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Abstract

Neuroanatomical tracers were injected into two functionally distinct areas in the lateral sulcus of macaque monkeys, the parietal ventral
area (PV) and the second somatosensory area (S2). Three of the four injection sites were electrophysiologically determined by defining the
receptive fields of neurons at the injection site prior to the placement of the anatomical tracers. Additionally, all locations were confirmed
myeloarchitectonically. Labeled cell bodies and axon terminals were identified in the ipsilateral dorsal thalamus and related to nuclear
boundaries in tissue stained for cytochrome oxidase (CO) and Nissl substance. Our results indicate that PV receives substantial input from
the inferior division of the ventral posterior nucleus (VPi), the anterior pulvinar (Pla), and from the ventral portion of the magnocellular
division of the mediodorsal nucleus (MDm), which also is interconnected with prefrontal cortex, the entorhinal cortex and the amygdala.
S2 receives input predominantly from VPi, the ventral posterior superior nucleus (VPs), and Pla. These results indicate that PV and S2 are
involved in processing inputs from deep receptors in the muscles and joints. Because PV and S2 receive little if any cutaneous input from
the thalamus, cutaneous input to these fields must arise mainly through cortical connections. Connectional data supports the proposition
that PV and S2 integrate motor and somatic information necessary for proprioception, goal directed reaching and grasping and tactile
object identification. Further, PV may play a role in tactile learning and memory. © 2002 Published by Elsevier Science Ltd.
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1. Introduction monkeys Krubitzer and Kaas, 1990 macaque monkeys
(Krubitzer et al., 1995aand humans Oisbrow et al.,
In primates, the somatosensory system plays an impor-2000.
tant role in complex behaviors such as manual dexterity, Although the majority of previous work examining this
bilateral coordination of the hands, and goal directed reach-region was done prior to the identification of PV, it is clear
ing. Since the early work ofvoolsey and Fairman, 1946; that neurons in S2 and surrounding fields are less modality
Woolsey, 1958; Penfield and Rasmussen, 1%Gghificant specific than neurons in S1, and have larger, often bilateral,
advances have been made in understanding the organiseceptive fields (e.gSinclair and Burton, 1993; Whitsel
zation of cortex that subserves these functions. Specifi- et al., 1969; Disbrow et al., 2000; Hinkley et al., 2001
cally, somatosensory cortex of the lateral sulcus has beenFurther, work in humansHuttunen et al., 1996; Disbrow
re-examined to reveal multiple cortical areas in addition to et al., 2001; Forss and Jousmaki, 1998; Hinkley et al.,
the second somatosensory area (S2). An additional cortical2001; Lin et al., 200pand non-human primates\fitsel
field, the parietal ventral area (PV) has been physiologi- et al., 1969 Robinson and Burton, 19803,mndicates that
cally identified rostral to S2 in a variety of mammals (e.g. some areas in the lateral sulcus, including S2, may be in-
Krubitzer et al., 1986; Krubitzer and Calford, 1992: Beck Vvolved in integrating inputs within and across the hands
et al., 1996; Huffman et al., 1999ncluding marmoset  and in sensorimotor integration. Studies in awake monkeys
demonstrate that some neurons in S2 respond during active

* Corresponding author. Tek:1-530-757-8868; fax-1-530-757-8827.  touch @Sinclair and Burton, 1993 and that neural activ-
E-mail address: lakrubitzer@ucdavis.edu (L. Krubitzer). ity in the S2 region in human and non-human primates is
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Nomenclature

