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To elucidate the detailed organization of corticostriatal projec-
tions from rodent somatosensory cortex, the anterograde trac-
ers biotinylated dextran amine (BDA) and fluoro-ruby (FR) were
injected into separate parts of the whisker “barrel” representa-
tion. In one group of rats, the two tracers were injected into
different barrel columns residing in the same row; in the other
group of rats, the tracers were deposited into barrel columns
residing in different rows. Reconstructions of labeled axonal
varicosities in the neostriatum and ventrobasal thalamus were
analyzed quantitatively to compare the extent of overlapping
projections to these subcortical structures. For both groups of
animals, corticostriatal projections terminated in densely
packed clusters that occupied curved lamellar-shaped regions
along the dorsolateral edge of the neostriatum. When the trac-

ers were injected into different whisker barrel rows, the distri-
bution of BDA- and FR-labeled terminals in the neostriatum
followed a crude somatotopic organization in which the amount
of overlap was approximately the same as in the ventrobasal
thalamus. When both tracers were injected into the same whis-
ker barrel row, however, the amount of corticostriatal overlap
was significantly higher than the amount of overlap observed in
the ventrobasal thalamus. These results indicate that cortico-
striatal projections from whisker barrel cortex have an aniso-
tropic organization that correlates with the pattern of vibrissal
movements during whisking behavior.
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The dorsolateral neostriatum receives excitatory projections from
primary somatosensory (SI) cortex, presumably to regulate move-
ments, posture, and other somesthesis-guided behaviors (Mc-
George and Faull, 1989; Flaherty and Graybiel, 1991; Brown,
1992). Corticostriatal projections from SI cortex do not follow a
typical “one-to-one” sensory mapping pattern, but have a com-
plex topography in which divergent and convergent connections
are superimposed on each other. Thus, each somatotopic repre-
sentation in SI cortex projects to multiple regions in the dorso-
lateral neostriatum (Malach and Graybiel, 1986; Flaherty and
Graybiel, 1994; Alloway et al., 1998; Brown et al., 1998; Wright et
al., 1998), and many of these regions receive overlapping projec-
tions from related parts of sensorimotor cortex (Flaherty and
Graybiel, 1993).

The principles governing corticostriatal overlap remain an im-
portant issue for understanding neostriatal function because sev-
eral facts suggest that neostriatal activity depends on convergent
inputs from the cerebral cortex. Medium spiny neurons, which
comprise 90% of the neuronal population in the neostriatum,
exhibit long silent periods that are intermittently interrupted by
bursts of action potentials (Wilson et al., 1983). These neurons
have a strong rectifying potassium current that shunts weak
excitatory input and prevents action potentials except, perhaps,
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when the neurons are strongly depolarized by excitatory inputs
over large portions of their dendritic field. Each medium spiny
neuron receives only a few synapses from a single corticostriatal
axon (Kincaid and Wilson, 1998), and it appears that many
corticostriatal neurons must discharge to evoke neostriatal activ-
ity (Wilson, 1995). Because related cortical areas often project to
overlapping parts of the neostriatum, it has been hypothesized
that neostriatal neurons may signal when specific cortical regions
are coactivated (Houk, 1995).

The SI vibrissal representation of rats and other rodents is an
ideal model for studying the principles of corticostriatal conver-
gence. Rodent SI contains a grid-like isomorphic map of the
vibrissal field in which each mystacial whisker is represented by a
“barrel” in layer IV (Woolsey and Van der Loos, 1970; Killackey
and Leshin, 1975; Welker, 1976; Simons, 1978; Land and Simons,
1985b). Adjacent barrels representing whiskers in the same row
are interconnected to a much greater degree than barrels repre-
senting whiskers in different rows (Bernardo et al., 1990a,b; Mc-
Casland et al., 1991). This is significant because several reports
suggest that interconnected cortical areas are likely to send con-
vergent projections to the neostriatum (Yeterian and Van
Hoesen, 1978; Flaherty and Graybiel, 1991; Parthasarathy et al.,
1992). Presumably, the density of interconnections between bar-
rel columns in the same row is related to the repetitive back-and-
forth sweeping movements made by the whiskers along the axis of
each row during exploratory behavior. Furthermore, as a rat
makes whisking movements to acquire tactile information about
its environment, whiskers within a row are sequentially stimu-
lated as they contact external objects (Carvell and Simons, 1990).
Based on these factors— greater intracortical connectivity along
each barrel row, repetitive whisking movements along the row
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axis, and the patterned sequence of cutaneous stimulation during
whisking behavior— we hypothesize that corticostriatal projec-
tions from barrel columns in the same row are likely to overlap in
the dorsolateral neostriatum. We tested this hypothesis by mea-
suring the amount of corticostriatal overlap originating from
barrel columns residing in the same or different rows of SI cortex.
We also compared neostriatal overlap with that observed in the
ventrobasal thalamus to determine if corticostriatal convergence
was merely a function of cortical proximity.

MATERIALS AND METHODS

Experiments were conducted on male Sprague Dawley rats ranging
between 300 and 400 gm. All animal procedures were reviewed by our
institutional animal welfare committee and are in compliance with Na-
tional Institutes of Health guidelines for the use and care of laboratory
animals.

Animal surgery. A surgical level of anesthesia was induced in each rat by
administering ketamine (20 mg/kg) and xylazine (6 mg/kg) intramuscu-
larly. Each animal also received atropine sulfate (0.05 mg/kg) to reduce
bronchial secretions, and chloromycetin sodium succinate (50 mg/kg) to
help prevent infection. After intubating the animal through the oral
cavity with a 16 gauge plastic tube, the rat’s head was immobilized in a
stereotaxic frame. Anesthesia was maintained throughout the surgery by
ventilating the animal with a 2:1 mixture of nitrous oxide and oxygen
containing 0.5% halothane. Ophthalmic ointment was placed on each eye
to prevent corneal drying, and body temperature was maintained by
placing the animal between a heated water pad and a thermostatically
controlled homeothermic blanket. End-tidal CO,, EKG, and body tem-
perature were continuously displayed throughout the procedure.

The cranium overlying the left or right hemisphere was exposed, and
a small cavity (500-um-diameter) was slowly drilled through the bone
overlying the SI whisker representations (2.0 mm posterior and 5.5 mm
lateral to bregma, according to Chapin and Lin, 1984). A small probe,
obtained from one-half of a pair of fine forceps, was used to remove the
final layer of bone and to expose the dura mater and surface blood
vessels. A 27 gauge needle was used to make a tiny incision through the
dura, and a carbon fiber electrode (Armstrong-James and Millar, 1978)
was lowered through the incision to record multiunit activity. Neural
discharges were amplified and displayed by conventional means, and
individual whiskers were stimulated with a slender rod to determine the
best whisker for activating neuronal discharges when the electrode
reached a cortical depth of 800-1000 um. A second hole was drilled
through the cranium at a site located more lateral (across whisker barrel
rows) or rostral (within the same whisker barrel row) to the first opening.
Multiunit recording was repeated at the second site to determine its
vibrissal representation.

