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Nucleus accumbens (NAcc) has been implicated in several pshiatric disorders such
as treatment resistant depression (TRD), and obsessive-oapulsive disorder (OCD),
and has been an ongoing experimental target for deep brain Bhulation (DBS) in
both rats and humans. In order to translate basic scienti c esults from rodents to
the human setting a large animal model is needed to thoroughlstudy the effect of
such therapeutic interventions. The aim of the study was, amrdingly, to describe the
basic anatomy of the Goéttingen minipig NAcc and its retrogrde connections. Tracing
was carried out by MRI-guided stereotactic unilateral uaogold injections in the NAcc
of Gottingen minipigs. After 2 weeks the brains were sectioed and subsequently
stained with Nissl-, autometallographic (AMG) developmerof myelin, and DARPP-32
and calbindin immunohistochemistry. The minipig NAcc was idided in a central core
and an outer medial, ventral and lateral shell. We con rmedie NAcc to be a large and
well-segregated structure toward its medial, ventral andateral borders. The uorogold
tracing revealed inputs to NAcc from the medial parts of the gefrontal cortex, BA
25 (subgenual cortex), insula bilaterally, amygdala, the A1-region of hippocampus,
entorhinal cortex, subiculum, paraventricular and antest parts of thalamus, dorsomedial
parts of hypothalamus, substantia nigra, ventral tegmentarea (VTA), the retrorubral eld
and the dorsal and median raphe nuclei. In conclusion the Gtihgen minipig NAcc is a
large ventral striatal structure that can be divided into aare and shell with prominent
afferent connections from several subrhinal and infra-/plimbic brain areas.

Keywords: uorogold, striatum, deep brain stimulation, trea tment resistant depression, sus scrofa, calbindin, OCD

INTRODUCTION

Nucleus accumbens (NAcc) has been implicated in several adsictdisorders such as depression
and obsessive compulsive disorder (OCD) and has accordivegyn an ongoing experimental
target for deep brain stimulation (DBS) in rats, primates amdmans Gchlaepfer et al., 2007;
Bewernick et al., 2010; de Koning et al., 2011; Li et al.,)2013

