fig. 6F, H), and in the anterior cingulate cortex
(area 24; Fig. 6E–H; Table 3). Significant prefrontal projections
stemmed mainly from the dorsal part of area 46, and from area
8A in the dorsal branch and shoulder of the arcuate sulcus (area
8Ad of Petrides and Pandya 1999; Fig. 6H, I).

In the parietal lobe, the projections originated in somatosen-
sory association area PEci (Fig. 6B, C) and in the MIP cortex. Fewer
labeled neurons were found in areas PE and VIP, and in the infer-
ior parietal lobule (PF and PG). Projections from the superior tem-
poral and polysensory cortex (primarily cytoarchitectural areas
Tpt and TPO) were consistently observed (Fig. 6B, C, 7), but in TPO
labeled neurons were restricted to the caudal parts (TPOc;
Padberg et al. 2003). Finally, major projections were observed
from both subdivisions of area V6A (Fig. 6A).

Injections in the Dorsorostral Part of Area PGm

In 4 cases (cases 3–6) we placed injections in the dorsorostral
part of PGm (Fig. 2A). The results are presented in representative
sections from case 4 (Fig. 8), and in flat maps (Figs 8 and 9). One
of these injections most likely crossed into area 31 (case 3), as
evidenced by some transitional connectional features (such as
the relatively large proportion of labeled neurons in area F2, and
lower proportion of labeled neurons in the Vis region; Fig. 4 and
Table 3).

In contrast with the results of area 31 injections, projections
from the posterior cingulate cortex to PGm included the exter-
nal, internal, and ventral subdivisions of area 23 in a more
balanced manner (Fig. 8C–E). Projections from areas 29 and
30 were also substantial (Fig. 8E and Table 3), and labeled
cells were found in area prostriata (Yu et al. 2012; Fig. 8D).
Conversely, projections from area 24, premotor area F2 and
other motor areas (PM&M) were much sparser than those found
following injections in area 31(Figs 4 and 8 G). In the granular
frontal cortex, labeled neurons in area 8A were more numerous
than observed following injections in area 31, and were located
in both banks of the dorsal branch of the arcuate sulcus (Fig. 8F, G;
Fig. 9). In addition, projections from other prefrontal areas were
present (Fig. 8G).

In the parietal lobe, the emphasis on the origin of connec-
tions was shifted from medial areas (PE, PEci, and MIP) to the
lateral intraparietal (LIP) and inferior parietal lobule (PG, Opt)
areas (Figs 4, 5, and 8B–D). However, strong projections from
both subdivisions of V6A were still present (Fig. 8A). In addition,
labeled neurons were numerous in the visual cortex ventral to
PGm (Vis) (Fig. 8B and C), whereas they were absent following
injections in area 31 (Figs 4 and 5). Projections from extrastriate
cortex (particularly the representations of peripheral vision;
Fig. 8A–C) also tended to be more numerous than following
area 31 injections. Label in the ST&P cortex included subdiv-
ision TPOc, similar to after area 31 injections, but included
more rostral parts of the rostral bank of the superior temporal
sulcus (Fig. 8C–E).

Injections in the Ventrocaudal Part of Area PGm

Four injections (cases 7–10) were centered in the ventrocaudal
sector of area PGm (Figs 10 and 11). The injection site in case 8
(Fig. 11A) was large in comparison with the other cases
reported in this study; nonetheless, the pattern of connections
resulting from this injection was consistent with those revealed

Figure 9. Injection site and distribution of retrogradely labeled cortical cells in

cases 3, 5, and 6 (additional injections in the dorsorostral part of area PGm).
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by the other injections (Figs 4 and 11), suggesting that it did not
invade any adjacent areas to a significant extent.