Tracer injections. A 10% solution of fluoro-ruby (FR) (D-1817; Molec-
ular Probes, Eugene, OR) was loaded into a glass pipette (100 um tip)
that had previously been cemented to a 30 gauge needle on a 1.0 ul
Hamilton syringe. The Hamilton syringe was placed in a microinjection
unit (model 5000; Kopf, Tujunga, CA), which was secured to a micro-
electrode holder on the stereotaxic frame. Depending on the lateral
distance from the midline, the microinjection assembly and pipette were
oriented at angles ranging from 25 to 45° so that the pipette passed
orthogonally through successive layers of the same cortical column in the
SI whisker barrel representation. At a depth of 1.4 mm below the pial
surface, a volume of 25 nl of FR was deposited. After 5 min, the pipette
was raised to a depth of 1.2 mm, and another 25 nl of tracer was
deposited. After waiting another 5 min, the pipette was raised to a depth
of 1.0 mm where a third 25 nl volume of FR was injected. The pipette
remained in place another 10 min before being withdrawn from the
brain.

A second glass pipette (35-40 pm tip) was filled with a 10% solution
of biotinylated dextran amine (BDA) (D-1956; Molecular Probes) and
was lowered 1.4 mm into the brain. Positive current pulses of 4.0 A were
used to eject BDA in alternating on/off periods (7 sec each) for a
duration of 7-8 min. An ammeter in series with the constant current
stimulator (BSI-2; Bak Electronics, Inc., Germantown, MD) was used to
verify current delivery. Subsequently, the pipette was partially with-
drawn, and BDA iontophoresis was repeated at cortical depths of 1.20
and 1.00 mm to insure the tracer was deposited throughout the infra-
granular layers. Using these procedures, the cortical volumes infiltrated
by FR or BDA were approximately the same. After injections were
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completed, the wound margins were sutured, and the animal was re-
turned to its home cage for 6-8 d.

Histology. After allowing 1 week for axoplasmic transport of both
tracers, each rat was deeply anesthetized with sodium pentobarbital (50
mg/kg, i.p.), and its head was immobilized in a stereotaxic frame. Four
small holes were drilled in the cranium, and a thin tungsten rod coated
with India ink was used to make fiduciary marks at rostral and caudal
locations in the brain. Each rat was transcardially perfused with 500 ml
of cold 0.9% saline containing 1000 U.S.P. units of heparin and 20 mg of
lidocaine. After desanguination, the rat was perfused with 500 ml of cold
4% paraformaldehyde in 0.1 M phosphate buffer followed by 500 ml of
4% paraformaldehyde with 5% sucrose. The brain was removed and
refrigerated in 4% paraformaldehyde with 30% sucrose for 16 hr. Sub-
sequently, the cerebral cortex was dissected from the underlying external
capsule, and the resulting cortical slab was flattened between two glass
slides. The flattened cortical slab and the remaining hemisphere were
stored in cold fixative and 30% sucrose for another 24 hr. The cortical
slab was frozen and sectioned tangentially into 50 wm sections. The
remaining hemisphere was also frozen and sectioned coronally into 50
um sections.

Alternate serially ordered sections from the flattened cortex and un-
derlying hemisphere were processed for BDA labeling as described
previously (Kincaid and Wilson, 1996; Alloway et al., 1998). Briefly,
free-floating sections were washed in 0.1 M phosphate buffer (PB) with
0.25% Triton X-100 and incubated in activated avidin-biotinylated
horseradish peroxidase complex (PK-4000; Vector/Novocastra Labora-
tories, Burlingame, CA) for 2 hr at 37°C. The sections were washed again
in PB and incubated with 0.05% diaminobenzidine (DAB) and 0.005%
hydrogen peroxide in 0.1 m Tris buffer. The DAB solution contained
0.25% NiCl to produce a purple-black reaction product. The sections
were washed again in 0.1 M PB, mounted onto gelatin-coated slides, and
dried overnight. The mounted sections were defatted in xylene and
coverslipped with Cytoseal.

An Olympus light microscope equipped for fluorescent microscopy was
used to view corticostriatal terminals impregnated with BDA or FR. The
fluorescent FR-labeled terminals were visualized in the BDA-processed
sections by viewing them with light transmitted through a TRITC filter
cube (Chroma Technology, Brattleboro, VT) that had excitation filters
permitting transmission from 540 to 580 nm and emission filters permit-
ting transmission from 590 to 660 nm. The BDA-labeled terminals were
then viewed with conventional light microscopy after blocking the fluo-
rescent light source. Alternate coronal sections through the thalamus and
neostriatum were stained for Nissl material and were viewed with light
microscopy to reconstruct their boundaries as depicted in Paxinos and
Watson (1986).

Alternate serially ordered tangential sections through SI cortex were
processed for cytochrome oxidase (CO) using procedures previously
described (Wong-Riley, 1979; Land and Simons, 1985a). Briefly, sections
were rinsed in 0.1 M PB and incubated for 8 hr in 0.05% DAB, 0.05%
cytochrome C, and sucrose at 40°C. The sections were rinsed in 0.1 M PB,
mounted in serial order on gelatin-coated slides, and dried overnight.
The mounted sections were post-fixed in neutral formalin for 30 min,
rinsed in distilled water, and dipped in an ascending series of ethanol
baths. Sections were placed in xylene for 5 min and coverslipped with
Permount.

Anatomic reconstructions. A 35 mm camera was used to obtain pho-
tomicrographs of the tracer injection sites and the CO-labeled SI whisker
barrels. The photomicrographs were scanned and imported into a com-
puter file. A software drawing program (Canvas 6.0; Deneba Systems,
Miami, FL) was used to draw outlines of the injection sites with respect
to blood vessels in layer V and with respect to CO-labeled whisker
barrels in layer IV. These drawings were used to identify the whisker
barrel columns invaded by the tracer injections and to measure the
distance separating the boundaries of the injections in layer V.