Cortical areas and thalamic nuclel

somatosensory area 1
somatosensory area 2
somatosensory area 3a
primary somatosensory area
somatosensory area in the lateral sulcus
and inferior parietal lobule
primary auditory area

central medial nucleus

central lateral nucleus

center nédian nucleus
external medullary lamina
fasciculus

habenular nuclei

internal medullary lamina
lateral dorsal nucleus

dorsal division of the medial geniculate
nucleus

lateral posterior nucleus
mediodorsal nucleus
magnocellular division of the mediodorsal
nucleus

parvocellular division of the mediodorsal
nucleus

paracentral nucleus
parafascicular nucleus
anterior pulvinar nucleus
lateral pulvinar nucleus
pariatel ventral area

second somatosensory area
ventral lateral nucleus

basal ventral medial nucleus
ventral posterior nucleus
inferior division of the ventral
posterior nucleus

lateral division of the ventral
posterior nucleus

medial division of the ventral
posterior nucleus

superior division of the ventral
posterior nucleus

ventral somatosensory area

Body parts and anatomical directions

forelimb
dorsal
hindlimb
medial
shoulder
rostral
trunk

upper trunk

modulated by shifts in attentiomdgiao et al., 1993; Burton
et al., 1997, 1999; Steinmetz et al., 2000

While we and others have examined some aspects of com-
plex somato-motor behaviors in humans using functional
imaging techniques, these results are necessarily limited to
examining indirectly the spatial organization and temporal
processing of cortical fields involved in these behaviors.
Presently, there are no techniques that allow connections
of cortical areas to be described in human primates. Thus,
non-human primates serve as an excellent model, because
connections of homologous cortical areas and subcortical
nuclei can be directly studied and the results can be ex-
trapolated to humans. In the non-human primate we can
appreciate the precise nature of somatosensory inputs to
a particular neural structure, as well as inputs from other
sensory systems, and we can also determine the sensory
and motor structures to which the area in question projects.

We hypothesize that patterns of connections of S2 and
PV reflect the observations that these fields are involved
in complex behaviors such as integration of inputs across
the hand, proprioception, and sensorimotor integration. In
this case, one would expect to see interconnections between
topographically matched and mismatched locations of the
hand representation within and across cortical fields and tha-
lamic nuclei. Further, one would also predict that these re-
gions ultimately receive input from deep receptors in the
muscles and joints. Finally, it is likely that S2 and PV have
interconnections with motor regions of the cortex and as-
sociated thalamic nuclei. Our goal was to determine if any
of these predictions are true by examining the thalamocor-
tical connections of functionally identified locations in S2
and PV. The present investigation is part of a larger effort
to determine the pattern of connections of S2, PV and sur-
rounding cortical areas, as well as to examine the role these
fields play in such complex behaviors as tactile object iden-
tification and goal directed reaching.