In general, the connections revealed by these injections
were compatible with those observed following injections in
the dorsorostral sector of PGm. Indeed, when injections were
placed in the dorsorostral and ventrocaudal sectors of the same
animal, the labeled neurons were highly overlapping, as shown
in Figure 12 for case MF6. However, some quantitative differ-
ences were noted, as evident in Table 3. In comparison with
the latter injections, those in the ventrocaudal sector revealed
a relative de-emphasis on connections from the frontal lobe,
including area F2 in particular (Fig. 4 and Table 3). However, the
main projections still originated in the same complement of
areas (Figs 5 and 10F–I). In addition, the proportion of labeled

neurons in the ST&P cortex tended to be lower than following
injections in dorsocaudal PGm. Conversely, projections from
the LIP cortex and inferior parietal areas tended to be more
numerous (Fig. 4 and Table 3). Projections from the V6A com-
plex, extrastriate cortex, and subdivisions of the cingulate and
retrosplenial groups of areas were similar in strength to those
found after injections in the main body of PGm (Table 3).

Minor and Variable Connections

In addition to the projections described above, small numbers of
labeled cells were observed in some of the cases. When present,
these minor connections accounted for fewer than 1% of all
afferents (Table 3 lists all areas that contained to at least 0.1% of

Figure 10. Injection site and distribution of retrogradely labeled cortical cells in coronal sections of case 9 (injection in the ventrocaudal part of PGm). Conventions as

for Figure 6.
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the label). Of note was the occurrence of labeled cells in the para-
hippocampal cortex (areas TF and TH), which were most notable
in 2 of the cases with dorsorostral PGm injections (cases 3 and 4).
Sparse projections from somatosensory area 2 were observed in
cases 1 and 3. Case 4 revealed projections from the retroinsular
area (Reipt; Akbarian et al. 1994) whereas projections from the
posterior intraparietal area (PIP; Colby et al. 1988) were found in
cases 4 and 10. Finally, a small number of labeled neurons was
found in the auditory parabelt area of case 3.

Laminar Distributions

We analyzed the laminar distribution of labeled cells by examin-
ing the proportion of labeled neurons located in the supragranu-
lar layers, as a percentage of the total number of labeled neurons
in a given area (percentage of supragranular neurons, %SLN;
Barone et al. 2000). For the analysis, we used only projections
that comprised at least 0.5% of the labeled neurons projecting to
an area, pooled across all cases, to avoid bias introduced by
small samples. This quantification was based on the total num-
ber of cells assigned to each area, thus avoiding sampling biases
due to selection of specific columns for analysis.

Table 4 summarizes the %SLN data, which further empha-
sizes the distinctiveness of areas 31 and PGm. These two areas
were heavily interconnected (Table 2). However, contrary to the
hypothesis that cases 1 and 2 (here assigned to area 31) were
part of the same area as case 3–10 (PGm) we found that the pro-
jection from area 31 to PGm was characterized by a high %SLN
(75%), while the reverse projection had a low %SLN (34%),

suggesting that PGm lies at a higher hierarchical level (Barone
et al. 2000).

Area 31 received low %SLN (putative feedback) projections
from the superior parietal (PEci, PE, MIP, and VIP), inferior par-
ietal (PG) and superior temporal (TPOc, Tpt) areas, as well as its
main cingulate (areas 23e and 24) and prefrontal (area 8A) affer-
ents. Among the premotor areas, most projections were best
characterized as lateral (%SLN range 39–49%), with the excep-
tion of area F6, which sent a putative feedback projection.

In contrast, area PGm received mainly lateral-type connec-
tions from most parietal areas, with the exception of DP, which
showed a high %SLN (82%). In the temporal lobe, the projection
from areas TPO and TA was similar to that to area 31 in terms
of %SLN, while that from Tpt was best characterized as being a
putative feedforward connection. Finally, despite some vari-
ation in values, most cingulate, retrosplenial and prefrontal
projections to PGm had a balanced laminar distribution, with
exception of areas 23v and 24, which showed relatively low %
SLN values.