Coronal sections containing BDA- and FR-labeled structures in the
thalamus and neostriatum were inspected with 20 and 40X objectives.
This magnification allows visualization of beaded varicosities appearing
along the length of corticostriatal and corticothalamic axons densely
impregnated with BDA or FR (Fig. 1). Ultrastructural analysis of corti-
costriatal terminals has demonstrated that these beaded varicosities
contain synaptic vesicles and, thus, appear to represent corticostriatal
synapses (Kincaid et al., 1998). We used a microscopic reconstruction
system (MD-3; Minnesota Datametrics, St. Paul, MN) to plot the loca-
tion of the beaded varicosities seen in BDA- or FR-labeled corticostriatal
and corticothalamic terminals. In addition to reconstructing the topog-
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Figure 1. Photomicrographs of isolated branches of corti-
costriatal terminals labeled by injections of FR or BDA into
SI barrel cortex. A, FR-labeled corticostriatal terminals in
the neostriatum of rat D45. B, BDA-labeled axons in the
neostriatal neuropil of rat D48; some axons appear blurred
because they lie outside the focal plane. Arrowheads indi-
cate some of the beaded varicosities appearing along the
length of the labeled axons. The scale bar applies to both
panels.

raphy of these corticofugal projections, we also plotted the location of
retrogradely labeled cell bodies in the thalamus. We sometimes observed
neostriatal cells that were retrogradely labeled with FR, but never ob-
served neostriatal cells labeled with BDA. Compared to the retrogradely
labeled thalamic neurons, the neostriatal FR-labeled cells were extremely
faint in appearance, and it is unlikely that these cells gave rise to the puffs
of densely impregnated terminals appearing in the neostriatum. Brightly
labeled perivascular cells were often labeled by FR throughout the brain,
but their processes had a discontinuous, granular appearance that al-
lowed them to be distinguished from the continuous labeling seen in
densely impregnated corticostriatal terminals. Although the exact reason
for perivascular labeling is unknown, vascular transport of FR from the
injection site may facilitate this labeling.

In addition to plotting labeled retrogradely labeled cells and corticofu-
gal terminals, the MD-3 reconstruction system was used to plot the
anatomic boundaries of the thalamus and neostriatum. Digital recon-
structions of the labeled processes and surrounding anatomic landmarks
were stored on computer disk and were analyzed with the use of a
JAVA-based software program written by one of the authors (S.A.R.).
This program is similar to software used in other laboratories to perform
gradient density analyses (He et al., 1993). Our program subdivided each
plotted section into an array of 35 wm? bins. Bins containing two or more
FR-labeled varicosities were colored red; bins containing two or more
BDA-labeled varicosities were colored blue. Those bins containing pro-
jections from both injections sites (at least two BDA- and two FR-labeled
varicosities) were colored white. The number of red, blue, and white bins
in the neostriatum and thalamus were counted for each section and were
summed across sections to determine the total number of bins in the
neostriatum and thalamus that were occupied by BDA- or FR-labeled
processes. To indicate the proportion of BDA- and FR-labeled projec-
tions that overlapped with each other, the ratio of white bins to colored
bins was calculated separately for the thalamus and neostriatum. Thus,
the number of white bins divided by the number of blue or red bins
yielded an index for BDA or FR overlap, respectively. In addition, the
number of white bins divided by the sum of all red, blue, and white bins
yielded an index of total overlap.

Technical considerations for quantifying corticofugal overlap. Quantifi-
cation of terminal overlap is influenced by bin size and threshold criteria.
If small bins (e.g., 5 um?) and high thresholds (e.g., >10 varicosities per
bin) are used, the amount of corticostriatal overlap would appear mini-
mal; by comparison, large bins and low thresholds tend to maximize the
proportion of labeled bins that contain overlapping projections.

We used 35 um? bins to characterize the distribution of corticostriatal
and corticothalamic labeling for several reasons. The dominant factor in
choosing this bin size was that larger bins yielded overlapping distribu-
tions in cases where the labeled terminals were clearly segregated. When
we examined the thalamic nucleus reticularis, for example, we frequently
observed separate patches of labeled corticothalamic terminals that were
lumped together when bins larger than 35 um? were used. We decided
not to use bins smaller than 35 um? because many facts suggest that
information is integrated over larger, not smaller, areas of the neostria-
tum. Thus, dendrites and local axon collaterals of medium spiny cells and
other types of neostriatal neurons may extend 150-200 wm or more from
the soma of the cell (Preston et al., 1980; Wilson and Groves, 1980;
Kawaguchi et al., 1990). Furthermore, corticostriatal projections from
somatosensory cortex frequently terminate in well-defined clusters ex-
tending several hundred micrometers (Flaherty and Graybiel, 1994; Kin-
caid and Wilson, 1996). Although there is no consensus regarding the
specific dimensions of functional processing modules in the neostriatum,
these facts suggest that a bin size of 35 um? represents a reasonable
compromise among the spectrum of possible choices.

Only bins that contained at least two varicosities labeled by BDA or
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FR were counted in our analysis. For our operational definition of
overlapping projections, we required a bin to contain a minimum of two
FR-labeled and two BDA-labeled varicosities. Our analysis did not count
bins that contained only one labeled varicosity because we wished to
avoid analyzing neostriatal regions where the density of labeling was
extremely low. We frequently observed regions with a high density of
labeled varicosities, but we did not require more than four overlapping
varicosities per bin because of the inherent difficulty in plotting high-
density labeling with any degree of accuracy. Although we could not
reconstruct the density of terminal labeling, our technique effectively
indicates the topography of corticostriatal projections that originate from
a focal injection site.

RESULTS

A total of 32 animals received injections of BDA and FR into
separate regions of SI barrel cortex. We only analyzed those cases
in which both tracers produced patches of labeling in the neo-
striatum and thalamus; if thalamic or neostriatal labeling was
absent, the case was discarded. We also discarded cases in which
the tracers were deposited into the external capsule or cases in
which the neostriatum was damaged during cortical dissection.
Based on these criteria, we were able to analyze corticostriatal
and corticothalamic projections in 17 rats. In eight cases, BDA
and FR were injected into different rows of barrel cortex; in the
remaining nine cases, both tracers were injected into the same
row. Table 1 indicates the whisker barrel location and edge-to-
edge separation of BDA and FR injection sites for the “across
row” and “within row” cases.

Corticostriatal projections from different barrel rows

To verify the extent of tracer diffusion with respect to the whisker
barrels, SI cortex was sectioned tangentially, and the outlines of
the BDA and FR injection sites were traced with respect to the
CO-labeled barrels appearing in layer I'V. Figure 2 illustrates the
results of this procedure in the animal (D11) that received the
largest BDA and FR injections in SI barrel cortex. As Figure 2
indicates, BDA diffused into multiple barrels occupying rows A
and B, whereas FR invaded barrels occupying rows C and D. In
most cases, injection sites had diameters ranging from 500 to 1000
pum and, because the largest barrels are only 400-600 wm in
diameter, this meant that most injections involved more than one
whisker barrel column (Table 1).