2. Methods and techniques

2.1. Surgical preparation, tracer injections and
electrophysiological recording

The thalamocortical connections of PV and S2 were ex-
amined in three macaque monkelataca mulatta) by in-
jecting neuroanatomical tracers into electrophysiologically
identified locations. All surgical techniques were performed
under standard sterile conditions. Monkeys were initially
anesthetized with ketamine hydrochloride (10 mg/kg). The
animals were then intubated, cannulated, and anesthesia was
maintained using the inhaled anesthetic Isoflurane (1.5-2%).
Throughout the entire experiment, body temperature, heart
rate, respiration rate, and Pa {@vels were monitored. Once
anesthetized, the skin was cut, the temporal muscle was re-
tracted, and an opening was made in the skull over the lat-
eral sulcus. The dura was then cut and retracted. In one
case, the fluorescent tracer fluororuby was injected through
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a Hamilton syringe (0.25-04l of 7%). After the injection at a thickness of 40-60m, and one cortex was sectioned
was complete, a soft sterile contact lens was placed over thehorizontally at a thickness of §0m, and alternate sections
opening, the dura flaps were placed over the contact lens,were stained for myelinGallyas, 1979 reacted for HRP
the skull was replaced and cemented with dental acrylic, andusing tetramethylbenzidineMigsulam, 1978 modified by
the muscle and skin were sutured. For this case, the animalGibson et al., 1984 or mounted for fluorescent microscopy.
was allowed to recover for 2 weeks subsequent to electro- The thalamus was cut in the coronal plane at a thickness of
physiological recordings. Three WGA-HRP injections were 60-65um. Alternate series of sections through the thalamus
placed at electrophysiologically identified locations at the were stained for Nissl, reacted for cytochrome oxidase (CO)
beginning of the acute phase of experiments. The transport(Carroll and Wong-Riley, 1984 mounted for fluorescent
time for these cases was 24 h. microscopy, or reacted for HRP using tetramethylbenzidine
For recording experiments, the anesthetic, surgery, and(as mentioned above).
monitoring regime was like that described above, except a
urinary catheter and arterial line were placed at the begin- 2.3. Data analysis
ning of the experiment, and the animal was artificially venti-
lated. Once this preparation was complete, the openinginthe 1O match the cortical reconstructions to electrophysiolog-
skull was enlarged and an acrylic well was built around the ical recording data, the brains were drawn to the same scale
opening and filled with dimethylpolysiloxane. An image was @S the digital image marked with electrode penetrations. The
taken of the exposed cortex with a Pixera PVC100C digital electrode penetrations were matched in both data sets by uti-
camera (Pixera Corp., Los Gatos, CA, USA), and printed, lizing the pasta probes, entry sites, and tissue damage. The
so that electrode tracks could be related to vascular patternsfecording depths were determined from electrolytic lesions,
An electrode designed to record from multiunit clusters and the receptive field and stimulus preference for neurons
(5 M, 0.02in. diameter), was lowered into the cortex us- at different depths were transposed onto the reconstructions.
ing a Kopf 650 hydraulic stepping microdrive (David Kopf Thus, it was possible to reconstruct the injection site and its
Instruments, Tujunga, CA, USA). Recordings were made at relation to architectonic boundaries and electrophysiological
various depths within the lateral sulcus, and at 700-1000  recordings.
from the pial surface for recordings oriented perpendicularto ~ Labeled cell bodies in the thalamus resulting from the in-
the cortical surface. Neural recordings of multiple unit clus- jection of fluororuby were plotted relative to tissue artifacts,
ters were amplified, filtered (250 Hz to 4 kHz), viewed on blood vessels, lesions, portions of electrode tracks, and the
an oscilloscope and heard through an audio monitor. Stimuli ©utline of sections using a Zeiss axioscope, with an X/Y
consisted of light taps, displacement of hairs with brushes, Stage encoder attached to a digitizer and computer. Labeled
light brushing of skin, hard taps, and manipulation of mus- cell bodies and axon terminals for the WGA-HRP injections
cles and joints. Receptive fields were drawn onto pictures of Were plotted using a camera lucida attached to a Zeiss SV6
the body. Descriptions of the receptive fields and the type of stereomicroscope. As with the fluorescent sections, the land-
stimulus required to elicit a response were also documented.marks listed above were related to plotted cell bodies and
The electrode was advanced nearly perpendicular to the@xon terminals. For the reconstructions of the injections in
lateral sulcus and receptive fields were defined in j5@0 cortex, all sections included an outline of the injection site
steps. Electrolytic lesions (30A for 10s) were placed at and the zone of uptake. Details for determining the effec-
strategic locations, and large probes made of pasta werelive uptake zone have been described previousiylitzer
inserted around the mapped area to aid with electrode pen-£t al., 1998. This reconstruction was then matched to tis-
etration angle identification and serial reconstruction. At Sue stained for myelin by aligning blood vessels and other
the conclusion of electrophysiological recordings, the an- tissue landmarks, and the architectonic boundaries of corti-
imal was euthanized (60 mg/kg pentobarbital sodium) and cal fields were drawn onto the reconstruction for each case.
transcardially perfused with 0.9% saline followed by 3% For all cases, the entire series of myelin stains were used to
paraformaldehyde in phosphate buffer (gH7.3), and then determine these boundaries. For the thalamus, labeled cell
3% paraformaldehyde in 10% sucrose phosphate buffer. All bodies and axon terminals were matched to adjacent sec-
protocols used in these experiments were approved by thetions stained for Nissl or CO in the manner described for
Animal Use and Care Administrative Advisory Committee the cortex. Reconstruction was done for the entire series of
of the University of California, Davis, and conformed to sections in which labeled cells and terminals were identified.
NIH guidelines.

