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bstract

Disturbances of the orbitofrontal–striatal pathways in humans have been associated with several psychopathologies including
bsessive–compulsive disorder and drug addiction. In nonhuman primates, different subareas of the orbitofrontal cortex project topographi-
ally to central and ventromedial parts of the striatum. Relatively little is known about the anatomical organization of the rat orbital cortex while
here is a growing interest in this cortical area from a functional and behavioral point of view. The aim of the present neuroanatomical tracing
tudy was to determine in rats the striatal target area of the projections of the orbital cortex as well as the topographical organization within these
rojections. To this end, anterograde tracers were injected in the different cytoarchitectonically distinct subareas of the orbital cortex. The results
how that the individual orbital areas, i.e. medial orbital area, ventral orbital area, ventrolateral orbital area and lateral orbital area, project to
entral parts of the caudate–putamen, exhibiting a mediolateral and, to a lesser degree, rostrocaudal topographical arrangement. Orbital projections
void the most dorsal, as well as rostral and caudal parts of the caudate–putamen. Terminal fields from cytoarchitectonically different areas show a

onsiderable overlap. Superficial cortical layers project preferentially to the striatal matrix, deep layers to the patch compartment. The projections
rom the ventrolateral orbital area are strongest and occupy the most extensive striatal area. In addition to projections to the caudate–putamen, the
entrolateral, lateral and dorsolateral orbital areas have a scarce projection to the most lateral part of the nucleus accumbens shell in the ventral
triatum. In contrast to nonhuman primates, the remainder of the rat nucleus accumbens is virtually free of orbital projections.
 2007 Elsevier Ireland Ltd. All rights reserved.
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he orbitofrontal cortex forms an extensive part of the pre-
rontal cortex in humans and is thought to be specifically
nvolved in our social and emotional behavior [19,27]. Sev-
ral forms of psychopathology, including drug addiction and
bsessive–compulsive disorder (OCD), have been associated
ith disturbances of the orbitofrontal cortex e.g. [18,26]. Apart
rom the orbitofrontal cortex, connectionally associated stri-
tal areas, as part of basal ganglia–thalamocortical circuits,
nd the dopaminergic and serotonergic systems have also been
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mplicated in these disorders [10,22,28,34]. Yet, the underlying
echanisms of these neuropsychiatric disturbances and the con-

ribution of various cortical and subcortical structures are still
ar from understood.

In rats, cytoarchitectonic, hodological and behavioral stud-
es suggest the existence of distinct prefrontal areas that are,
t least to some degree, comparable to such areas in primates
8,23,29,33]. Thus, like in nonhuman primates, three main sub-
ivisions of the rodent prefrontal cortex have been recognized:
dorsal (anterior cingulate and dorsal prelimbic areas) and a

entral subdivision (ventral prelimbic and infralimbic areas) in

he medial prefrontal cortex and an orbital (in some studies indi-
ated as orbitofrontal) subdivision in the ventral surface of the
rontal lobe [8,15]. The medial prefrontal areas appear to be
nvolved in behavioral processes such as response selection,
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ttentional set-shifting and behavioral flexibility, which are sim-
lar to the functions attributed to regions in the lateral prefrontal
ortex in primates [8,9,20]. The ventrally located orbital cortex
n rats has been much less characterized in functional-anatomical
nd behavioral terms than its medial prefrontal counterpart.
owever, similar to the orbitofrontal cortex in primates, this

egion has been implicated in stimulus-reward associated rever-
al learning and choice involving delayed reinforcement [8],
nd it has been shown to play a role, in conjunction with the
triatum and the serotonergic system, in a rat model of OCD
16,17]. Thus, the orbital cortex in rats seems comparable to the
rbitofrontal cortex in primates and humans, although the extent
f similarity remains to be established.

Current data clearly show that the rat orbital cortex can
e further subdivided into smaller subareas on the basis of
ytoarchitectonic and chemoarchitectonic characteristics, as
ell as on differences in cortical and subcortical connections

23,25,33,35]. However, the afferent and efferent connectivity
f these different orbital subareas has not been systematically
tudied. The aim of the present study is to determine the striatal
arget area of the projections of the orbital cortex as well as the
opographical arrangements within these corticostriatal projec-
ions. To this aim, small injections of the anterograde tracers
iotinylated dextranamine (BDA) and Phaseolus vulgaris-
eucoagglutinin (PHA-L) were placed in individual orbital
ubareas. Our results show that the orbital cortical areas primar-
ly reach the central parts of the caudate–putamen complex and
argely maintain a medial to lateral point-to-point relationship.