Reconstructions of the distribution of neostriatal labeling in
animal D11 are illustrated in Figure 3. Consistent with other
reports indicating whisker-sensitive regions in the neostriatum
(Carelli and West, 1991; Mittler et al., 1994; Brown and Sharp,
1995), we found that the majority of labeled projections termi-
nated in the dorsolateral part of the neostriatum. Multiple
patches of FR- and BDA-labeled varicosities occupied wide-
spread regions of the neuropil, and the pattern of labeling in the
neostriatum was similar for both tracers. Thus, the densest
patches of labeled terminals tended to aggregate in curved
lamellar-shaped strips along the lateral margin of the neostriatum
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Table 1. Location and separation of BDA and FR injection sites

SI barrel injection sites

Layer V separation

BDA FR (um)
Across rows
D7 B34 D1 E1 790
D11 A23,4 B2,3 C1,2 D1,2 390
D41 C4 E2 880
D42 C4,5 El1,2 850
D48 D2 C3 120
D49 B2,3 E3 1530
D51 C2,3 E2 630
D52 B3,4 E2 1200
Within rows

D25 E6,7 El1,2 1110
D30 D4,5 C2 D2 730
D35 D34 D1 860
D37 D1,2 D3 400
D39 C2 D2 D4,5 800
D43 % D4 1740
D44 C2 D2 D4,5 730
D45 E4 E2 760
D46 ES E2,3 930

just below the external capsule. These lamellae did not necessar-
ily occupy a continuous region, however, because the labeled
neuropil was occasionally interrupted by unlabeled neuropil or by
compact bundles of fibers projecting to the thalamus and other
subcortical areas. Some patches of labeled neuropil were located
more medially in a zone distinctly separate from the lateral
neostriatum and, if enough of these medial patches were present,
they sometimes appeared as curved lamellae that resembled those
located beneath the external capsule (Fig. 3). Although tracer
injections in all animals involved focal regions of SI cortex,
neostriatal labeling along the rostrocaudal axis usually extended
over 3—4 mm. In the most caudal sections of the neostriatum,
however, labeling was not present in the medial zone, and the
lateral zone of labeling was positioned more ventrally.

Injections of BDA and FR into different rows of SI barrel
cortex produced multiple neostriatal lamellae that followed a
crude topographic organization. In the part of the neostriatum
lying adjacent to the external capsule, the densest labeling was
topographically organized so that row A whiskers were repre-
sented laterally, and row E whiskers were represented more
medially. As illustrated in Figure 4, for example, the densest
BDA-labeled projections from SI barrels in rows A and B termi-
nated in the neostriatal rim abutting the external capsule,
whereas the densest projections from rows C and D terminated
slightly more medially in a nonoverlapping strip of neuropil. This
result corroborates a previous report indicating that the dorsolat-
eral neostriatum contains a crude somatotopic map of the differ-
ent rows of mystacial whiskers (Wright et al., 1998). Furthermore,
in sections having a high density of labeling in both the lateral and
medial zones of the neostriatum, the whisker rows were repre-
sented twice as mirror images of each other. Thus, progressing
medially from the external capsule toward the internal capsule,
the lateral series of labeled strips followed a sequence of rows A
through E, whereas the second, more medial, series of strips
followed the reverse order of rows E through A.

The relative location of BDA and FR labeling in rat D11
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suggests that only a small portion of the neostriatum receives
convergent projections from different rows of SI barrel cortex
(Fig. 3). To assess corticostriatal overlap quantitatively, we sub-
divided each of the reconstructed sections into bins and counted
the number of bins containing projections from one or both
injection sites (see Materials and Methods). As shown in Figure
3B, most of the labeled bins in rat D11 represented one tracer or
the other but not both. Indeed, as indicated by Table 2, the
proportion of labeled bins in the neostriatum of D11 that contained
overlapping projections from both injection sites was only 4.8%.

Corticostriatal projections from a single row

Although recent work indicates the dorsolateral neostriatum con-
tains a crude somatotopic map of the SI barrel rows (Wright et al.,
1998), no study has investigated how corticostriatal projections
from barrels within the same row might relate to each other.
Therefore, in several rats we injected BDA and FR into separate
parts of the same barrel row to determine if their corticostriatal
projections terminated in segregated or overlapping parts of the
neostriatum.

A representative example of a within row experiment is illus-
trated in Figure 5. In this case (rat D30), FR was injected into the
septal region between rows C and D, and the tracer diffused into
barrels D2 and C2. The BDA injection site was located in barrel
D5, although some of the tracer diffused into barrel D4. Because
of the difficulty in limiting tracer diffusion to a single barrel
column, it was not uncommon for one or both tracers to diffuse
into multiple rows of SI barrel cortex (Table 1). Nonetheless,
cases where both tracers involved the same whisker barrel row
were always classified as within row experiments.

The distribution of BDA and FR corticostriatal labeling in rat
D30 is illustrated in Figure 6. As in the across row experiments,
we observed multiple patches of labeled corticostriatal terminals
residing in curved lamellae located in the superficial aspect of the
dorsolateral neostriatum. In some sections, labeled patches of
each tracer also appeared more medially to form a second
lamellar-shaped region of labeling (Fig. 6). Thus, the distribution
of corticostriatal labeling was similar to the topographic patterns
described previously (Brown et al., 1998; Wright et al., 1998).

In contrast to these previous reports, however, the relative
distribution of BDA and FR labeling in the within row experi-
ments revealed several aspects of corticostriatal organization that
were not apparent when the tracers were injected into different
whisker barrel rows. As shown in Figure 6, corticostriatal projec-
tions from barrels representing the posterior whiskers (e.g., D2)
terminated in more dorsal regions of each lamellar-shaped strip,
whereas projections from sites representing more anterior whis-
kers (e.g., D4) were located more ventrally. More importantly,
these lamellar-shaped distributions merged into each other and
occupied overlapping parts of the neostriatal neuropil. When the
distribution of labeled corticostriatal projections in rat D30 were
analyzed quantitatively, we found many labeled bins that con-
tained overlapping projections from both injection sites. Al-
though the amount of tracer overlap varied considerably across
sections (Fig. 6B), the total proportion of neostriatal bins that
contained overlapping projections in rat D30 was 11.4%, or more
than twice the total overlap measured in a typical across row case
such as rat D11 (Table 2). Photomicrographs of a neostriatal
region in D30 that contained overlapping BDA- and FR-labeled
terminals appear in Figure 7.
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Figure 2. Topography of FR and BDA injections into different rows of SI barrel cortex of rat D11. A, Photomicrograph of a tangential section through
layer V of SI cortex reveals the extent of the FR injection. A". Another view of the same section in 4 indicates that BDA was injected into a region of
SI that did not overlap with the FR injection site. B, A tangential section through layer I'V of SI cortex was labeled for CO to indicate the location of
individual whisker barrels in the right hemisphere of rat D11. C, Outline drawing of the CO-labeled barrels shown in B. Hatching indicates the relative
location of the FR and BDA injections sites shown in 4 and A’, respectively. This reconstruction indicates that BDA diffused into barrels A2, A3, A4,
B2, and B3, whereas FR diffused into barrels C1, C2, D1, and D2. All panels are illustrated at identical scales; arrowheads or filled circles indicate the

same set of blood vessels in each panel.

