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Abstract

In an attempt to delineate the prefrontal cortex (PFC) in the Göttingen minipig brain the distribution of reciprocal thalamocortical projections
was investigated using anterograde and retrograde tracing techniques and evaluated in relation to the specific cytoarchitectonic organization.
Tracers were visualized using standard immunohistochemistry or evaluated in vivo using manganese (Mn2+) as an MRI paramagnetic tracer. The
in vivo tract tracing turned out to be very sensitive with a high correspondence to the histological labelling. Tracers injected into the mediodorsal
thalamus labelled the medial and rostral pole of the frontal lobe as well as the anterior cingulate, anterior insular and dorsomedial frontal cortices.
Subsequently, the reciprocity and specificity of these connections were tested from injections into the traced frontal cortices indicating that the
PFC has cortical connections to different parts of the MD nucleus. Although the granular layer IV, characteristic of primate PFC could not be
identified, both cytoarchitectonic and connectional data suggests that the Göttingen minipig has a structurally divided prefrontal cortex. Stereological
estimates of PFC volume showed that the Göttingen minipig PFC constitutes about 24% of the total neocortex volume and 10% of the total brain

volume.
© 2006 Elsevier Inc. All rights reserved.
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Abbreviations: an, ansate sulcus; AC, anterior cingulate cortex; AId, dor-
sal anterior insular cortex; AIm, medial anterior insular cortex; AIv, ventral
anterior insular cortex; CM, centromedian nucleus; cin, cingulate sulcus; cor,
coronal sulcus; cru, cruciate sulcus; dFr, dorsofrontal region; dlFr, dorsolateral
frontal cortex; dmFr, dorsomedial frontal cortex; Il, infralimbic cortex; LD, lat-
eral dorsal nucleus; M1, primary motor cortex; MD, mediodorsal nucleus of the
thalamus; MDc, central part of MD; MDl, lateral part of MD; MDm, medial
part of MD; mpFr, mediopolar frontal cortex; mpFrl, lateral mediopolar frontal
cortex; PC, posterior cingulate cortex; PI, posterior insular cortex; PrM, pre-
motor cortex; R, reticular nucleus of the thalamus; prs, presylvii sulcus; SC,
somatosensory cortex; sig, sigmoid gyrus; spl, splenial sulcus; sup, superior
frontal gyrus; syl, sylvii sulcus; VL, ventral lateral nucleus of the thalamus; VP,
ventral posterior nucleus of the thalamus
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. Introduction

Being one of the most evolved brain regions involved in
uman cognition and behaviour the prefrontal cortex (PFC) is
onsidered an area of primary interest for a number of neuro-
ogical and psychiatric disorders including schizophrenia and
ementia (e.g. [26]). Based upon the cytoarchitectonic crite-
ion of having a granular layer IV and a location rostral to the
granular premotor areas, the PFC was considered unique to the

rimate species [8,9] until Rose and Woolsey [53] re-defined the
FC as the cortical projection area of the thalamic mediodor-
al (MD) nucleus. However, with the advent of more refined
racing techniques it has become apparent that the PFC also con-
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ects to other thalamic nuclei and that thalamic MD projections
ppear to reach some cortical areas outside the prefrontal cortex
27,30,63,64]. As a consequence the debate about the nature and
haracteristics of the PFC in non-primate species has resumed
49,62].

Considering the dimensions of the gyrencephalic pig brain,
hich is comparable to that of humans in gross anatomy, growth

nd development (e.g. [18,22]), we believe pigs may potentially
rove useful as an animal model of human frontal lobe function
r dysfunction. However, there are practically no data available
egarding the localisation of the PFC in the pig brain. Stephan
59] describes and delineates a dysgranular frontal cortical area,
hich he believed to correspond to Brodmann’s area 8, and a

orresponding region is briefly described as prefrontal by Camp-
ell [11]. Weaver et al. [68] dissects the prefrontal cortex from
igs without mentioning on what anatomical basis the definition
as made, and Fang et al. [21] considers the mediofrontal cortex

s prefrontal. To the author’s knowledge, no neural-tract tracing
as previously been performed concerning reciprocal thalamo-
ortical connections in the pig brain.

A number of anatomical and functional criteria should opti-
ally be considered to evaluate whether pigs have a prefrontal

ortex. This includes the pattern and density of specific con-
ections, functional properties, the presence and distribution of
pecific neuroactive substances and neurotransmitter receptors,
he embryological development and for closely related species,
he cytoarchitectonic characteristics [12]. For the initial purposes
f the present study the PFC was defined as the major recip-
ocal projection area from the MD nucleus, the key definition
ccording to Uylings and van Eden [63]. Specifically, neuronal
racers were used to study the reciprocal projection patterns from
he MD nucleus to regions of the frontal cortex providing a
aseline for corresponding injections into the labelled frontal
ortical regions. Only those frontal cortical regions for which
he reciprocal connections with the MD were strong in terms of
relative high number of both projecting neurons and terminals,
ere included in the definition of the PFC. The cytoarchitectonic

haracteristics of the frontal regions are described to correlate
he tracer data.

. Materials and methods

.1. Animals

A total of 17 young Göttingen minipigs were used in the study (12 males
nd 5 females, 3 months of age, mean weight 5.5 kg, coefficient of variation
CV) = 0.17). All surgical procedures were carried out according to guidelines
or the care and use of animals approved by the Danish Animal Experiments
nspectorate.

.2. Procedure

.2.1. Surgery
Pigs were anesthetized with an intramuscular injection (1 ml/10 kg body-
eight) of a mixture of 6.5 ml Narcoxyl®Vet (20 mg/ml), 1.5 ml Ketaminol®Vet
100 mg/ml) and 2.5 ml Methadone DAK (19 mg/ml) added to one bottle of
oletil®50 Vet without additional solvent. The pigs were intubated using an
ndotracheal tube, Rüsch size 4.0 mm i.d. and placed in the stereotaxic instru-
ent (see below). Post-operatively, the pigs received a 0.5 ml i.m. injection with
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imadyl® (50 mg/ml), 0.5 ml Streptocyllin® (250 mg/ml) followed by 0.2 ml
emgesic® (0.3 mg/ml). The pigs were supplied with an additional injection of
emgesic® 8 h later.