Twenty-four adult female Wistar rats (Harlan, Zeist, The
etherlands) weighing 180–250 g were used. All animals were

ed ad libitum and housed in cages with enriched food. All exper-
mental procedures were performed according to the guidelines
f the ethical committee of animal experimentation, Vrije Uni-
ersiteit, Amsterdam, that are in accordance with the European
ommunity Council Directive 86/609/EEC.

Prior to surgery, animals were anesthetized with a mixture of
etamine and xylazine (i.m., four parts of 1% solution of ketaset
ketamine; Aesco, The Netherlands] and three parts of a 2% solu-
ion of Rompun [xylazine; Bayer, Belgium], total dose 1 ml/kg
ody weight). Adequacy of anesthesia was checked throughout
urgery and additional anesthetics were given when necessary.
uring surgery, body temperature was maintained at 36–37 ◦C
ith a homeothermic mat. In addition, 10% lidocaine (Astra
harmaceutica, The Netherlands) was used as local anesthetic
t the site of incision.

The tracers biotinylated dextranamine (10.000 MW, Molec-
lar Probes Inc., Eugene, OR) and P. vulgaris-leucoagglutinin
Vector, Burlingame, CA) were iontophoretically injected in dif-
erent subareas of the orbital cortex in the same hemisphere
resulting in 48 injections in 24 animals). The tracers were
elivered through a glass micropipette (CG-150F-15; Clark,
eading, UK) with an external tip diameter of 13–15 �m (BDA)
r 13–15 �m (PHA-L). Pipettes were filled with 5% BDA or

.5% PHA-L in 0.1 M NaH2PO4/Na2HPO4 (phosphate buffer
PB], pH 7.4). A positive DC current of 6.0 �A (BDA) or 7.5 �A
PHA-L)(7 s on/7 s off) was delivered to the micropipette, 10 min
or BDA and 13 min for PHA-L.
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Seven days postoperatively, the animals were deeply re-
nesthetized with sodium pentobarbital (Nembutal, 1 ml/kg, i.p.;
eva, Paris, France) and rapidly perfused transcardially with
.9% saline (NaCl), followed by a mixture of 4% paraformalde-
yde (Merck, Germany) and 0.05% glutaraldehyde (Merck) in
B (0.1 M, pH 7.4) for 15 min. Brains were post-fixed for 1.5 h
nd cryoprotected by storage for 18–48 h at 4 ◦C in a mixture
f 20% glycerin (Merck) and 2% dimethyl sulfoxide (DMSO;
erck). Frozen 40 �m thick sections were cut coronally. Sec-

ions were collected sequentially in six receptacles. Series of
ections were stained for either BDA or PHA-L with or with-
ut ‘counterstaining’ with Nissl or immunohistochemistry for
albindin-D28kDA.

To visualize BDA, sections were rinsed with PB fol-
owed by 0.05 M Tris/HCl (Merck) supplemented with 0.15 M
aCl, pH 7.6 (Tris-buffered saline; TBS) and 0.5% Tri-

on X-100 (TBS-Tx; Merck). Then, they were incubated in
vidin–biotin–peroxidase complex (1:1 mixture of reagents A
avidin] and B [biotinylated horseradish peroxidase]; Vector,
urlingame, CA) in TBS–Tx for 1.5 h at room tempera-

ure (if unspecified, incubation steps were done at room
emperature). After rinsing with Tris/HCl, the sections were
tained with nickel-enhanced diaminobenzidine (DAB-Ni)
ubstrate: 6.25 mg 3,3′-diaminobenzidine-tetrahydrochloride
DAB; Sigma, St. Louis, MO), 0.5 ml 1% nickel-ammonium sul-
ate (Boom, The Netherlands), 3.33 �l of 30% H2O2 in 50 ml
B, pH 7.4, for 10–30 min. To visualize PHA-L, sections were