Topography of thalamic labeling

All animals listed in Table 1 exhibited labeled processes in several
thalamic nuclei, especially the ventrobasal complex (VB), the
medial part of the posterior complex (POm), the nucleus reticu-
laris (Rt) and, to a lesser extent, the ventromedial nucleus, and
parts of the intralaminar nuclei. This distribution of labeling is
comparable to thalamic labeling patterns described by other lab-
oratories after injections of neuronal tracers into barrel cortex
(for review, see Diamond, 1995).

Consistent with findings showing that VB and SI barrel cortex
are reciprocally connected (Hoogland et al., 1987; Chmielowska
et al., 1989; Land et al., 1995), we observed retrogradely labeled
soma and dendrites as well as anterogradely labeled axon termi-
nals in overlapping parts of VB. These compact, densely labeled
regions in VB were usually 200-500 um in diameter and ex-
tended rostrocaudally for 1-2 mm, in accord with the description
of corticothalamic projections from the cortical barrel field of
mice (Hoogland et al., 1987). As indicated by photomicrographs
in Figures 4, 7, and 8, the central area of labeling was so dense
that it was usually impossible to distinguish labeled axons from
other processes. To mark the spatial extent of labeling in these
densely labeled regions, we moved the microscope stage along
one axis and plotted the labeled processes as they passed under
the cross hairs of the eyepiece; the microscope stage was then

shifted orthogonally 25-50 um, and this process was repeated as
the stage moved in the reverse direction. In regions where tha-
lamic labeling was less dense, we plotted the labeled corticotha-
lamic varicosities appearing along the length of densely impreg-
nated axons, and avoided the tracer granules appearing in the
dendrites of retrogradely labeled cells. Inspection of the photomi-
crographs and subsequent reconstructions of VB labeling indicate
that this process produced accurate representations of the spatial
extent of VB labeling (compare the thalamic insets in Figs. 34
and 64 with the photomicrographs in Figs. 4B and 7B). As
indicated by our photomicrographs, retrogradely labeled cell bod-
ies were usually scattered throughout the plexus of corticotha-
lamic terminals and their beaded varicosities.

Consistent with its role as the primary thalamic nucleus for
relaying specific somatosensory information to SI cortex, the
relative labeling patterns in VB were topographically organized.
When viewed in coronal sections, corticothalamic projections
from the ventral whisker representations (SI barrel rows E and D)
occupied regions that were ventral to the corticothalamic projec-
tions from the more dorsal whisker representations (SI barrel
rows A and B) (Fig. 3B). In experiments in which the tracers were
placed in the same whisker row, the caudal whisker representa-
tions (SI barrel rows Al-El) projected to VB regions that were
lateral to projections from the more rostral whisker representa-
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Figure 3. Topography of labeled terminal varicosities in the neostriatum and thalamus after injections of FR and BDA into different barrel rows of rat
D11. A, Reconstructions of selected coronal sections show the relative pattern of corticostriatal projections from the FR and BDA injection sites. In these
and subsequent reconstructions, each red or blue dot marks the location of a beaded varicosity labeled with FR or BDA, respectively. Photomicrographs
of the region shown in the rectangular insets appear in Figure 4. ac, Anterior commissure; ic, internal capsule; GP, globus pallidus; LV, lateral ventricle;
NS, neostriatum; POm, medial posterior nucleus; Rf, nucleus reticularis; VB, ventrobasal complex. B, Overlap analysis of FR- and BDA-labeled
varicosities in the neostriatum and thalamus. Each reconstructed plot in A4 was subdivided into a grid of 35 um? bins, and the number of FR- and
BDA-labeled varicosities in each bin was counted. Bins containing at least two FR- or BDA-labeled varicosities were colored red or blue, respectively;
those containing at least two of each type of labeled varicosity were colored white. Percentages indicate the proportion of white-colored bins in the
neostriatum or ventrobasal complex of each section.
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Figure 4. Photomicrographs of FR and BDA labeling in the neostriatum and ventrobasal complex of rat D11. A, FR-labeled corticostriatal terminals
enclosed by the inset in Figure 34 (3.65 mm posterior to bregma). A', Another view of the same section in 4 reveals BDA-labeled terminals in a
neighboring region of neuropil. B, FR and BDA labeling in the nucleus VPM as indicated by the inset in Figure 34 (5.74 mm posterior to bregma). B',
Another view of the same section in B reveals BDA-labeled corticothalamic terminals. Magnification of A and B are the same as 4’ and B’, respectively;

arrowheads indicate the same blood vessels in each pair of panels.

tions (SI barrel rows A4-E4) (Fig. 6B). These patterns are con-
sistent with other reports that have characterized the topography
of the rodent VB vibrissal representation in coronal sections
(Hoogland et al., 1987; Ito, 1988; Sugitani et al., 1990).

The labeled regions in VB often abutted each other when the
BDA and FR injection sites in SI were in close proximity, but the
densely labeled core regions for each tracer remained segregated.
The margins surrounding these core regions contained substan-
tially less labeling but often included overlapping corticothalamic
projections from both injection sites. The only exception to these
findings appeared in the most rostral levels of the VB where
corticothalamic axons labeled by one tracer often traversed a
region that was densely labeled by the other tracer. Figure 8, for
example, illustrates a region in the rostral VB (5.06 mm posterior
to bregma) of rat D11 in which several BDA-labeled corticotha-
lamic projections passed through a dense plexus of terminals and
cell bodies labeled with FR. In more caudal (5.74 mm posterior
to bregma) sections through VB of the same animal, however,

BDA- and FR-labeled processes occupied nonoverlapping re-
gions (Figs. 3, 4).

Compared to the larger zones of labeling in VB, labeling in the
nucleus reticularis occupied a smaller, more slender region and
had a wispy quality because the labeling consisted entirely of
axon terminals. Previous reports indicate that the nucleus reticu-
laris receives collateral axons from corticothalamic projections
that originate primarily from layers V and VI (Wise and Jones,
1977; Hoogland et al., 1987). Terminal labeling was present in the
nucleus reticularis of each animal, and this finding indicates that
all BDA and FR injection sites included the infragranular layers
of the SI whisker barrel columns.