.2.2. Tracer Injection
A monkey Kopf stereotaxic instrument was adapted for the pig brain to per-

it fixation of the skull by ear-bar supports and a mouthpiece. The stereotaxic
ero point was defined as the external skull structure, bregma, using the upper
argin of the infraorbital ridge and the upper margin of the external auditory
eatus as a horizontal zero plane [54]. Six pigs received injections directed

owards the MD nucleus (using the stereotaxic coordinates: anterior +2.5 mm;
orizontal −30.0 mm; and lateral ±2.5 mm), and 11 pigs received injections
n frontal cortical areas (Table 1). The latter injection sites were selected as
reas of primary interest based on the anterograde- and retrograde tracings from
njections in the MD nucleus. All animals received a bilateral injection of two
ifferent histological tracers, biotinylated dextran amine (BDA, 10,000 molecu-
ar weight, Molecular Probes, Eugene, OR) and Cholera toxin-subunit B (ChB,
ist Biological Laboratories, Campbell, CA) except for five animals receiving
simultaneous injection of BDA and MnCl2 (Sigma-Aldrich, Denmark). BDA

10% (v/v) in 0.15 M phosphate-buffered saline, pH 7.4 (PBS)) and MnCl2
0.8 M MnCl2 Tetrahydrate) were used for anterograde labelling, and ChB (1%
v/v) in PBS) for retrograde labelling. Tracers were delivered singly or simulta-
eously by pressure injection (gently by hand) through Hamilton syringes fitted
ith 26 G and 22 G needles.

.2.3. MRI data collection and analysis
To study cortical efferents to the MD nucleus in vivo five pigs received

simultaneous injection of the anterograde tracers manganese (MnCl2, 0.8 M
n physiological saline water) and BDA (Table 1). Two of these pigs received

bilateral injection and three pigs received a unilateral injection. The anaes-
hetized pigs were transported to the MR scanner, placed in a prone position and
xed in an eight channel head coil. Maintenance of anesthesia was accom-
lished by an i.m. injection of 0.2 ml Zoletil (mixture as described above)
very 20 min. The MR-scanning was performed using a Magnetom Trio (3 T)
mager (Siemens Medical Systems). Structural images were acquired using

T1-weighted magnetization prepared gradient echo (MPRAGE) sequence,
hich is sensitive to the paramagnetic tracer, manganese. Sequence parame-

ers were: TR = 1580 ms, TE = 3.93 ms, TI = 800 ms, flip angle = 9◦, slice thick-
ess = 0.6 mm, image matrix: 256 × 256, FOV = 160 mm × 160 mm and voxel
ize: 0.6 mm × 0.6 mm × 0.6 mm. In addition to a baseline MRI acquisition, in
ivo anatomical acquisitions were obtained at Days 2 and 4 after injection. To
ncrease signal-to-noise ratio each acquisition was repeated 8, 16 and 15 times
or baseline, Day 2 and Day 4, respectively.

Prior to analysis, the acquired MR data for each pig was processed in the
ollowing manner: stripping of the brain from non-brain [43], co-registration
o the first baseline image using 6 degree-of-freedom [58] and finally re-sliced
ith a B-spline interpolation [58].

A voxel wise T-test (Student’s t-test) with Bonferroni correction was finally
erformed between the baseline and the joint of the two acquisitions following
njection.

.2.4. Histology and tissue processing
Following a 7–14 days survival period, the animals were premedicated with

.5 ml of Zoletil (mixture as described above) and placed in a supine position on
he operation table. Just before intervention the pig was supplied with a lethal
ose of 5.0 ml Pentobarbital i.v. The deeply “anesthetized” pig then received a
idsternal incision followed by a sternal split. The left cardiac ventricle was

unctured by an infusion cannula (3-mm outer diameter), the right auricle was
ut open and a transcardial perfusion with 0.5 l saline followed by 2.5 l of 4%
araformaldehyde (PFA) in PBS was executed. The procedure took on average
0–15 min.

Following perfusion the brain was removed and postfixed for 24 h in 1%

FA at 5 ◦C, transferred to 30% sucrose in PBS for 2 or 3 days at 5 ◦C, frozen
n dry ice and cut coronally into a series of 100 �m thick cryosections on a
lympus Ultrapro 5000 cryostat. Every third section was collected and stored

n cryoprotectant at −20 ◦C until reacted. Both tracers were visualized in the
ame sections in sequential fashion: BDA first and ChB second. Additional



324 J. Jelsing et al. / Brain Research Bulletin 70 (2006) 322–336

Table 1
Frontal injections and corresponding projections sites based tracing studies on 11 minipigs. As a result of large injection sites and diffusing tracer, tracer uptake in
adjoining areas (shown in parentheses) should be considered. LH = left hemisphere; RH = right hemisphere; UT = unsuccessfull tracing. For other abbreviations, see
‘List of Abbreviations’ in text

Animal # Tracer Coordinates from Bregma Injection site Main projection site Ref # Fig. 7

1 LH 5 �l BDA +20.0; −10.0; +2.0 AC MDc, MDl 3
1 RH 2.5 �l BDA, 2.5 �l ChB +12.5; −10.0; −2.5 PrM VA, VL 9
2 LH 2.5 �l BDA, 2.5 �l ChB +25.0; −15.0; +2.0 mpFr MDm 4
2 RH 5 �l ChB +15.0; −15.0; −2.5 Aimed for Il UT
3 LH 2.5 �l BDA, 2.5 �l ChB +25.0; −15.0; +4.0 mpFrl (AIv) MDm, MDc, CM 5
3 RH 2.5 �l BDA, 2.5 �l ChB +10.0; −20.0; −2.0 Aimed for Il UT
4 LH 2.5 �l BDA, 2.5 �l ChB +25.0; −10.0; +4.0 mpFrl (Aid, dlFr) MDm, MDc, CM, VA 6
4 RH 5 �l BDA +12.5; −10.0; −2.0 dmFr (PrM, ACd) MDc, MDl 10
5 LH 0.5 �l BDA, 0.5 �l ChB +15; −10.0; +2.5 AC MDc, MDl 11
5 RH 0.5 �l ChB +7.5; −15.0; −15.0 Aimed for AIm UT
6 LH 0.5 �l BDA, 0.5 �l ChB +7.5; −15.0; +2.0 AC (PrM) MDl 14
6 RH 0.5 �l BDA +7.5; −20.0; −15.0 Aimed for AIv UT
7 LH 1 �l BDA, 1 �l MnCl2 +20.0; −7.5; +2.0 dmFr MDc 2
7 RH 1 �l BDA, 1 �l MnCl2 +10.0; −10.0; −2.0 PrM (dmFr) VA, MDl 12
8 LH 4 �l BDA, 1 �l MnCl2 +20.0; −10.0; +7.0 SC VL, VLP 7
8 RH 4 �l BDA, 1 �l MnCl2 +7.5; −15.0; −2.0 Aimed for caudal AC UT
9 RH 4 �l BDA, 1 �l MnCl2 +27.0; −15.0; −2.5 mpFr MDm 1
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0 RH 4 �l BDA, 1 �l MnCl2 +10.0; −10.0; −2.0
1 LH 4 �l BDA, 1 �l MnCl2 +20.0; −12.5; +2.0