ncubated for 24 h at 4 ◦C in rabbit anti-PHA-L (Vector), diluted
: 2000 in TBS-T. After rinsing with TBS-Tx, the sections were
ncubated for 1 h in swine anti-rabbit IgG (Dako, Denmark),
iluted 1:100 in TBS-Tx, followed by an incubation in rab-
it peroxidase–antiperoxidase (rPAP; Nordic), diluted 1: 800
n TBS–Tx for 1 h. After rinsing with Tris/HCl, the PHA-L was
isualized by incubating the sections in DAB substrate: 5 mg
AB (Sigma), 3,3 �l of 30% H2O2 in 10 ml Tris/HCl, pH 7.6,

or 10–30 min.
For details on the double staining procedure for the tracers

DA or PHA-L and calbindin-D28kDA see [36].
Sections were mounted on glass slides from a Tris/HCl solu-

ion containing 0.2% gelatin and air-dried. Counterstaining for
issl was done with 0.3% Cresyl Violet (in H2O) for 0.5–1 min.
ounted sections were dehydrated and coverslipped with Entel-

an (Merck).
The subdivision of the orbital cortex into different subareas

s based on the cytoarchitectonic descriptions by [23] and the
ecent revisions by [35]. According to the delineations of the lat-
er authors, the following areas can be recognized from medial to
ateral: the medial orbital (MO), ventral orbital (VO), ventrolat-
ral orbital (VLO), lateral orbital (LO) and dorsolateral orbital
reas (DLO). The lateral orbital area merges caudally with the
entral agranular insular area, the dorsolateral orbital area with
he dorsal agranular insular area.

Four injections were placed in MO, two of which also

ncluded part of the laterally adjacent VO. Following the BDA
njection in case 04046, which is restricted to MO (Fig. 1A),
abeled fibers enter the striatum from rostral and reach the most

edial part of the caudate–putamen. They form a restricted ter-
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Fig. 1. Photomicrographs of the anterograde tracer injection sites in the orbital cortex (A, C, E, G and I) and schematic drawings of the projection areas in four
rostrocaudal levels of the striatum (B, D, F, H and J). Note, the mediolateral shift of the terminal fields in the striatum in relation to the mediolateral position of
the injection sites shown in the left hand column. Also note, the scarcity of labeling in the ventral striatum, the most lateral extension of the shell of the nucleus
accumbens excepted (F and G).
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inal area close to the ventral half of the lateral wall of the
ateral ventricle (Fig. 1B). The dorsomedial part of the caudate–
utamen remains free of labeling. The striatal terminal area
oes not reach further caudally than the crossing of the anterior
ommissure.

Three injections were placed in VO, one with spill of tracer
n the injection track through MO and the prelimbic area. In
ase 04036 (Fig. 1C), the BDA injection is restricted to lay-
rs 2–5 of MO. Labeled fibers enter the caudate–putamen from
ostral, traversing the dorsomedial parts of the core of the
ucleus accumbens and terminating in a medial zone of the
audate–putamen (Fig. 1D). The most medial strip of the nucleus
ordering the lateral ventricle is only sparsely labeled. Also, the
orsomedial one-third of the caudate–putamen and the core of
he nucleus accumbens contain only sparse terminal labeling.
audal to the level of the crossing of the anterior commis-

ure, sparse terminal labeling is present in the medial part of
he caudate–putamen (Fig. 1D).

Twenty-two injections were placed in VLO, six in the medial,
ine in the central and seven in the lateral part of this orbital
rea. Case 05010 with a BDA injection in the central part of
LO is chosen as a representative example to illustrate the
idespread projections from VLO to the striatum. In this case,

he center of the injection site was located in layers 3 and 5
Fig. 1E). Labeled fibers enter rostral parts of the striatum from
he external capsule and travel in a dorsal and medial direc-
ion though the caudate–putamen. The main terminal field is
ocated centrally in the caudate–putamen, leaving its medial
ne-quarter and lateral one-third free of labeling (Fig. 1F). Also
he most rostral part remains free of labeling while in the cau-
al half of the nucleus a sparse plexus of terminal labeling is
till located centrally. There is a distinct terminal area in the
ateral shell of the nucleus accumbens (Fig. 1F). Injections in
LO located in its medial part tended to result in terminations

ocated slightly more medially in the caudate–putamen, while
aterally located injections resulted in labeling that concentrated

ore laterally in the general terminal field described for case
5010.