Discussion
We have defined the pattern of corticocortical connections to
the macaque precuneate cortex, based on retrograde tracer
injections which collectively covered the entire putative extent
of area PGm, as defined by earlier studies. We found that injec-
tions in the cortex lying from the rostral borders of areas V6
and V6A to just caudal to the tip of the cingulate gyrus labeled
a similar pattern of corticocortical connections. In contrast,
injections near the ventral lip of the cingulate sulcus, which

Figure 11. Injection site and distribution of retrogradely labeled cortical cells in flat maps of cases 7, 8, 9, and 10 (injections in the ventrocaudal part of PGm).
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was originally considered part of PGm, showed distinctive fea-
tures, resembling the results of previous studies of connections
of area 31. Our results prompt a major reassessment of the role
of area PGm, and help establish the position of both PGm and
area 31 within the hierarchical networks for sensory cognition
in the primate brain.

Current views about the connections of PGm are derived
from anterograde and retrograde tracing studies by Pandya and
Seltzer (1982), Cavada and Goldman-Rakic (1989a, 1989b),
Leichnetz (2001), and Parvizi et al. (2006). These investigations
concentrated on the dorsal part of PGm, and had injection sites
that included the region just caudal and ventral to the tip of
the cingulate sulcus. They revealed extrinsic connections with
the medial bank of the intraparietal sulcus, superior parietal
lobule, dorsal and medial premotor areas, and rostral cingulate
(area 24) regions, which suggested an emphasis on somatomo-
tor integration for control of action. At the same time, connec-
tions were reported with the caudal cingulate region, caudal
superior temporal gyrus, upper bank of the superior temporal
sulcus, area 8, inferior parietal lobule, and the parieto-occipital
area PO (which partially overlaps with V6 and V6A) (Galletti
et al. 2005). One hypothesis that was proposed in an attempt to
explain this varied pattern of connectivity was that PGm repre-
sented a node for cognitive processes requiring the coordin-
ation of eye and body movements (Cavada and Goldman-Rakic
1989b).

Using more localized injections, we conclude that the results
of these earlier studies include connections of PGm proper, as

well as connections of adjacent area 31. As summarized in
Figure 13, area PGm, as redefined here, receives few connections
from the anterior cingulate cortex, medial intraparietal areas,
and most areas of the premotor cortex. Overall, area PGm is uni-
fied by principal afferents from the V6A complex, the visual cor-
tex ventral to PGm (Vis), caudal and lateral areas of the inferior
parietal lobule (LIP, PG, Opt, DP), several posterior cingulate and
retrosplenial areas (23e, 23i, 23v, 30), and frontal areas F7, 8a, and
46. These results suggest that the function of area PGm is pri-
marily related to the integration of high-order visual and limbic
information, whereas the connections of area 31 reflect a role in
somatomotor cognition for the guidance of head and limb move-
ments. Although these two areas are heavily interconnected, our
analysis of laminar patterns of connections further indicate that
area PGm corresponds to a higher level of processing in compari-
son with area 31.

Our quantitative results also provide evidence for a gradient
of function within PGm (Table 3). However, as shown in Figures 4
and 5, most of the corticocortical connections identified in our
data target the full extent of PGm, and the overlap in the distribu-
tion of labeled cells in single cases with injections in dorsorostral
and ventrocaudal PGm showed no evidence of segregation
(Fig. 12). Moreover, as discussed below, the overall pattern of con-
nections of PGm is different from that of adjacent areas. Thus, a
strong argument can bemade that PGm is a functional unit of the
cortex, in which a topographic gradient of function exists. Such
gradients have also been reported in area V6A, whereby its dorsal
and ventral subdivisions have different connections, although

Figure 12. Comparison of the distribution of labeled neurons following injections in the dorsorostral and ventrocaudal sectors of area PGm of the same animal (MF6).

The locations of FB-labeled cells are shown in maroon, and those of DY-labeled cells in yellow, in 7 coronal sections. There was extensive overlap in the locations of

neurons labeled by the 2 injections. The level of the sections is indicated in the flat map in the center of the figure. In the flat map, yellow patches indicate regions

containing DY only, maroon patches show regions containing FB only, and orange indicate regions of overlap between the 2 distributions.
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neither alone can be considered as a complete functional map
(Gamberini et al. 2011), and in area PEc, where projections from
area V6A preferentially target the caudal part of this region,
whereas those from somatosensory cortex target the rostral part
(Bakola et al. 2010). Thus, an accurate understanding of the func-
tional organization of medial parietal areas requires a more
sophisticatedmodel than areaswith uniformpatterns of extrinsic
connections.