ections were visualized separately for BDA and ChB or counter stained with
hionine for histological delineations. Prior to all staining procedures the free-
oating cryosections were rinsed in several shifts of Tris buffered saline (TBS)
0.05 M Trizma base, 0.15 M NaCl, pH 7.4) to wash out all sucrose and glyc-
rol from the cryoprotectant. Endogenous peroxidase activity was blocked by
ncubation for 30 min in 1.5% H2O2 in methanol. Sections were rinsed 3×
5 min in TBS + 1% Triton X-100, incubated for 60 min in a 10% (v/v) fetal
ovine serum (FBS) in TBS and incubated in primary goat anti-ChB antiserum
List Biological Laboratories, Campbell, CA) diluted 1:4000 overnight at 5 ◦C
nder gentle agitation. The following day, sections were washed in TBS + 1%
riton X-100 for 3× 15 min, incubated in streptavidin–biotin–HRP complex
DakoCytomation, Denmark) diluted 1:200 in TBS + FBS for 90 min, rinsed in
BS 3× 15 min before the HRP-labelled BDA was visualised in a TBS stain-

ng solution containing 0.5 mg/ml diaminobenzidine (DAB) added 0.2 �l/ml

2O2 for 10–15 min resulting in a brown reaction product. Sections were then
insed 1× 5 min in PBS, blocked in 1.5% H2O2 in TBS for 15 min and washed
× 15 min in TBS + 1% Triton X-100, followed by incubation at room tem-
erature in biotinylated donkey anti-goat IgG (Fab)2 antibody diluted 1:2000
Jackson Immunoresearch Lab., West Grove, PA) for 90 min. After rinsing 3×
5 min in TBS + 1% Triton X-100, sections were incubated in HRP–streptavidin
iluted 1:200 in TBS + FBS for 90 min, rinsed in TBS 3× 15 min before HRP-
abelling of the secondary ChB biotinylated anti-goat IgG was visualised in
IP or SG (both Vector Laboratories) resulting in a dense violet or blue/black

eaction product. Finally, the sections were rinsed 3× 15 min in Tris buffer,
ounted on 3% chromalum/gelatine coated slides, dried for at least 2 h, dehy-

rated and cover slipped. Single-antigen immunohistochemistry were routinely
rocessed for control sections by either omitting the ChB primary antigen or
sing a HRP anti-goat IgG diluted 1:2000 (Jackson Immunoresearch Lab., West
rove, PA).

One series of sections from each pig was counterstained by thionine for
ytoarchitectonic delineations. Prior to thionine staining, sections were defat-
ened in 2× 30 min shifts in 100% acetone, 1× 15 min in 96% acetone and 1×
5 min in 70% acetone.

.3. Method of analysis
Cytoarchitectonic and tracing analyses were performed using a compound
icroscope (Olympus BX50) mounted with a Color View I (3.3 MegaPixel CCD
amera). To obtain final images as true to the microscopic view as possible, and

o achieve optimal presentation, the digitally acquired images were reoriented

a
m
a
r

PrM (AC) VA, VL, MDl 13
AC MDc 8

nd/or adjusted for brightness, contrast, or color balance in photoimaging soft-
are (Adobe Photoshop). Graphic illustrations were performed on transposed

ections using Adobe Illustrator.
Stereological volumes were obtained applying the Cavalieri theorem of sys-

ematic sampling in combination with point-counting [33]. A 2D systematic
oint grid was superimposed uniformly randomly onto a systematic randomly
re-selected number of thionine stained sections. Points hitting the structure of
nterest, i.e. the delineated PFC, the neocortex and the total brain were converted
nto volumes using the formula:

(ref) = kta(p)
∑

P

here k is the inverse sampling fraction, t the average section thickness, a(p)
he area associated with each point of the grid and

∑
P is the total number of

oints hitting the region of interest.

. Results

To introduce readers to the specific terminology, cytoarchi-
ectonic characteristics for the cortical and thalamic regions will
e presented first.

.1. Cytoarchitectonic analyses

Even though a number of cytoarchitectonic subdivisions are
learly distinguishable within the frontal cortex of the pig brain,
he structure and cellular organization of the frontal cortex in
he young Göttingen minipig brain, or the pig brain in gen-
ral, has not previously been analyzed in detail. There exist
wo rather comprehensive cytoarchitectonic cortical maps of the
ig brain neocortex [11,59] in addition to a number of studies
n specific cortical regions [37,48]. However, the conclusions

nd homology assessments are rather inconsistent and supple-
entary analyses are considered of essential value. This also

ccounts for the assessment of sulci and gyri patterns, especially
elated to the mediofrontal and central sulci (e.g. [15,16,59]). In
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he present study we have used the terminology used recently
y Okada et al. [44].