. . ) . 3. Results
2.2. Tissue preparation and histological processing

3.1. Electrophysiological recordings and the relation of
At the end of the perfusion, the brain was removed from jnjection sites to cortical maps
the cranium, and the brainstem and thalamus were separated
from the cortex and left to soak overnight in 30% sucrose Three of the four injections were electrophysiologically
phosphate buffer. Three cortices were sectioned tangentially,defined so that the body part representation injected in either
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PV or S2 could be determined. The location of the injec- two S2 injections was electrophysiologically identified. For
tion sites and electrophysiological recordings were related case 98-26 LM, the injection site was centered in an area
to cortical myeloarchitecture so that the position of the in- containing neurons with receptive fields on the forelimb and
jection in relation to the boundaries of either PV or S2 could hand Fig. 2 C), but likely spread on to the face as well.
be appreciated. As described previously (Rgbinson and  Although the injection site for case 99-6 was not defined
Burton, 1980a,bKrubitzer et al., 1995a the lateral sulcus  electrophysiologically, architectonic analysis demonstrated
is divided into a number of discrete cortical fields. The to- that as with the other injections, the injection site was well
pographic organization of two of these fields, PV and S2 within the boundaries of the field-{g. 2 D). Further, based
has been well characterized (eKrubitzer et al., 1995a;  on previous maps, the injection was in the expected location
Disbrow et al., 200p and, therefore, descriptions of the of the forelimb/face representation in S2.
fields provided here are brieFig. 1). Electrophysiological
recordings in the present investigation confirmed previous 3.2. Architecture of the dorsal thalamus and delineation
findings indicating that neurons in PV and S2 have large, of nuclear boundaries
cutaneous receptive fields that are sometimes bilateral. Fur-
ther, when architectonic boundaries were related to elec- In the following results, we use most of the terminology
trophysiological recordings, PV and S2 were found to be of the thalamic nuclei proposed Bpnes (1985, 1998yho
co-extensive with a moderately myelinated region adjacent has extensively compared the thalamic boundaries in differ-
to the ventral boundary of areas 3b and=ig( 1). ent species, and the nomenclature used by different investi-
In PV, receptive fields for neurons at the center of the gators. The boundaries of thalamic nuclei were determined
injection site for case 99-6 LMHig. 2A) were on the hand  using Nissl stained sections and sections reacted for CO,
and face, and spread into the expected location of the oralwhich were highly effective for identifying the boundaries
structures ig. 1; as shown irkrubitzer et al., 1995a The of major thalamic nuclei. Several nuclei of the somatosen-
receptive fields for neurons at the center of the injection site sory thalamus are readily defined because of the high
for the other PV injection were bilateral on the ventral upper contrast in the intensity of staining and density of neurons
trunk and proximal forelimbKig. 2 B). Only one of the with adjacent nuclei. For instance, at middle levels of the

upper bank
lateral sulcus

lower bank
lateral sulcus

Fig. 1. The top right figure is a lateral view of the macaque monkey brain with the region of the lateral sulcus that contains S2 and PV enclosed in the
box. The bottom figure is a summary of the topographic organization of cortical fields PV and S2 obtained from extensive electrophysiologigahexplorat

of these fields in previous investigations (modified frétrubitzer et al., 1995a These maps were obtained by recording neurons from a number of
closely placed sites where the type of stimuli that excited the neurons at this location, and receptive field of the neurons were recorded.iérchitecton
boundaries were then superimposed to make a comprehensive reconstructions of these fields. S2 and PV form mirror symmetric representations th
are joined at the representations of the face, hands and feet. Proximal body part representations are at the rostral and caudal portions of PV and S
respectively. Rostral is to the left and medial is to the top. (As shown in nomenclature for abbreviations).
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Fig. 2. Reconstructions of the injection sites in PV (A and B) and S2 (C and D), and their relation to architectonic boundaries and electrophysiologica
recordings. Architectonic boundaries (solid lines) were obtained by examining the entire series of sections through the cortex that wereratgtird fo