Seven injections included LO, three of which were restricted
o this area, the other four involving small parts of adjacent areas,
.e., the ventral agranular insular area or VLO. The PHA-L injec-
ion in case 05020 primarily involves the deeper layers 3–6 of LO
ith some spill of tracer in the white matter (Fig. 1G). Labeled
bers enter the striatum from the lateral side and terminate in the

ateral half of the caudate–putamen, leaving the dorsolateral part
ree (Fig. 1H). Terminal labeling is densest rostrally in an area
butting the lateral border of the caudate–putamen and extends
nto the most lateral part of the shell of the nucleus accumbens.

ore caudally labeling is sparser and located more centrally
Fig. 1H).

Five injections were situated in DLO, three of which included
arts of adjacent cortical areas (dorsal agranular insular and
ranular insular cortices). The BDA injection in case 04078

s virtually restricted to DLO with slight involvement of the
orsally adjacent granular insular cortex (Fig. 1I). Labeled
bers enter from lateral to terminate in the lateral half of the
audate–putamen complex. Compared to case 05020 (LO injec-

r
s
a
a
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ion) the terminal labeling is denser caudally and extends slightly
ore medially into the caudate–putamen (Fig. 1J).
In sections double-stained for BDA and Calbindin-D28kDA

triatal patch and matrix compartments and shell and core in the
ucleus accumbens could be easily distinguished. Most injec-
ions of either BDA or PHA-L primarily involved the superficial
ayers II and III, and the outer parts of layer V. In those cases,
aricose fibers in the caudate–putamen showed a strong pref-
rence for the matrix. In cases with an injection primarily in
he deeper layers V and VI, there was a preference for termi-
al labeling in the patch compartment. The latter pattern could
nly be established for VLO, LO and DLO since there were no
njections in VO and MO that selectively included the deep lay-
rs. Injections involving most of the cortical layers resulted in
erminal labeling in both patch and matrix.

The results of the present study show that the different orbital
reas, i.e. MO, VO, VLO, LO and DLO, mainly project to central
arts of the caudate–putamen, leaving the dorsal one-third and
he most rostral and caudal parts of the caudate–putamen, as well
s the ventral striatum largely free of orbital projections. Thus,
he core of the nucleus accumbens receives only sparse projec-
ions from VO, and the most lateral part of the shell from VLO
nd LO. There appears to be a clear medial-to-lateral topogra-
hy such that MO projects most medially and LO and DLO most
aterally in the caudate–putamen. In addition, medially located
rbital areas (MO, VO) tend to project more rostrally in the stria-
um than the more lateral areas (LO, DLO). However, terminal
elds from the different orbital areas show a considerable over-

ap. Finally, projections from VLO are strongest and occupy a
central’ position in the caudate–putamen.

The present study is the first systematic analysis of the cor-
icostriatal projections from the various orbital areas in rats.
lthough [2] included the orbital areas in their analysis of the
refrontal corticostriatal projections, only few injections were
ocated in the orbital areas and those primarily involved caudal
arts. Our present results are largely in agreement with previous
tudies that likewise showed that orbital areas project to central
arts of the caudate–putamen [24,25]. Thus, the most ventral
arts of the striatum, i.e., shell and core of the nucleus accum-
ens, do not receive orbital projections. An exception forms the
ost lateral part of the shell (lateral to the anterior limb of the

nterior commissure) that receives moderate projections from
LO and LO. Our present results further suggest that the asso-

iation of superficial layers (II, III and outer V) with the striatal
atrix compartment and of the deep layer V with the patch com-

artment is very similar to that of the medial prefrontal areas in
ats [2,12].

There appears to be some controversy in the literature about
he precise striatal target area of the orbitofrontal cortical areas
n primates. According to [30], orbitofrontal areas in primates
roject to the most ventral and medial parts of the caudate
ucleus and putamen, while [14] include, in addition, the core
f the nucleus accumbens as an orbitofrontal striatal target. The

esults of [11] may resolve this controversy, as they have demon-
trated that the most ventromedial parts of the caudate–putamen
nd the core of the nucleus accumbens receive projections from
reas of the so-called ‘medial prefrontal network’ that include
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he medial prefrontal cortex and some of the more caudal orbital
reas, whereas the central parts of the caudate nucleus and
utamen receive projections from areas of the ‘orbital pre-
rontal network that include the remaining, mostly more rostrally
ocated, orbitofrontal areas.