.1.1. Subdivisions of the frontal cortex
A cytoarchitectonic analysis was performed in an attempt to

ifferentiate the observed projection areas in the frontal cortex
nto anatomical borders of the young Göttingen minipig PFC.
ased on the examination of thionin stained coronal sections it
as evident that the frontal cortex rostral to the central ansate

ulcus of the young Göttingen minipig could be divided into sev-
ral cytoarchitectonically defined cortical areas. The PFC is here
eparate into four principal regions; the frontopolar, the ante-
ior cingulate, the anterior insular and the dorsofrontal region
Fig. 1). All these areas lack a granular layer IV.

.1.1.1. The frontopolar region. The mediopolar frontal (mpFr)
Figs. 1 and 2) covers the rostral tip and ventral aspect of the
rontal pole as well as parts of the medial surface. Laterally, it
xpands in the wall of the praesylvii and rhinal sulcus rostral to
he union of the frontal pole with the olfactory bulbus (Fig. 1).

edially, it is surrounded by the dorsomedial frontal area and
he anterior cingulate cortex (see below). As in all other frontal
reas mpFr is essentially agranular, thus lack a granular layer
V. The most characteristic feature of the mpFr is the two dark
ands in the infragranular layers V and VI being separated by
relative cell poor zone layer Vb. In general, the dark band
n layer VI has a higher cellular density than observed in any
ther cortical areas (Fig. 2). Layer III has two sublayers with a
igher cellular density in the upper layer IIIa, than in the lighter
IIb.

a
o
m

ig. 1. Schematic illustration of the young Göttingen minipig brain seen in dorsal, late
uperior frontal gyrus, a large frontomedial area including anterior cingulate as well as
iew). The four major regions are tentatively outlined with stippled lines. Horizontal l
bbreviations, see ‘List of Abbreviations’ in text. Scale bar = 1 cm.
ulletin 70 (2006) 322–336 325

The mpFr is relatively homogeneous, and may be considered
s a single area. However, related to certain variations in the
tructural organization especially in the infragranular layers, we
elineated a lateral (mpFrl) subdivision as well (not shown).
n the mpFrl, the dark band in layer VI is smaller than in the
emainder of the mpFr, with more clear and larger cell somata.

.1.1.2. The anterior cingulate cortex. The anterior cingulate
AC) (Figs. 1–3) is found around the genu of the corpus cal-
osum. It is here subdivided into an inner caudal area and a
ostrodorsal area. A cingulate subcallosal area is also observed.

AC is characterized by large, oval and clear cell somata in
ayer III and layer VI. The inner caudal area (Fig. 2) is distin-
uished from the rostrodorsal area (not shown) by an increased
ensity in layer V cells, which is organized in two distinct sub-
ayers Va, Vb (Fig. 2). Further subdivisions of the AC can be
dentified but they are not described separately. Nor are the peri-
llocortical area and the induseum griseum observed as thin
ortical strips dorsal to the genu of the corpus callosum contain-
ng three to four layers.

The subcallosal or infralimbic (IL) area (Fig. 3) is located
entral to the genu of the corpus callosum and is for now con-
idered to be a part of the anterior cingulate cortex. It is delimited
audally by the septal nuclei and is easily recognized by a layer
I which contains clusters of cells separated by vertical cell poor
trips of fibre bundles.
The posterior cingulate (PC) is located in between the callosal
nd splenial sulcus (Fig. 3). The PC is not considered to be a part
f the Göttingen minipig PFC (see below). In contrast to AC, the
ost characteristic feature of the PC is the separation of layer III

ral and medial view. The PFC cortex (grey area) occupies the rostral part of the
the anterior insula buried within the deep rhinal sulcus (concealed from external
ines indicate approximate position of sections shown in Figs. 2, 3, 6 and 7. For
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ig. 2. Cytoarchitectonic delineations of the rostrofrontal cortices of the Göttin
tions, see ‘List of Abbreviations’ in text. Scale bar = 1 cm.

rom layer V by a granular layer IV. Layer III appears relatively
maller in PC and layer V is subdivided into two sublayers; layer
a, with larger cell somata, and a smaller, less cell dense and
ight layer Vb.

.1.1.3. The anterior insular cortex. The anterior insula occu-
ies the cortex along the claustrum and the rhinal sulcus

b
b
d

inipig brain. Coronal section plane. Full line indicates PFC areas. For abbrevi-

Figs. 1–3). More caudally, it borders the posterior insula. The
nterior insula is subdivided into three divisions; ventral insular,
edial insular and dorsal insular.

The ventral anterior insular (AIv) (Fig. 2) occupies the ventral

ank of the rhinal sulcus bordered ventrally by the allocortex and
y the medial insular above it. It has a comparatively low cellular
ensity in layer III and a low frequency of large layer V cells
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ig. 3. Cytoarchitectonic delineations of the caudofrontal cortices of the Göttin
tions, see ‘List of Abbreviations’ in text. Scale bar = 1 cm.

ompared to AIm and AId. At low magnification layer VI looks
ight with a cell sparse layer Vb intercalated between layer V
nd VI.

The medial anterior insular (AIm) (Fig. 2) occupies the dorsal
ank of the rhinal sulcus. A somewhat higher cell density in
ayer III, a sublayer Vb with large somata and the absence of a
ight zone between layer V and VI characterizes the AIm. The
bsences of a light zone in the infragranular layers gives layer
I a more dense appearance.
The dorsal anterior insular (AId) (Fig. 2) is the only part of the

nterior insular which is not hidden within the rhinal sulcus. It
s considerable thicker than the ventral and medial insular with

high density of small layer III cells. The largest differences
ompared to AIv and AIm are noticeable in layer V and VI.
ayer V are organized in radial rows with a small, nearly one
ell thick layer Vb with large somata followed by a light zone
nd a cell poor layer Vc. Layer VI is wide and dark. The AId is
ot considered to be a part of the pig PFC (see below).

The posterior insular (PI) develops from the rostral extreme
f the sylvii sulcus, caudal to the anterior insular (Fig. 1). The
I resembles AId, but it has no characteristic layer Vb, and the
ellular density of layer III is also lower than in AId. We did
ot divide the PI into subareas, since it is not included in the pig
FC (see below).