using theGallyas (1979)method. Histological sections were matched to electrophysiological recording data by matching tissue artifacts, probes and
lesions placed during the mapping experiments. Injections in both PV and S2 were confined to the field of interest. For PV, the injection of WGA-HRP
in one case (A) was centered in the representations of the hand and face, but likely spread into the representation of the oral structures. $&,another ca
the injection of WGA-HRP was centered in the bilateral representation of the upper ventral trunk and proximal forelimb (B). In S2, an injection of
WGA-HRP was centered in the representation of the forelimb in the left hemisphere (C) and an injection of fluororuby was centered in the expected
location of the forelimb/hand and face in the right hemisphere (&) face; ©) forelimb; () foot; (@) hand; ) shoulder; @ ) trunk. Other
conventions are as in previous figures.

thalamus, the lateral and medial divisions of the ventral the thalamus, this nucleus resides just lateral to the centre
posterior nucleus (VPI and VPm) could be readily defined médian nucleus (CM), dorsal to VP and medial to VPs, and
because of their darkly staining appearance and high pack-at posterior levels, dorsomedial to the posterior nucleus (Po)
ing density observed in sections stained for Nissl substanceand lateral to the pretectum (PT). Other nuclei of interest
(Fig. 3B). These nuclei are even more striking in sections include the mediodorsal nucleus (MD) and the lateral pos-
reacted for CO, since, they are very darkly staining com- terior nucleus (LP). MD is divided into a medial, magnocel-
pared to surrounding nuclei of the thalamusigs. 3A lular division (MDm) which contains large, darkly staining
and 4Q. The inferior division of VP (VPi) resides just ven- cells, a parvocellular division (MDp) which resides lateral
tral to VPl and VPm and is a very sparsely packed nucleus and ventral to MDm and contains smaller cells, and a far lat-
that stains very lightly for COKig. 4 B). The superior di- eral multiform nucleus which resides medial to the central
vision of the VP superior nucleus (VPs) is densely packed lateral nucleus (CL) (as shown ones, 1998or complete
with darkly stained cells, like VP proper, but can be distin- description). In our preparation, the Nissl stains allowed us
guished from the latter by its moderately dark appearanceto determine the borders of MDm and MDp. However, the
in sections stained for CO. multiform division was difficult to distinguish. In sections
The anterior pulvinar (Pla) is a nucleus that contains very stained for CO, MD could be distinguished from other sur-
small cells that are moderately packed. At middle levels of rounding nuclei Fig. 5 A), and the magnocellular division
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Fig. 3. Lightfield photomicrographs of adjacent, coronally sectioned tissue
through the middle level of the thalamus that have been stained for (A)
CO or (B) Nissl. A number of thalamic nuclei can be readily identified
at this level in both preparations including MD, VP, VPi, CM, and VPs.
Within the MD nucleus, a central magno- and a lateral parvo-cellular
division can be distinguished in both types of staining. Arrow marks the
same blood vessel. Dorsal is to the top and lateral is to the right. Scale
bar equals 1 mm.

within MD stained somewhat lighter than the parvocellular
division. The LP is a relatively homogenous nucleus con-
taining moderately packed cells. This nucleus resides dorsal
to VPs and Pla, and is found at posterior and middle levels
of the thalamus.