We observed both anterogradely labeled terminals and retro-
gradely labeled cell bodies in the nucleus POm. In rostral sections
through the thalamus, labeling in VB and POm were sometimes
fused along their common boundary because the whisker repre-
sentations in these nuclei form mirror images of each other (Fabri
and Burton, 1991). To determine whether labeled varicosities
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Table 2. Case-by-case comparison of overlap in the neostriatum and ventrobasal complex

BDA overlap”

FR overlap”

Total overlap®

Overlap ratio

NS VB NS VB NS VB (NS/VB)
Across rows
D7 6.7 3.2 5.6 6.9 3.1 2.3 1.35
D11 8.3 15.9 10.4 17.8 4.8 9.2 0.52
D41 7.1 20.9 4.1 6.5 2.7 52 0.52
D42 2.8 16.5 1.8 9.9 1.1 6.6 0.17
D48 19.2 11.8 3.8 21.9 3.3 8.3 0.40
D49 0.5 0.2 0.3 0.2 0.2 0.1 2.00
D51 5.9 6.9 4.8 5.0 2.7 3.0 0.90
D52 1.2 3.7 1.2 2.7 0.7 1.6 0.44
Within rows
D25 5.3 1.4 3.7 1.3 2.2 0.6 3.67
D30 24.6 4.6 17.6 5.9 114 2.6 4.38
D35 16.3 2.4 5.0 1.9 4.0 1.1 3.64
D37 28.4 17.5 12.3 16.3 12.3 9.2 1.34
D39 334 6.9 14.0 5.4 11.0 3.1 3.55
D43 10.8 2.2 3.0 1.8 2.4 1.0 2.40
D44 16.7 1.5 2.0 0.4 1.8 0.3 6.00
D45 26.6 10.2 11.2 9.5 8.6 52 1.65
D46 21.6 4.4 13.6 34 9.1 1.9 4.79

“Values are expressed as percentages.

were located in VB or POm, the nuclear outlines of these regions
were plotted from adjacent thionin-stained sections and then
were superimposed onto the reconstructed plots of BDA and FR
labeling. Progressing caudally in the thalamus, labeling in VB and
POm split apart to form two separate entities. Labeling in POm
was less dense than in VPM and corticothalamic-labeled termi-
nals in POm had large, glomerular-like endings as described
previously (Hoogland et al., 1987). As in the VB complex, BDA-
and FR-labeled processes in the POm occupied separate regions
and appeared to be somatotopically organized, as described in
other reports (Fabri and Burton, 1991; Diamond et al., 1992).
Although some reports indicate that POm does not possess the
same degree of topographic precision as VB (Hoogland et al,,
1987; Lu and Lin, 1993), Table 3 indicates that we observed
similar amounts of overlap in the distributions of BDA- and
FR-labeled corticothalamic terminals in both of these nuclei.

Comparison of neostriatal and thalamic overlap

The amount of overlap in the neostriatum may vary with several
factors, including differences in the proximity of the cortical
injection sites. To ascertain the role of this factor in determining
the relative pattern of corticostriatal projections, we compared
the amount of overlap observed in the neostriatum and ventro-
basal complex. This comparison was done because, although
some divergence might be present among thalamocortical and
corticothalamic projections (Hoogland et al., 1987), the vast ma-
jority of retrogradely and anterogradely labeled processes arising
from specific whisker-related columns in SI cortex are confined to
the corresponding barreloid in the ventrobasal thalamus
(Chmielowska et al., 1989; Land et al., 1995). Consequently, any
variations in the proximity of our cortical injections should affect
the amount of overlapping labeled processes observed in the
thalamus. Table 2 provides a case-by-case comparison of the
overlap observed in the neostriatum and ventrobasal complex of
the 17 animals analyzed in this study. Because of inherent differ-
ences in the denominators used to calculate each index of overlap

(see Materials and Methods), the proportion of BDA or FR
overlap was always larger than the proportion of total overlap. For
each brain region, however, the magnitude of BDA and FR
overlap for a particular animal were similar, and we used the
index of total overlap for our subsequent analyses.

Statistical analysis of total overlap in the neostriatum revealed
that the proportion of bins containing both BDA- and FR-labeled
varicosities was higher among animals in which both tracer injec-
tions were placed in barrel columns residing in the same row of
the vibrissal representation. Thus, in animals in which the tracers
were placed in different rows, the amount of total overlap in the
neostriatum was only 2.3 = 1.5% (mean = SEM). Among animals
in which both tracers were placed in the same row, the mean
amount of total overlap in the neostriatum was 7.0 = 4.3%. A
Student’s ¢ test indicated that these group differences were statis-
tically significant (r = 2.87; p < 0.05).

Analysis of total overlap in the ventrobasal complex suggests
that individual variations were caused primarily by differences in
the proximity of the cortical injection sites. Although the mean
overlap in the ventrobasal complex of animals that received
injections in the same row of barrels (2.8 = 1.0%) was lower than
the group mean for animals that received injections in different
barrel rows (4.5 = 3.3%), these differences were insignificant (¢ =
1.18; p > 0.20). It should be noted that the average separation
between injection sites in layer V was only 798 = 166 um in the
across row group, but was 895 * 130 wm in the within row group.
Furthermore, the angles of the two injections were different in
animals receiving tracers across rows, and this meant that tracer
deposits in layer VI, which contains corticothalamic neurons,
were actually closer than 798 um. Figure 94 shows individual
differences in thalamic overlap as a function of injection site
separation and substantiates our view that most of the variation in
thalamic overlap was caused by differences in the proximity of the
cortical injection sites. Although a similar trend was observed
when neostriatal overlap was plotted as a function of injection site
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Figure 5. Topography of FR and BDA injections into the same rows of SI barrel cortex in rat D30. 4, Photomicrograph of a tangential section through
layer V of SI cortex reveals the FR injection site. 4, Another view of the same section in 4 indicates that the BDA injection site did not overlap with
the FR injection site. B, A tangential section through layer I'V of SI cortex was labeled for CO to indicate the location of individual whisker barrels in
the left hemisphere of rat D30. The center of the FR injection site appears in the septal region between two whisker barrels. C, Outline drawing of the
CO-labeled barrels shown in B. Hatching indicates the relative location of the FR and BDA injections sites shown in 4 and A4’, respectively. This
reconstruction indicated that the injected BDA diffused into barrels D4 and D5, whereas the injected FR diffused into barrels C2 and D2. All panels
are illustrated at identical scales; arrowheads or filled circles indicate the same set of blood vessels in each panel.

separation (Fig. 9B), the amount of neostriatal overlap in the two
groups of animals diverged when the edges of the injection sites
were separated by <1000 wm. Therefore, to determine whether
neostriatal overlap was proportional to the amount of overlap in
the ventrobasal complex, we used a ratio of these two quantities
(NS overlap/ VB overlap) to normalize the comparison between
the two groups of animals. For animals that received injections in
different barrel rows, the mean overlap ratio (0.79 * 0.23) indi-
cated that neostriatal overlap was proportional to the amount of
overlap measured in the ventrobasal complex. By comparison, in
animals that received both tracers in the same row the overlap
ratio (3.49 = 0.53) indicated that neostriatal overlap was three to
four times greater than would be predicted on the basis of overlap
in the ventrobasal complex. Statistical analysis of the overlap
ratios indicated that these group differences were significant (¢ =
4.74; p < 0.01).