.1.1.4. The dorsofrontal region. The dorsofrontal region is

ound on the shoulder and medial/lateral aspects of the supe-
ior frontal gyrus (Figs. 1 and 2). Caudally, it borders to the
remotor area. It is divided into two relatively homogeneous
ubregions.

i
a

m

inipig brain, coronal section plane. Full line indicates PFC areas. For abbrevi-

The dorsomedial frontal (dmFr) (Fig. 2) is seen on the crown
nd dorsomedial surface of the superior frontal gyrus. Caudally
t converges into the premotor cortex (PrM), with which it has
ome cytoarchitectonic resemblance. It is characterized by a
ense appearance of layer II, a dense and homogeneous layer III
ith large somata in the deep sublayers, and the large densely

tained pyramidal cells in the relatively wide layer Va. Layer Va
s separated from the relative cell dense layer VI by a lighter
ayer Vb, and layer VI may be divided into an upper and lower
ess cell dense layer.

The dorsolateral frontal (dlFr) (Fig. 2) is observed at the lat-
ral aspect of the superior frontal gyrus, i.e. in the fundus of the
ruciate sulcus. It constitutes the dorsolateral extreme of the pig
refrontal cortex and is basically distinguished from the dmFr
y the oval and less dense cells in layer VI, which is not as well
eparated from layer V as in dmFr.

.1.1.5. Adjoining cortices. In addition to the posterior cingu-
ate, the posterior insular and the dorsal anterior insular cortices,
hich have already been described, allocortex, septal nuclei,
otor cortices and a lateral somatosensory region borders the
öttingen minipig PFC (Figs. 1–3).
A premotor-like cortex (Figs. 1 and 3) is observed in the supe-

ior frontal gyrus, rostral to the developing cruciate sulcus and
audal to the dorsofrontal prefrontal region. It is distinguished
rom dorsofrontal PFC areas by a less cell dense layer III, an

ncreasing number of large pyramidal neurons in a wide layer V
nd clear, oval cells in layer VI.

A primary motor-like area (M1) (not shown) expands in the
edial wall of the coronal sulcus, delimited caudally by the cen-
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ig. 4. Delineations of the thalamic nuclei with parcellation of the MD thalamu
lane. For abbreviations, see list. Scale bar = 2 mm.

ral ansate sulcus. A sublayering of layer III and a low density of
ery large, loosely dispersed cell somata in layer V characterize
he M1.

A somatosensory cortex (SC) delimits the prefrontal cortex
aterally, both at its ventral and dorsal extreme (Fig. 2). SC has

large frequency of large layer V cells and the infragranular
ayers have in general a low cellular density. Though differ-
nces in the cellular arrangement are discernible, especially
t its caudal expansion, the SC bordering the PFC is here not
ubdivided.

.1.2. Subdivions of the MD nucleus
The thalamic nuclei were delineated in Nissl stained sec-

ions and compared to available descriptions of the thalamus
n the domestic pig [22,52,57] and other mammals [35]. The

D nucleus is well developed in the Göttingen minipig and is
ere divided into a medial, central and lateral subregion (Fig. 4).
owever, boundaries are difficult to define exactly, especially at

he caudal and rostral borders of the nucleus.
The medial MD (MDm) is composed of densely stained,

omogeneously arranged cells. It is located at the medial
spect of the nucleus in its full rostrocaudal and dorsoventral
xtent.

The central MD (MDc) is located in the centroventral part
f the nucleus. It is most prominent in the middle part of the
D nucleus (in the rostrocaudal extent). The cells are less

ensely stained than in MDc and loosely arranged in a dense
europil.

The lateral MD (MDl) is observed in the lateral aspect of
he MD nucleus where it borders the central lateral nucleus. It
s most prominent in the middle and caudal extent of the MD
ucleus and characterized by the high spatial density of darkly
tained cells.
An even more darkly stained densocellular-like area is
bserved along the most dorsolateral extension. The densocel-
ular area is by some authors allocated to the central lateral
ntralaminar nucleus [35].

i
M
o

medial (MDm), central (MDc) and lateral (MDl) subdivisions, coronal section

.2. Neuron tract tracing

.2.1. Thalamic injections
All injections directed towards the thalamus were positioned

n the MD nucleus (Figs. 5 and 6). However, because the
oci of pressure injections, as demonstrated with immunoper-
xidase staining (Fig. 5(A)), were usually not limited to the
ntended area, projections from other neighbouring nuclei, e.g.
he intralaminar or midline nuclei could unintentionally also be
nvolved. Consequently, only a global picture of medial thala-

ic projections could be determined. Furthermore, two injection
oci turned out to be placed rather close to the caudal part of the

D nucleus leading to a possible tracer uptake also from the
osterior nuclei of the thalamus.

The global cortical distribution of anterogradely labelled ter-
inal fields and retrogradely labelled neuronal perikarya is

llustrated in Fig. 6. BDA turned out to be transported both
nterogradely and retrogradely in the pig brain (Fig. 8(L)). Large
reas of the frontal cortex were labelled. The strongest projec-
ions were found in the medial and rostral parts of the frontal
ole (i.e. in the mpFr), but dense connections were also observed
n the dorsofrontal region, the anterior cingulate and in parts of
he anterior insular cortex (Fig. 6). All projections had a charac-
eristic laminar distribution with anterogradely projecting fibres
erminating in deep layer III and retrogradely labelled perikarya
n layer VI (Fig. 5(B and C)).

.2.2. Frontal cortical injections
The cortical injection sites are illustrated in Fig. 7 and the

rincipal results summarized in Table 1. Five injections aimed
or either the insular cortex, the subcallosal area or the caudal
xtension of the cingulate cortex were misplaced in CSF or white
atter (Table 1); these are not shown in Fig. 6.