Fig. 4. (A) Darkfield and (B and C) lightfield digital images of adjacent

3.3. Thalamocortical connections of PV and S2 thalamic sections taken from middle levels of the thalamus in case 99-6L.
Labeled cell bodies and axon terminals were located in a dense cluster

L . in (A) VPIi. Location was determined by matching blood vessels (arrows
In two cases, injections of WGA-HRP were placed into in all figures) across sections. In (B) Nissl stained sections, VPi contains

electrophysiologically identified body part representations in smal, very lightly packed cells compared to the larger, darkly staining
PV and labeled cell bodies and axon terminals were relatedand densely packed cells in VPm. In (C) tissue that was stained for CO,
to architectonically defined nuclei of the thalamusgs. VPi is lightly staining compared to the dorsally located VPI and VPm.
4A, 5A, 6 and 7 In both cases, Pla, VPi, and MDm had Other conventions are as in previous figures.

dense interconnections with PV. Labeled cell bodies and

axon terminals were found in a dense focus in Pla and VPi. one case, the injection site appears to have spread into the
In one case, the label in MDm was in a dense focus (99-6; representation of the oral structures in PV. In this case, a
Fig. 6), and in the second case there was a scattering ofsmall cluster of label was also observed in VMB, a nucleus
cells at the ventral portion of the nucleus (98Flg. 7). In generally associated with gustation (as showdvines, 1985

this same case, MDp also contained a scattering of cells. InFig. 6). Finally, labeled cells in one case were observed in
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Fig. 5. (A) Lightfield and (B) darkfield digital images taken from rostral levels of the thalamus in case 99-6L. Labeled cells resulting from an injectio
into the hand and face representation of PV were observed in the MDm. MDm stains darkly for CO and Nissl.

CL and LP (99-5). In the case in which an injection was 4. Discussion
centered in the bilateral representation of the upper ventral
trunk (98-1) labeled cell bodies and axon terminals were In the present investigation we have shown that in the Old
similar in location and pattern to the other injection, and World macaque monkey, PV receives input from VPi, Pla
found only in the ipsilateral thalamufi@s. 2B and Y. and MDm, which is interconnected with prefrontal cortex,
Connections of S2 were examined in two caség.(2C entorhinal cortex and the amygdala (d2grrino et al., 1981,
and D). Both cases resulted in highly restricted patterns of Goldman-Rakic and Porrino, 1985; Russchen et al., 1987
label in VPi, VPs, and PlaH{gs. 8 and ® Unlike PV, no la- seeRay and Price, 199%r review). Injections in PV in-
bel was observed in MD or CL. Although the body part rep- consistently labeled VMB, MDp, and CL. S2 receives input
resentation was different for each of the injection sites in S2 from Pla, VPi and VPs. The latter two nuclei are associated
and PV, the pattern of label did not appear to vary with re- with processing deep inputs from the muscles and joints as
spect to the topographic organization of the thalamic nuclei. well as vestibular inputRig. 10.
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99-6 L PV Injection

D

@ Retrograde t
* Antrograde M 1mm

Fig. 6. Reconstruction of labeled cell bodies and axon terminals following an injection of WGA-HRP into the hand and face representation of PV in case
99-6 L (seeFig. 2 A). Transported tracer was observed in several nuclei including VPi, Pla, LP, MD, CL and VMB. Conventions as in previous figures.

Currently, our understanding of the specific patterns of primates. In studies of macaque monkeys in which small in-
connections of the different cortical fields in the lateral sul- jections were placed in the expected location of S2, labeled
cus of primates, including S2, is based on only a few studies. cell bodies were identified predominantly in VPi, Plo (our
There are two studies in which injection sites in S2 were Pla), and CL EFriedman and Murray, 1936Interestingly,
electrophysiologically definedBlrton and Carlson, 1986; injections that were displaced slightly rostral and medial to
Krubitzer and Kaas, 19920one study in which the injec- the S2 region, in the expected location of PV, resulted in
tion sites were small and appeared to be limited to archi- additional label in the MD, much like our injections in PV.

tectonically defined S2Hfiedman and Murray, 1986and In studies of non-human primates in which injection sites
one study in which injections sites in both PV and S2 were in S2 were electrophysiologically identified, the results are
electrophysiologically definedKfubitzer and Kaas, 1992 also similar Burton and Carlson, 1986; Krubitzer and Kaas,