Our present results show that the orbital/orbitofrontal projec-
ions in rats and primates occupy a similar region in the striatum,
ith some differences resulting mainly from a ventral-wards

shift’ of these projections in primates compared to rats. Thus,
hereas in primates the nucleus accumbens core is innervated
y caudal regions of the orbitofrontal cortex, in rats the core is
lmost devoid of orbital projections. This region of the nucleus
ccumbens is innervated, however, by the dorsal agranular insu-
ar area, which is positioned just caudal to the rat’s orbital cortex
[2]; present observations). The rat’s dorsal agranular insular
rea and the primate’s caudal orbitofrontal cortex share addi-
ional anatomical similarities. Thus, both areas have connections
ith the medial segment of the mediodorsal thalamic nucleus

nd with gustatory and other visceral related cortices, and they
eceive projections from the magnocellular basal amygdaloid
ucleus [1,6,7,39].

The “dorsal” side of this ventral-wards shift relates to the
nding that the orbital projections in rats appear to extend more
orsally into the caudate–putamen complex than in primates.
n primates, this striatal region is innervated by dorsolateral
refrontal areas [30] that are much less extensive in rats e.g.
33]. Interestingly, in rats this striatal region is innervated also
y regions of the dorsal medial prefrontal cortex (the anterior
ingulate and medial precentral, or medial agranular area; Fr2)
2,24], that have been suggested to correspond to regions of the
orsolateral prefrontal cortex of primates [21,29,33]. It is also
oteworthy that in both rats and primates the striatal projections
rom medial prefrontal areas tend to terminate in more medial
nd ventral areas of the caudate–putamen compared to the
rbital/orbitofrontal projections, and include the shell and core
f the nucleus accumbens [2,21]. Nevertheless, in both species
here appears to be a considerable overlap between medial pre-
rontal and orbital/orbitofrontal striatal projection areas. For
xample, MO and VO overlap extensively with the infralim-
ic and prelimbic projections to the medial caudate–putamen
2,25].

The central striatal area in rats that receives an input from the
rbital areas (present results) is also projected upon by amyg-
aloid and thalamic nuclei and receives midbrain dopaminergic
nd serotonergic fibers. Specifically, it receives thalamic pro-
ections from the paracentral and central lateral nuclei of the
ntralaminar complex [3]; amygdaloid projections from the ros-
ral part of the magnocellular accessory basal nucleus [38];
opaminergic innervation from the ventral tegmental area and
he medial part of the substantia nigra pars compacta [13]; and
erotonergic projections from the dorsal raphe nucleus [31,32].

The convergence of projections from the orbital cortex, the
erotonergic and the dopaminergic systems in the central stria-

um suggests that this striatal region may play a critical role in
sychopathologies associated with these neural systems, such as
rug addiction and OCD. Indeed, imaging data from human sub-
ects implicate the caudate nucleus in these pathologies [4,5,37].

[

[

ience Letters 432 (2008) 40–45

n rats, there are only a few studies that have manipulated specifi-
ally this striatal region. Of specific interest in the present context
re two recent studies. The first reported that temporary inacti-
ation of the central striatum has an anti-compulsive effect in a
at model of OCD (Schilman et al., in preparation). The second
howed that injection of the SSRI paroxetine into the central
triatum alleviated compulsive behavior induced by a lesion to
he orbital cortex (Schilman et al., in preparation). This latter
nding adds to a previous demonstration by the same group that

esions to the orbital cortex lead to increased compulsivity that
an be blocked by systemic administration of paroxetine, and
o an increase in the density of the striatal serotonin transporter
16]. Taken together these results suggest one type of interaction
etween structures of the basal ganglia–thalamocortical circuits
hat may underlie compulsions, namely that orbital dysfunction
eads to alterations of the striatal serotonergic system which
ubsequently results in the production of compulsions.
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