In general, all successfully performed injections resulted

n a dense labelling of both terminals and perikarya in the
D nucleus (Figs. 5(E, F, H), 7). Thalamic labelling was also

bserved in the ventral anterior and ventral lateral nucleus, usu-
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Fig. 5. Brightfield photomicrographs of tracer injection sites and projection sites. Bilateral injection of tracer into the thalamic MD nucleus (A) and the corresponding
efferent and afferent connections with the frontopolar PFC (B). (C) Anterogradely labelled thalamocortical fibres terminate in deep cortical layer III (arrow) with
retrogradely labelled perikarya in cortical layer VI (double arrow). Frontal injection of tracers into ventrolateral mpFr (D, Fig. 7, #5) with tracer transport in white
matter (arrow) toward final termination in the medial MD nucleus (E, arrow) of both retrogradely and anterogradely labelled cell processes (F). Notice also some
l the d
i

a
o
t
f
o
1
t
c
t

T
t

t
t

abelling in the central part of the MD nucleus (E, double arrow). (G) Injection in
n the central and lateral part of the MD nucleus (H).

lly as projections from areas adjacent to the premotor cortex,
r in intralaminar and midline nuclei. However, these projec-
ions were not predominant. Four injections positioned in the
rontal cortex appear to have a stronger reciprocal connection to
ther thalamic nuclei than the MD nucleus (injection no. 7, 9,

2–13 in Fig. 7, Table 1). The PrM is more strongly connected
o the VA and VL, and the SC to the VL and VLP nuclei. As a
onsequence of the relatively large injection loci (Fig. 5(D, G))
racers might have been taken up in neighbouring cortical areas.

I
(
p
t

mFr (Fig. 7, #10), with possible tracer uptake in neighbouring areas, terminates

his has been taken into account in the evaluation of the specific
racings.

The reciprocal prefrontal corticothalamic connections appear
o be topographically organized in the MD nucleus depending on
he specific location of injections in the frontal cortex (Fig. 7).

n the Göttingen minipig, the medial part of the MD nucleus
MDm) seems to be related to the mpFr, whereas the central
art (MDc) and lateral part (MDl) is mainly connected with
he anterior cingulate and the dorsofrontal region. At present,
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ig. 6. Schematic illustration of coronal sections demonstrating the main injectio
halamocortical projections. Tracing patterns are based on six animals. Very str
ar = 1 cm.

topographical description within MD of the thalamic projec-
ions from the anterior insular and the infralimbic area cannot
e provided, because tracing from these areas were not success-
ully accomplished. No clear relationship with the frontal cortex
ould be established for the lateral densocellular area in the MD
ucleus.

Cortical efferents were also demonstrated by in vivo tract
racing using manganese as an MRI-visible paramagnetic con-
rast agent (Fig. 8). Manganese turned out to be very sensi-
ive with a dense labelling of main thalamic projection sites
ithin a 2-day period. A good correlation was observed with

he histological tracer when comparing the labelling of the MD
ucleus (Fig. 8(K and L)). Similarly, the unilateral injections of
anganese revealed high levels of corticocortical connectivity

hrough the genu of the corpus callosum (Fig. 8(H and I)) as well
s some degree of connections in the contralateral MD nucleus.
n-MRI also revealed some of the segregated circuits that unite
he frontal cortex, the thalamus and the basal ganglia (Fig. 8). A
lear signal enhancement was observed in the pallidum (Fig. 8(B
nd C)) with further projections directed toward the thalamus
r the substantia nigra/ventral brain tegmentum (Fig. 8(F and

m
t

in the MD nucleus and the global extent of the corresponding antero-/retrograde
rojections, full line; strong projections, hatched lines; dot, injection site. Scale

)). Even though further nigrothalamic projections could not be
etected, the in vivo tract tracing does indicate a transsynaptic
ransport of manganese.

.3. Relative PFC volume

Volume estimates performed on thionine stained coronal
ections revealed that the PFC constitutes a mean volume of
.50 cm3 (CV = 0.069, CE = 0.050). This is around 24% of the
otal isocortex volume (10.53 cm3; CV = 0.077; CE = 0.044) and
0% of total brain volume (26.98 cm3; CV = 0.13; CE = 0.054).
hen compared to fluid displacement volume of perfusion fixed
hole brains we observe an almost 40% reduction in volume as a

onsequence of tissue processing. It is assumed that deformation
n all regions equals the deformation in total brain volume.

. Discussion
The distribution of reciprocal connections with the thala-
ic MD nucleus has been reported as a main criterion for

he delineation of the PFC in a wide range of experimental
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Fig. 7. Schematic illustration of coronal sections demonstrating all cortical injection sites and the corresponding antero-/retrograde corticothalamic projections.
Cortical injections with strong connections to the MD nucleus are indicated with full circles. Cortical injections with strong connections to other thalamic nuclei
a . In th
p ction
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re shown as empty circles. Five misplaced injections are not shown (Table 1)
rojection patterns related to the frontopolar injections (#1, 4–6). Squares; proje
rom the more caudal parts of the anterior cingulate (#14). Circle; projections fr

nimals including non-human primates (e.g. [27]), sheep (e.g.
19]), dog (e.g. [60]), cat (e.g. [14,41]), Guinea pig (e.g. [40]),
abbit (e.g. [10]), rat (e.g. [29,36,65]) and mouse (e.g. [32]).
he most important conclusion to be drawn from the present
xperiments in the young Göttingen minipig is that the MD
ucleus also connects reciprocally to several distinct areas in
he frontal lobe in this species. Furthermore, the MD nucleus in
he young Göttingen minipig seems to be composed of separate
ompartments, which may be connected to different cytoarchi-
ectonically defined areas in the PFC. Cytoarchitectonic and
onnectional data therefore strongly suggests that the PFC in
he young Göttingen minipig is also structurally subdivided.

.1. The PFC in the young Göttingen minipig
Based on the presence of a granular layer IV and known
s the “frontal granular cortex”, the PFC was previously con-
idered unique to the primate species [5]. The observation of

frontomedial area with a dysgranular layer IV in the pig

c
e
o

e MD nucleus of the thalamus the following patterns are observed: asterisks;
s from rostral parts of the anterior cingulate (# 3, 8, 11). Triangles; projections
e dorsofrontal PFC (#2, 10). Scale bar = 1 cm.

rain [59] was therefore particularly noteworthy indicating pos-
ibly homology to the PFC of primates. However, even though
mediopolar frontal area was delineated in the present study
e did not observe any granular or dysgranular layer IV in the
öttingen minipig. In fact, it turned out that the most charac-

eristic feature of the Göttingen minipig frontal cortices was
he complete absence of a cellular layer IV. The evaluation of
hionin stained coronal sections revealed that the frontal lobe of
he young Göttingen minipig can be differentiated into several
ytoarchitectonically defined cortical areas with topographically
rganized connections with the MD nucleus. On this basis cer-
ain comparisons may be made with the PFC of other species,
.g. rat and primate.