Our results are similar to these previous studies, and 1992. In marmosets, injections in S2 resulted in labeled cell
the patterns of thalamic label are largely consistent acrossbodies and axon terminals in VPi and Pla. Although no label
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98-1 PV Injection

@ Retrograde
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Fig. 7. Reconstruction of labeled cell bodies and axon terminals following an injection of WGA-HRP into the bilateral representation of the waper ven
trunk and proximal forelimb representation of PV in case 98-1 f&ge2 B). Transported tracer was observed in VPi, Pla, and MD. Conventions as in
previous figures.

was identified in VPs, as in the present investigation, the either by placing injections on the upper bank of the lateral
size of Pla in the marmoset in the previous study was large, sulcus, or placing injections in the thalamus (dgnes and
and may actually have included portions of VPs. In gala- Powell, 1970; Burton and Jones, 1976; Mufson and
gos, S2 received input from VPI, VPi, Po and CBufton Mesulam, 1982seeJones, 1985, 199®r review), the re-
and Carlson, 19861t is possible that some of the variation sults of these studies are difficult to interpret for two reasons.
observed in the galago, particularly the projection from First, the injection sites in the S2 region were often large
VPI, reflects true species differences. Another possibility is and could have been in one of any number of different cor-
that the variability in the projection patterns in the galago tical areas that reside in the lateral sulcus (e.g R&ginson
versus the marmoset and macaque monkey arises from inand Burton, 1980a;bCusick et al., 1989; Krubitzer et al.,
consistent identification of thalamic nuclei across studies 1995a; Disbrow et al., 200@or description of multiple
(seeHuffman and Krubitzer, 200for review of this issue). fields in the lateral sulcus). Second, although in some in-
While there are other investigations in which thalamocor- vestigations small, restricted anterograde tracer injections
tical connections of the S2 region were examined in primates were placed in different thalamic nuclei (e Burton and
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- S2 Injection
@) 98-26 D) |

1mm

® Retrograde
* Antrograde

Fig. 8. Reconstruction of labeled cell bodies and axon terminals following an injection of WGA-HRP into the representation of the forelimb of S2 in
case 98-26 (seEig. 2 C). A transported tracer was observed in several nuclei including VPi, Pla, and VPs. Conventions as in previous figures.

Jones, 1976the specific area in the lateral sulcus to which olfactory cortex Porrino et al., 1981; Russchen et al., 1987
these nuclei projected was not clearly identified based onseeRay and Price, 199fr review). In addition, all divisions
modern descriptions of multiple fields in this region. of MD receive input from the substantia nigiér(sky et al.,
Thalamocortical connections of PV have only been in- 1985; Russchen et al., 1987and lateral portions of MD
vestigated in the marmosé€iubitzer and Kaas, 1992The (in the location of MDp) receive a number of inputs from
results of the current study are remarkably similar to those the brainstem, including the medial vestibular nucleus. The
described previously for the marmoset in that the major pro- inputs to MD, and its projection to PV indicate that it may
jections to PV arise from VPi, MD, Pla and LP. Although the be involved in higher-level perceptual processes and tactile
pattern of connections suggests that S2 and PV share soméarning and memoryMishkin, 1979; Murray and Mishkin,
functions, the presence of a connection between PV and MD1984; Friedman et al., 1986; Goldman-Rakic, 193ur-
in the present and previous studies indicates that PV mayther, the inputs from the substantia nigra and vestibular
play a unique role in processing somatic inputs. MD is a nucleus further implicates this field in sensorimotor integra-
thalamic nucleus intimately associated with the orbitofrontal tion, and head rotation and velocity (as mentioned below).
and dorsomedial divisions of pre-frontal cortexid. 10 With the exception of the galago, a consistent observa-
Goldman-Rakic and Porrino, 1985; Ray and Price, 3993 tion across primates is that PV and S2 receive little if any
The magnocellular division of MD receives input from direct input from the ventral posterior nucleus proper of the
prefrontal cortex and a number of other ventral forebrain thalamus Fig. 10. The lack of input from VP indicates
structures including the amygdala, entorhinal cortex, and that all cutaneous drive of neurons in S2 and PV arises via
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S2 Injection