Anatomical Comparison of PGm with Adjacent Areas

The traditional approach in studies of corticocortical connec-
tions of the primate cortex is to parcellate first, and then
describe connections relative to cytoarchitectural borders. An
important test of the validity of this method is to compare the
pattern of connections of the proposed areas, to establish if
their borders correspond to significant transitions in the
sources of afferent connections.

PGm is bordered caudally by area V6A, where several studies
have revealed neurons that are involved in encoding 3-
dimensional coordinates for reaching and grasping actions in
peripersonal space (Hadjidimitrakis et al. 2014). Compared with
PGm, V6A lacks significant connections with the subdivisions
of area 23, the retrosplenial cortex, and the Vis region.
Moreover, the ventral part of V6A receives stronger input from
extrastriate visual areas (including V2 and V6) (Passarelli et al.
2011), whereas dorsal V6A receives more numerous projections
from the motor planning-related areas in the medial bank of
the intraparietal sulcus and caudal medial parietal cortex
(Gamberini et al. 2009).

The connections of areas located dorsal to PGm (PEc and
PEci; Morecraft et al. 2004; Bakola et al. 2010) show a much
stronger emphasis on premotor and motor functions. The only
possible direct sources of visual afferents to PEc and PEci are in
other parietal areas, such as the dorsal part of area V6A (Bakola
et al. 2010). Unlike PGm, areas PEc and PEci receive major pro-
jections from somatosensory areas, like area PE, and a wide
assortment of motor and premotor areas (including the pri-
mary motor area).

Kobayashi and Amaral (2000) described a region located cau-
dal to area 23v that has cytoarchitectonic and connectional fea-
tures reminiscent of prestriate visual cortex (Vis). In our study
we found quite strong connections of Vis with PGm, suggesting
that the former corresponds to an important link that conveys
visual information to PGm and the cingulate cortex. Although
some studies have suggested that this region could correspond
to an extension of area V3 (Morecraft et al. 2004), contemporary
physiological studies in the macaque have argued against this
conclusion (Angelucci and Rosa 2015; Gamberini et al. 2015).
The Vis region is likely to include the medial scene-selective
extrastriate area detected using functional MRI (Nasr et al.
2011), and to form part of the network that processes spatial
location within the environment (Sato et al. 2010).

Previous tracer injections in area 31 (Morecraft et al. 2004)
revealed a pattern of connections that is qualitatively similar to
that revealed by our injections near the tip of the cingulate sul-
cus, although projections from V6A appear more robust in our
study. Our results, based on connectivity and supported by
myeloarchitecture, align well with the cytoarchitectural border
proposed by Kobayashi and Amaral (2000). The close proximity
to the cingulate gyrus and to the primary sensorimotor cortices,
as well as the connectional links with sensorimotor cortices,
frontoparietal association areas, and dorsal limbic regions, sug-
gest that area 31 has a complex role in sensorimotor function,
and is relatively less related to oculomotor and visuospatial
functions.

Functional Comparisons

Our results accord with the functional connectivity analysis
conducted by Hutchison et al. (2015), who suggested that the
dorsal and rostral parts of the precuneus (which we assign to a
redefined area 31, together with parts of PEc/PEci) appear more

Table 4 Percentage of labeled neurons in the supragranular layers
(%SLN) in the cortical projections to areas 31 and PGma

Area 31b PGmc

%SLN Typed %SLN Typed

Extrastriate (EXT)
V6 – 70 L/FF
MST – 41 L

Medial parietal
V6Av 35 FB/L 55 L
V6Ad 47 L 53 L
Vis – 55 L
PGm 34 FB/L * *
31 * 75 L/FF