.1.1. The frontopolar region

The mediopolar frontal area in the young Göttingen minipig

orresponds partly in position to the “orbitofrontal region” delin-
ated in sheep and other animals [19,53]. This PFC region was
riginally restricted to the frontal pole and considered to be an
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Fig. 8. MRI in vivo tract tracing, coronal section plane. (A) Manganese enhanced MRI of injection site (arrow) with labelling in vicinity of the globus pallidus
(B, arrow) and the ventral pallidum (C, arrow). At this level, the tract is segregated into two major fibre bundles (D and E); one directed through the rostral part
of the thalamus (E, arrow) towards the MD nucleus (F, arrow), and one directed ventrally toward the substantia nigra/ventral tegmentum (E–G, double arrow). (H
a ith pr
I injec
m dely

e
m
M
[
s
m
f
a

o
o
P

nd I) Corticocortical transport of tracer through the corpus callosum (arrow) w
mmunohistochemical visualization of simultaneously injected BDA, showing
agnification of the retrogradely labelled BDA perikarya (arrow) and anterogra

quivalent to the PFC in primates [53], but the application of
ore sensitive tracing methods has made it obvious that the
D nucleus projects more widely within the frontal cortex (e.g.

63]). In the young Göttingen minipig the mpFr covers a sub-

tantial area of the frontal pole including ventral, lateral and
edial cortices. It corresponds in position with the “granular

rontal region” delineated by Stephan [59] and the “prefrontal
rea” briefly described by Campbell [11].

t
n
r
a

ojections in the contralateral PFC (H, horizontal plane; I, sagittal plane). (J–L)
tion site (J) and projection site in medial MD nucleus (K, arrow). (L) Higher
labelled BDA terminal field (double arrow) in the thalamic MD nucleus.

The thalamocortical connections to this frontopolar region
riginate mainly in the medial part of the MD nucleus. A similar
rganization of connections has been described for the medial
FC and the anterior orbital PFC of monkeys [13,28]. In rat,
he orbital PFC connect mainly with the central part of the MD
ucleus [29,36,50], but the pattern of orbital-MD connections in
at is in general rather complex and connections with the medial
nd lateral segment of the MD nucleus are also observed.
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.1.2. The anterior cingulate region
Based on cytoarchitectonical and connectional differences,

he cingulate cortex was divided into an anterior (AC) and pos-
erior part (PC). However, the PC is not reciprocally connected
ith the MD nucleus and is hence not considered to be a part
f the Göttingen minipig PFC. The AC was subdivided into a
audal inner and a rostrodorsal area, with a cytoarchitectonic
esemblances to the primate area 24 and 32, respectively. The
C in the minipig seems to be strongly connected to the central
nd lateral part of the MD nucleus. The anterior cingulate cortex
s also included in the primate and rat PFC with a topographi-
al organization of connections mainly to the medial and lateral
arts of the MD nucleus as well (e.g. [29,36,50,51,62,63]).

No injections were successfully positioned in the most caudal
xtensions of the AC, or in the infralimbic area of the minipig.
t is still an open question whether the infralimbic area of the
at can be compared with the infralimbic area 25 in the primate.
he rat IL belongs to the PFC (e.g. [36,62]), whereas area 25
as more reciprocal connections with thalamic ventral anterior
ucleus [4,24]. Further research on this aspect is still required.

.1.3. The anterior insular region
The anterior insular region, located along the rhinal sulcus,

as divided into a ventral (AIv), medial (AIm) and dorsal sub-
ivision (AId). We exclude the latter from the PFC on basis of
o clear connectivity with the MD nucleus. A similar organi-
ation can be distinguished in the monkey and rat cortex based
n cytoarchitectonics and thalamic connections [42,50,51]. The
acaque anterior insula is reciprocally connected with the MD

ucleus, but these are not predominant and the anterior insula
s consequently not considered to be a part of the primate PFC
63]. In contrary, the anterior insula is included in the rat PFC
29,36,62,63]. Our findings in the minipig brain indicate that the
entral and medial part of the anterior insula is strongly recip-
ocally connected with the MD nucleus and hence a component
f the minipig PFC. However, as a consequence of unsuccessful
racer injections in the insular cortices, a specific origin from MD
ubnuclei could not be established. The possibility that the insu-
ar cortices connect more strongly with other thalamic nuclei, as
n primates, can at present not be excluded.

.1.4. The dorsofrontal region
In contrast to Stephan [59] our analyses provides support for

division of the sigmoid and the superior frontal gyrus into three
ain dorsal frontal cortices; the dorsofrontal, the premotor and

he primary motor cortex. From our tracing studies we conclude
hat the most rostral part of the superior frontal gyrus (i.e. the
rea 6 of Stephan [59]) has a more prefrontal than premotor-type
f thalamic connection. Consequently, it is included into the pig
FC. It is divided into a dorsomedial and dorsolateral part. Both
reas seem to be connected most strongly with the central and
ateral part of the MD nucleus, but no cortical injections were
estricted exclusively to the dlFr. In the monkey brain, the central

arvocellular area of the MD nucleus connects mainly with the
orsomedial and dorsolateral prefrontal cortex [27,28] whereas
he rat frontal area 2 (Fr2) or the precentral medial area, which
s considered a dorsolateral-like PFC area (e.g. [62]), connects

a
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c
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ainly with the lateral aspect of the MD nucleus. Despite some
onnectional similarity with the latter species and positional cor-
espondence with the “shoulder cortex” in rat, more data is still
eeded to clarify whether the dorsofrontal PFC of the Göttingen
inipig resembles the dorsolateral PFC of primates.

.1.5. Adjoining cortices
The region observed immediately caudal to the dorsofrontal

FC region (i.e. the area 4 by Stephan [59]) was here divided
nto a premotor-like area and a primary motor-like area. Both
reas are not included in the minipig PFC. The M1 is positioned
etween the central ansate and the cruciate sulcus, i.e. in the
igmoid gyrus and corresponds in position to the motor cortex
elineated from recordings of evoked potentials [7,45].