DISCUSSION

This study demonstrates that corticostriatal projections from the
vibrissal representation of SI cortex are anisotropically orga-
nized. Not only does corticostriatal overlap vary as a function of
cortical proximity, but the organization of corticostriatal projec-
tions from the vibrissal representation appears to be correlated
with salient aspects of whisking behavior and the degree of
intracortical connectivity. As discussed below, these findings have

important implications for understanding the relationship be-
tween corticostriatal convergence and sensorimotor integration.

Principles of corticostriatal organization

There is widespread agreement that the neostriatum contains a
complex somatotopic map in which individual body part repre-
sentations are distributed across multiple discontinuous regions
of the neuropil (Kunzle, 1977; Malach and Graybiel, 1986; Carelli
and West, 1991; Flaherty and Graybiel, 1991, 1993; Brown, 1992;
Mittler et al., 1994; Brown et al., 1998; Wright et al., 1998). The
complexity of this somatotopic map derives from the divergent
pattern of corticostriatal projections which, in turn, permits spe-
cific regions in the neostriatum to receive convergent projections
from multiple cortical areas. To elucidate the principles governing
this complex organization, many studies have characterized the
relative topography of corticostriatal projections from cortical
regions (i.e., different Brodmann areas) that are functionally
related. That approach has shown that cortical areas representing
the same body part or having related sensorimotor functions may
project to overlapping neostriatal regions (Flaherty and Graybiel
1991, 1993; Parthasarathy and Graybiel, 1992; Updyke, 1993;
Inase et al., 1996). Several studies suggest that interconnected
cortical areas project to overlapping portions of the neostriatum
(Yeterian and Van Hoesen, 1978; Van Hoesen et al., 1981,
Cavada and Goldman-Rakic, 1991; Flaherty and Graybiel, 1991;
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Figure 6. Topography of corticostriatal and corticothalamic projections after injections of FR and BDA into the same whisker barrel rows of rat D30.
Reconstructed plots and overlap analysis of selected coronal sections are depicted as in Figure 3. Photomicrographs of the region enclosed by the insets
appear in Figure 7.

Parthasarathy and Graybiel, 1992; Inase et al., 1996), but other Instead of analyzing projections from separate cortical regions,
findings indicate that corticocortical connectivity and corticostria- the present study characterized corticostriatal projections from
tal convergence are not always associated (Selemon and sites in the same cortical region and compared the amount of

Goldman-Rakic, 1985; Flaherty and Graybiel, 1993; Takada et al., overlap from groups of sites having an orthogonal relationship
1998). (within-row barrels vs across-row barrels). Because barrel col-
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Figure 7. Photomicrographs of FR and BDA labeling in the neostriatum and ventrobasal complex of rat D30. 4, FR-labeled corticostriatal terminals
enclosed by the inset in Figure 64 (0.18 mm posterior to bregma). A’, Another view of the same section in 4 reveals BDA-labeled terminals in an
overlapping part of the neostriatal neuropil. B, FR and BDA labeling in the nucleus VPM (2.91 posterior to bregma). B’, Another view of the same
section in B reveals BDA-labeled corticothalamic terminals. Magnification of 4 and B are the same as A’ and B’, respectively; arrowheads indicate the
same blood vessels in each pair of panels. Near some blood vessels in 4 and B are FR-labeled perivascular cells whose processes were easily discriminated

from labeled corticostriatal or corticothalamic terminals.

umns in the same row are more strongly interconnected than
barrel columns in different rows (Bernardo et al.,1990a,b; McCa-
sland et al., 1991; Hoeflinger et al., 1995; Kim and Ebner, 1999),
this allowed us to analyze the role of cortical connectivity inde-
pendent of spatial proximity. Consistent with reports showing
that cortical regions in close proximity tend to project to adjacent
parts of the neostriatum (Parthasarathy et al., 1992), we showed
that corticostriatal projections from the SI whisker representation
are somatotopically organized. As shown by Figure 10, the neo-
striatum contains a pair of mirror-image representations of the
mystacial vibrissae on the contralateral face. This neostriatal map
is relatively crude because each barrel column has divergent
projections that overlap the corticostriatal projections from neigh-
boring barrels in the same row. There was substantially less
overlap among projections originating from different barrel rows,
however, and this supports the view that interconnected cortical
areas are more likely to send convergent projections to the
neostriatum.

The mere fact that we detected overlapping projections in a
given bin does not necessarily indicate synaptic convergence.
Ultrastructural analysis is required to determine if any of the
overlapping projections actually synapse on the same postsynaptic
targets. Nonetheless, synaptic convergence cannot exist unless
overlapping projections are present at the light microscopic level
(Bevan et al., 1997), and our data indicate how synaptic conver-
gence in the sensorimotor channel of the neostriatum is likely to
be organized.

Whisking behavior and corticostriatal projections

Rodents exhibit a pattern of repetitive forward (protraction) and
backward (retraction) sweeping movements of the mystacial
vibrissae during exploratory behavior. These whisking move-
ments occur in a frequency range of 5-11 Hz and are tightly
coordinated with movements of the head, neck, and nose
(Welker, 1964; Carvell and Simons, 1990). Whisking movements
are controlled by two sets of striated muscles (Dorfl, 1982;
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Figure 8. Photomicrographs indicating overlapping corticothalamic projections in the ventrobasal complex of rat D30. 4, Thionin-stained coronal
section (5.02 mm posterior to bregma) indicating the cytoarchitecture of the ventrobasal complex and nucleus POm. The inset encloses the region
appearing in B; arrowhead indicates a prominent blood vessel. B, FR-labeled cell bodies and corticothalamic terminals in an adjacent coronal section (5.08
mm posterior to bregma). Arrowhead indicates the same blood vessel indicated in 4. C, C’, Microscopic views of BDA- and FR-labeled processes
appearing in the inset of B. Arrows indicate some of the BDA-labeled varicosities that overlapped with FR-labeled processes; arrowheads indicate the

same blood vessels appearing in both panels.