Superior parietal/somatosensory
PEc 50 L –

PEci 20 FB 50 L
PE 29 FB –

Intraparietal
MIP 31 FB –

VIP 32 FB –

LIP – 46 L
Inferior parietal
DP – 82 FF
Opt – 53 L
PG/PGop 33 FB/L 59 L

Temporal
TPO/TA 38 FB/L 34 FB/L
Tpt 28 FB 75 L/FF

Limbic
29/30 – 43 L
23v – 33 FB/L
23i – 51 L
23e 33 FB/L 53 L
24 33 FB/L 17 FB

Premotor/motor (PM&M)
F1 49 L –

F2 41 L 39 FB/L
F3 45 L –

F6 28 FB –

F7 39 FB/L 59 L
Prefrontal cortex (PFC)
8A 34 FB/L 48 L
8B – 50 L
9 – 69 L/FF
46 39 FB/L 60 L

aThis analysis only includes projections that comprised at least 0.5% of the

labeled neurons projecting to an area, pooled across all cases.
bCalculations based on the combined data obtained in 2 cases with injections

in area 31.
cCalculations based on the combined data obtained in 2 cases with injections in

area PGm.
dAssignment of projection type according to Grant & Hilgetag (2005): FF, feed-

forward; FB, feedback; L, lateral. Projections with %SLN values in the uncer-

tainty zones between FB and L-type connections (33–39%), or between L and

FF-type connections (69–76%) were classified as FB/L or L/FF.
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related to somatomotor coordination processes, most likely in
the context of the guidance of arm, hand, and perhaps head
movements (Ferraina et al. 1997). The connectional differences
revealed by our data can also be reconciled with the results of
Margulies et al. (2009), who suggested that the anteriormost
part of the precuneus (which extends to area 31) has strong
connections with medial somatomotor regions, including the
supplementary motor and cingulate motor areas, as well as the
superior parietal cortex. In contrast, their central region (which
overlaps with PGm) was associated with areas within the
dorsolateral prefrontal cortex, the multimodal regions of the
inferior parietal lobule, and the superior temporal sulcus, sug-
gesting a role in the integrative processing of cognitive infor-
mation (Margulies et al. 2009). Finally, a posterior zone
exhibited functional connectivity with the prestriate cortex.
This region could encompass the ventrocaudal sector of PGm,
but is also likely to include parts of area V6A. Like Margulies
et al. (2009), we did not find evidence in our data that PGm is
particularly involved in the “default mode network” (Mantini
et al. 2011), although the relationship between monosynaptic
connections (revealed by our methods) and functional connect-
ivity is not necessarily exact.

One of the new findings in this study was the fact that pro-
jections to area PGm originated mainly in the lateral bank of
the intraparietal sulcus, rather than the medial bank. This
observation supports the proposal that PGm is part of a visuo-
spatial processing network (Kravitz et al. 2011), also evident in
the projections from V6A, MST, and the Vis region. Other con-
sistent afferents of PGm include those of area TPO, other super-
ior temporal areas, and frontal areas involved in abstract
aspects of the planning of actions, including from memory. In
particular, area F7, which preferentially targets PGm, integrates
sensory and internally driven inputs for the planning of goal-
directed actions, whereas area F2, which preferentially targets
area 31, is more directly involved in the preparation and execu-
tion of motor acts (Barbas and Pandya 1987; Rizzolatti et al.
1998; Hanakawa et al. 2002; Luppino et al. 2003; Cisek and
Kalaska 2005; Mirabella et al. 2011; Burman et al. 2014; Bakola
et al. 2015). Finally, the stronger presence of limbic input
to PGm, in comparison with area 31, is likely to reflect its par-
ticipation in episodic memory retrieval. This pattern of affer-
ents suggests a function in the integration of sensory and

mnemonic information, most likely in the context of visually
guided navigation (Baumann and Mattingley 2010). This inte-
gration is a requirement for the scene context-dependent activ-
ity patterns observed by Sato et al. (2010) in PGm and adjacent
areas which, according to the present results, are connected to
PGm (e.g., place-selective responses during navigation in virtual
mazes, and dependency of these responses from prior knowl-
edge about the starting point and destination along a simulated
path). Visual projections from area MST (where neurons with
sensitivity to optic flow and heading are common; Britten and
van Wezel 2002) may support this processing.
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