At the dorsolateral extreme, the dorsofrontal and the anterior
nsular region are bordered by a more or less homogeneous area,
hich has been considered analogous to the somatosensory cor-

ex of other species (Brodmann area 2–3 by Stephan [59]). This
nterpretation is corroborated from evoked potential and micro-
lectrode mapping (e.g. [3,15,16,69]). It also finds support from
ur single anterograde injection, demonstrating strong cortical
onnectivity with the ventral posterior and the ventral posterior
ateral nucleus of the thalamus (Table 1). A similar projection
attern is generally recognised for somatosensory cortices [35].

.2. Quantitative and developmental aspects

The PFC in the Göttingen minipig brain was found to occupy
considerable part of the frontal lobe. To make an approxi-
ate quantitative comparison with the PFC of rat and primate

63] we estimated the relative volume of PFC gray matter from
ve young Göttingen minipigs using the stereological Cavalieri
rinciple [33]. The PFC makes up 24% of the total isocortex
olume and 10% of the total brain volume in the minipig, which
s comparable to the PFC ratio in rat, and rather close to the
5–30% observed in humans [63]. However, one has to real-
ze that ratios are not appropriate for comparing quantitative
nformation between species. Interspecies differences may be
consequence of allometric relation or segregation of cortical

egions, and the relative PFC volume by itself cannot be consid-
red an indication of its cognitive capability [63].

A study of the postnatal developmental of rat PFC reveals
hat the volume of especially medial and orbital parts of the
FC reach a significantly larger value during the first 30 days of
ostnatal life than in adulthood [66]. In the Göttingen minipig
he total brain weight increases more than 2-fold from time of
irth to 3 months of age. A transient overgrowth for the PFC
n these young Göttingen minipigs cannot be excluded and may
ave an impact on the presented PFC ratios.

In contrary, we have no reason to doubt that MD-PFC recipro-
al connections are not fully established in the young Göttingen
inipig which we studied. The development of corresponding

onnections in the rat brain seems to be fully established already

t postnatal Day 10 [65], and developmental data in the pig brain
uggests that the main development in terms of myelination,
omposition and electrical activity has taken place within the
rst 8–10 weeks post partum [20,23,46,61].
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.3. Methodological considerations

The high variability in pig skull morphology, which is a con-
equence of the well-developed pneumatized frontal sinus, has
reviously led to a systematic use of ventriculography when
efining the horizontal zero plane [39]. However, because the
rontal sinus was less developed in the young Göttingen minipig
nd the variability in skull morphology using pigs of similar
ge and weight was expected to be low, the stereotaxic zero
oint and stereotaxic planes were here defined on external skull
tructures keeping the head in a relative fixed position using
orizontal ear-bars and a mouth piece. However, the use of
oung Göttingen minipigs made it unfeasible to rely on avail-
ble stereotaxic atlases of pig brains [22,56,67,70]. Furthermore,
mall variations in stereotaxic fixation and skull morphology
ed to difficulties in performing optimal injections in specific
ortical subregions, e.g. the insular cortices. Recently, MRI
ompatible localizers have been developed which may facili-
ate future stereotaxic procedures in the pig brain [6,25].

To the present authors knowledge there have been no previous
euron tract tracing studies of reciprocal thalamocortical projec-
ions in the pig brain. Here we successfully applied the antero-
rade BDA and the retrograde ChB technique. In an attempt to
efine our method and improve the assessment of tracings from
he large pressure injection sites we tried to decrease the amount
f injected tracer 10-fold, with a corresponding reduced and less
ensitive labelling of the projection sites as a disadvantageous
esult. We then applied manganese, a paramagnetic in vivo MRI
etectable tracer transported anterogradely along axons [47],
hich previously has been used to track axons in rodents [38]

nd used as indicator of neuronal connections of basal ganglia in
onkeys [55]. Manganese created a clear signal enhancement

n MR images making it possible to assess tracings from injec-
ion sites through white matter tracts to its final target. When
ompared to the simultaneously injected histological tracer, the
orrespondence between in vivo and histological labelling of
halamic projection sites was high.

The limited resolution and partial volume effects makes it dif-
cult to unambiqously assess the deposition of manganese in the
asal ganglia. However, the further labelling of the ventral brain
uclei does indicate that manganese may act as a transsynaptic
racer in accordance with in vivo tracings on, e.g. the stri-
topallidal system in the Macaque monkey [55]. The presented
n-MRI tracings in the pig brain hereby support the existence of
PFC-basal ganglia-thalamocortical circuit comparable to that
escribed in other animals (e.g., [1,2,31]). BDA, however, is
ot a transsynaptic tracer and is likely to be transported directly
etween cortex and thalamus following a pathway through the
entral and medial aspect of the internal capsule, as described
rom studies in the rat and monkey brain [17,29,34,36].

. Conclusion
Using the distribution of reciprocal connections between the
D thalamic nucleus and the frontal lobe as a main criterion

or the PFC, we provide a first map of the PFC in the young
öttingen minipig brain. The delineated PFC is rather large

[

[

ulletin 70 (2006) 322–336

overing the rostral part of the superior frontal gyrus, the fron-
omedial cortex, the anterior cingulate as well as the anterior
nsular hidden within the deep rhinal sulcus (Fig. 1). However,
everal problems were encountered that influenced the refine-
ent of the study, e.g. the precision of stereotaxic injections and

he possible diffusion of pressure injected tracer. This should
f course be taken into consideration in the evaluation and
ssessment of the presented result. Additional tracing studies
re desirable for the topographic thalamic organisation of con-
ections from the anterior insular- and the infralimbic area.

It should be emphasized, that the reciprocal connectivity of
he frontal cortex with the MD nucleus does not provide strict
riteria for defining the PFC. Even though it may be argued that
he PFC must be considered as that part of the frontal lobe with
he strongest reciprocal connections with the MD nucleus [63]
t is, even with the use of modern tract tracing techniques, rather
ifficult to determine unequivocally which areas that receives
he strongest connections. Realizing the pitfalls of our definition
f the prefrontal cortex in the young Göttingen minipig, our
tudy does provide a baseline for future more refined neural-tract
racing experiments and for further studies on other prefrontal
natomical and physiological characteristics.
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