Fig. 9. Reconstruction of labeled cell bodies following an injection of flouroruby into the expected location of the forelimb representation @S82 in ¢
99-6 R (seeFig. 2 D). A transported tracer was observed in VPi, Pla, and LP. Conventions as in previous figures.

corticocortical connections from anterior parietal fields. This of the trigeminal nucleus, the lateral cervical nuclei and the
supposition is supported not only by connection studies that spinothalamic tract (as shown Kaas and Pons, 198®r
indicate that areas 3b and 1 project to the S2 region (includ-review). Neurons in VPi respond to stimulation of Pacinian
ing S2 and PV, e.glones and Powell, 1969; Darian-Smith corpuscles Dykes et al., 1981; Kaas et al., 1984s well

et al., 1993; Cusick et al., 1989; Krubitzer and Kaas, 1990; as to stimulation of deep receptors, muscle stretch and limb
Burton et al., 1995seeKaas and Pons, 1988r review), displacementl(oe et al., 1977; Dykes et al., 198rubitzer

but also by ablation studies. In macaque and marmoset mon-et al., 1995h. One would predict that the discrimination in-
keys, ablation of areas 3b and 1, or the anterior parietal volved in judgements of object length, size, and shape would
strip, abolishes the responses of neurons in S2 to cutaneousequire information about the state of muscle stretch and
stimulation Pons et al., 1988; Garraghty et al., 1990; Pons load across the various muscles of the digits, palm, and even
et al., 1992. While it has been suggested that cooling area the forelimb.

3b does not reduce evoked potentials to cutaneous stimula- S2 also receives input from VPs. Like VPi, neurons in
tion in S2 ¢hang et al., 1996 in fact 72% of individual VPs or the region of VPs (the shell of VPLc, séenes,
neuronal responses were either reduced or abolished in thal 998 respond to stimulation of deep receptddykes et al.,
study. This inconsistency may be related to the fact that S21981; Jones and Friedman, 198Rrubitzer et al., 1995pb

was not clearly defined, that responses from neurons in moreVPs receives input from the semicircular canals via the me-
than one field may have been measured, or that cooling diddial vestibular nucleusL@ng et al., 1979seeFukushima,

not completely de-activate 3b. 1997 for review). The projection from this nucleus to S2
further implicates S2 in proprioception, or the knowledge of

4.1. Therole of PV and S in sensorimotor integration the relative position of the limbs in space and head rotation.

and tactile discrimination Connections of both S2 and PV with the Pla are difficult to

interpret because little is known about the subcortical inputs
Several of the thalamocortical connections observed in to this nucleus (sedones, 1998 For example, one study

the present investigation support the role of PV and S2 in (e.g. Rausell and Jones, 199dlemonstrates that there are
tasks which require somatic and motor integration, such assparse projections to this nucleus from the spinal division of
object manipulation, bimanual exploration, object identifi- the trigeminal nucleus, which is generally associated with
cation, and active reaching. First, connections of PV and crude touch and pain. However, these inputs only comprise
S2 with VPi indicate that these areas have access to infor-a small portion of the entire nucleus. Limited electrophysio-
mation from deep receptors, such as muscle spindles andogical recording in this nucleus indicates that neurons here
Golgi tendon organs. VPi receives its primary sources of respond to both deep and cutaneous stimulatio® €t al.,
input from the dorsal column nuclei, the principal division 1977. Studies of cortical connections indicate that this
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number of active voxels and an increase in magnetic field
strength at long latencies resulting from bilateral versus uni-
lateral stimulation of the handD{sbrow et al., 200). Taken

together, the data implicate both S2 and PV in somatic and

3band 1

Prefrontal \ motor integration necessary for tasks involving object ma-
nipulation with one or both hands, object identification and
\ goal directed reaching and grasping. Further, PV may be in-
L Cortex

volved in tactile learning, memory and cognition.
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