Table 3. Comparison of overlap among the thalamic nuclei

Thalamic nuclei BDA overlap FR overlap Total overlap
VB 8116 73+15 3.8+07
POm 8.8 24 58+14 3.6 1.0
Rt 8.7x16 10.1 £2.6 47x11

Values are expressed as the mean percentage = SEM.

Wineski, 1985). One set, the extrinsic muscles, move the entire
mystacial pad forward but are not capable of moving individual
whiskers. The other set, the intrinsic muscles, are responsible for
moving individual whisker follicles. Each intrinsic muscle forms a
sling as it wraps around the rostral part of the follicle at its base;
therefore, contraction of the intrinsic muscle pulls the base of the
whisker backward so that the distal end of the whisker pivots
forward. The intrinsic muscles contract together and cause the
whiskers to protract synchronously during whisking behavior
(Carvell et al., 1991).

The overlapping topography of corticostriatal projections from
whisker barrels within the same row of SI cortex appears consis-
tent with available evidence concerning whisking behavior and
the concomitant pattern of whisker stimulation. First, the mysta-
cial whiskers move forward and backward, not upward and down-
ward. Second, behavioral studies indicate that rats can use their
whiskers to discriminate objects with similar textures if two

adjacent whiskers in the same row are intact, but cannot perform
this task if only a single whisker is present (Simons, 1995).
Although the ability to perform this task was not tested with
intact whiskers residing across different rows, it is clear that rats
can integrate information from adjacent whiskers in the same row
and may use this information to perform difficult discriminations.
Finally, high-speed video analysis of trained rats performing a
tactile discrimination indicates that adjacent whiskers within a
row often contact an external stimulus in sequential order
(Carvell and Simons, 1990, their Fig. 3). The pattern of whisker
movements is complex, however, and adjacent whiskers may con-
tact external objects in a spatially overlapping fashion even
though the excursion of each individual vibrissa during whisker
protraction is limited to ~12°. Although the relative positions of
the whiskers are not fixed at static coordinates, the geometry of
the vibrissal pad and the limited excursion of individual vibrissae
does not permit stimulus-induced whisker deflections to occur in
a random pattern during whisking behavior. These findings sug-
gest that the pattern of within-row whisker contact with an exter-
nal stimulus is less likely to vary than the pattern of activation
across different whisker rows (Fig. 11). The fact that we observe
substantial corticostriatal overlap when tracers are injected into
the same barrel row, but not after injections in different rows,
suggests that corticostriatal projections are an important compo-
nent of the anatomical substrate that mediates the sensorimotor
functions of whisking behavior.
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Figure 9. Scatter diagrams illustrating changes in the amount of overlap
as a function of the distance separating the injection sites in layer V. 4,
The amount of overlap in the ventrobasal complex was similar for both the
“within row” and “across row” groups. Most of the individual variation
was caused by differences in the cortical distances separating the injection
sites. B, The amount of overlap in the neostriatum also varied inversely
with the distance separating the cortical injection sites, but was noticeably
greater among projections originating from barrel columns in the same
row of SI cortex.

Neostriatal integration of sensorimotor information

Several findings suggest that neostriatal neurons may perform a
pattern recognition function. The initial hint of this idea comes
from work indicating that many sites in the neostriatum receive
information from cortical areas representing body parts that move
together, but they do not combine information from body parts
that move independently of each other (Flaherty and Graybiel,
1991). Furthermore, in view of data indicating that medium spiny
neurons have extremely low rates of activity and receive few
excitatory synapses from a single cortical neuron, it is thought
that neostriatal discharges may signal when convergent inputs
from multiple cortical areas are active at the same time (Wilson,
1995). Our results, which indicate the predominance of overlap-
ping corticostriatal projections from barrel columns in the same
row, suggest that whisker-sensitive neostriatal neurons should
respond when neighboring whiskers in the same row are stimu-
lated simultaneously or in close temporal sequence. This predic-
tion is consistent with a growing body of evidence indicating that
neostriatal neurons respond to cortical inputs that reflect behav-
iorally relevant events (Apicella et al., 1992; Houk, 1995). Se-
quential or simultaneous stimulation of adjacent whiskers within
a row is likely to represent a pattern of stimulation that rodents
frequently encounter, and the specific spatiotemporal patterns of
whisker activation may code for different features of objects that
have behavioral significance. In accord with this suggestion, in-
fragranular neurons in barrel cortex have firing patterns that
appear to mimic stimulus movement in a particular direction
across the vibrissal field (Simons, 1995).

To the extent that neostriatal activity depends on convergent
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Figure 10. Diagram of a coronal section through the neostriatum illus-
trating the topography of projections from the SI whisker barrel cortex.
The lateral neostriatum contains a prominent representation of rows A-E;
the medial neostriatum contains a smaller, mirror-image representation
of rows E-A. The relative location of whiskers within each row is repre-
sented by numbers / (posterior whisker) through 6 (anterior) in row C.
The gray regions illustrate the divergence of corticostriatal projections by
showing areas that would be occupied by labeled terminals after tracer
injections in barrel columns B2 and D5. GP, Globus pallidus; NS,
neostriatum.
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Figure 11. Schematic diagram illustrating the rostrocaudal back-and-
forth vibrissal movements during whisking behavior with respect to an
external object at different orientations. Although the relative pattern of
whisker stimulation across rows may vary significantly with changes in
head orientation or stimulus angle, the temporal sequence of stimulation
within a whisker row remains unaffected.

corticostriatal pathways, cortical regions that send overlapping
projections to the neostriatum should exhibit synchronous or
near-coincident discharges to activate common postsynaptic tar-
gets in the neostriatum. This may explain why somatosensory and
motor cortical areas 3b and 4, which become synchronized during
manipulative behaviors (Murthy and Fetz, 1996a,b), send over-
lapping projections to the neostriatum even though these cortical
regions are not directly interconnected (Jones et al., 1978; Ghosh
et al., 1987). Although direct corticocortical connections may
provide one type of substrate for synchronizing separate cortical
regions, related cortical regions can also be synchronized by
subcortical or multisynaptic corticocortical pathways. Hence, the
apparent association between cortical interconnections and cor-
ticostriatal convergence could be a manifestation of one mecha-
nism by which convergent corticostriatal pathways become syn-
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chronized. Other cortical areas that send convergent projections
to the neostriatum, but are not directly interconnected, are prob-
ably synchronized by other neural mechanisms.
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