In humans NAcc forms the main part of the so-called ventralattrm located beneath the
anterior limb of the internal capsule where the head of the ededucleus and the ventro-
anterior part of putamen meet (icas-Neto et al., 20).ANAcc borders medially the lateral septal
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nuclei and ventrally the olfactory tubercl&dsar et al., 20).0 The aim of this study was to investigate the retrograde
The dorsal and lateral borders of NAcc to the rest of striatunconnections of the NAcc in the Géttingen minipig by an MRI-
are, however, more di cult to de ne. In fact cytoarchitectea  guided stereotactic retrograde tracing-procedure, as veeloa
and immunohistochemical characteristics indicate thatsharp  describe the basic anatomy of the NAcc in the Géttingen mupipi
borders between NAcc and the rest of the striatum exigtdrn by various histological and immunohistochemical procedure
et al., 200¥tand the NAcc blends in with the rest of the striatum
in Nissl stained sectionsieimer et al., 1997 MATERIALS AND METHODS
NAcc was initially divided into two regions—an outer medial,
ventral, and lateral shell and a more dorsal and centraltgaled  All experimental protocols were approved by the Danish Council
core based on di erences in cytology and chemoarchitectonicof Animal Research Ethics (DANCARE). 6 Géttingen minipigs
as well as a dierential distribution of cholecystokinin- were used in the basic anatomy study of NAcc and 5 other
immunoreactivity ¢aborszky et al., 1935 Today calbindin animals successfully received an MRI-guided injection of 1
immunohistochemistry is generally considered the moseated mL FluoroGold (FG a selectively uorescent retrograde trace
staining for making this distinction Nleredith et al., 1996; hydroxyl-stilbamidin methanesulfonate from Fluorochrem
Heimer et al., 1997; Groenewegen et al., 1999; Brauer et &enver, CO; CAT no H22845, Molecular Probes Inc. diluted to
2000Q. 2% in distilled water) on one side of the brain in the tracingtpa
Previous tracing studies of NAcc connectivity, primarily in  In the tracing part of the experiment the animals were sedated
rats, show a erent connections from the medial prefrontalteot;  using an intra-muscular injection of 6 ml Midazolam (1 mg/ml)
cortical infralimbic area/Brodmann area 25, the diagonah®h and 4 ml Ketamine (25 mg/ml). Intravenous access was ohdaine
of Broca, midline para-ventricular thalamus, basal amygdal by ear vein catherization. To allow endotracheal intubatibe
subiculum and CAl regions of the hippocampal formation,animals received an intravenous injection of 3 ml Midazolam
ventral tegmental area (VTA), nucleus tractus solitarivela (1 mg/ml) and 2 ml Ketamine (25 mg/ml). Throughout the
dorsal raphe nucleus of the mesencephalGnoenewegen et al., rest of the surgical procedure the animals were anesthetiged b
1980, 1987, 1999; Burstein and Giesler, 1989; Berendse aamtilation with Sevo urane (1-2%). The pigs were then placed
Groenewegen, 1990; Berendse et al., 1992; Brog et al., 198&n MRI compatible localizer box with applicable side- ducials.
Wrightetal., 1996; Heimer et al., 1997; Perez-Santang &8&8l7; The localizer box was xed to the skull by pointed titanium
Delfs et al., 1998; Friedman et al., 2002; French and Tailierd screws in the os zygomaticuzjfrkam et al., 2004Next an MRI-
2003; Van Dongen et al., 2005; Ikemoto, 2007; Thompson argtan was carried out in accordance with the protocol desdribe
Swanson, 2030 in Bjarkam et al. (2009and the images were transferred to a
The Gottingen minipig is increasingly replacing dogs andLeksell SurgiPlan system from which we could localize the NAcc
non-human primates in preclinical studies.i(d et al., 2007; and calculate the coordinates for the injection point and ey
Sauleau et al., 2009; Ganderup et al.,, 2012; Suenderhafithe tracer substanceBifure 1). Afterwards, the side- ducials
and Parrott, 2012 To adequately study novel neurosurgicalwere replaced by a modi ed stereotaxic Leksell framgi(am
interventional therapies in preclinical settings large aaim et al., 200Pwith an attached Hamilton micro syringe. A scalp
models are needed as rodents' brains are too small and do nisicision was made followed by a drill hole using a Midas Rex
allow application of human DBS equipmertijarkam et al., 2009, power drill exposing the dura mater covered surface of the brain
2016; Dolezalova et al., 201Fhe Géttingen minipig has a large The dura was gently cut open with a dura knife and the syringe
gyrated brain (6 5 4 cm) and is thus much more suitable stereotaxically guided into the NAcc target area. The inp@cof
for conventional MRI, PET imaging and translational studiesl mL was carried out in accordance witBgrensen et al., 1995
involving neurosurgical techniques like cell replacemeaddal resulting in a slow stepwise retraction of the syringe. Thasc
therapies and DBS than rodent8jarkam et al., 2004 incision was sutured in one layer and the animals made sure to
There are increasing ethical concerns when using non-humabreathe on their own prior to extubating.
primates in experimental research. Accordingly, non-human The animals were afterwards kept, at the university large
primates should only be used as research animals when there animal research facility, for 2 weeks in order to ensure igiade
no in vivo or in vitro alternatives Goodman and Check, 2002 axonal transportation of the tracer. At the day of sacri ceeth
The minipig provides such am vivo alternative. Non-human tracing study animals and the basic anatomy study animals
primates are also di cult to procure, to keep and they requirewere rst sedated and then euthanized by an overdose (20
expensive housing facilities. In comparison pigs are a ordablenl) of 40% pentobarbital and transcardially perfuseet{up
and straight forward to keep in regular animal housing. Pigst al., 201)L with approximately 5 | of phosphate bu ered 4%
can thus represent an e ective large animal model to be useparaformaldehyde (pH 7.4). Afterwards the brains were removed
in preclinical cell replacement modeling replacing non-humanand placed in formaldehyde for 1 week and then cut in 9 mm
primates in the study of neurodegenerative disordérsl¢zalova coronal brain slabs using a HistOtech brain slic&jafkam
etal., 2014 et al., 200). It was then immersed in a sucrose solution (30%
In order to apply neurosurgical techniques to pigs in aphosphate bu er) for 1 week before freezing and nal cryostat
preclinical setting it is important to study and understandeth sectioning into 40rm coronal sections.
basic anatomical and physiological properties of the pig braina One series was mounted with Depex without any further
variations between species occur. processing, another followed by Nissl-staining and a third by
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FIGURE 1 | Injection pathway. (A—C) show the located NA and the intended injection pathways in a@ronal (A), horizontal (B), and sagittal (C) cut view. In (D) the
anterior commissure is marked by a yellow arrow and the inteal capsule by a red arrow.

myelin staining using an autometallographic (AMG) technique Other brain sections were stained free-oating with
(Larsen et al., 2003 Two series were kept free oating monoclonal mouse Anti-Calbindin antibody (Abcam, ab82812
in a cryoprotective ethylene glycol solution (deOlmos) anddiluted 1:1000. Briey, sections were washed in TBS, and the
immunohistochemically stained for DARPP-32 and calbindin. activity of the endogenous peroxidase was blocked by 3@»H
The anti DARPP-32 (Dopamine and cAMP-regulatedC 10% metanol in TBS. Target retrieval was performed by
neuronal phosphoprotein) immunohistochemical proceduresheating the sections for 30 min in DAKO retrieval bu er in 80
were performed in accordance with the avidin-biotin methodfollowed by cooling of the sections for further 30 min. Then,
(Bjarkam et al., 2004, 20P5Anti-DARPP-32 was applied as sections were pre-incubated with 0.2% milk and incubatedh wit
primary antibodies, whereas the secondary antibody wasbiot primary antibody overnight in 4C followed by incubation with
labeled anti-sheep IgG. The sections were rinsed in triefled  biotinylated anti-mouse IgG diluted 1:200 in TEStriton (RT)
saline (TBS)C 1% Triton X-100 for 15 min and incubated and nally for 1 h in ABC Vectastain kit for 1 h in RT. The DAB
with avidin 0.1% for 20 min, followed by another rinse with reaction was carried out for 5 min.
TBS for 2 min and incubation with biotin 0.01% for 20 min.  Myelin staining was carried out using an autometallographic
After another 2 min TBS rinse the sections were pre-incubate@AMG) technique (arsen et al., 2003Sections on glass slides
with 1% TritonX-100 and 0.2% milk in TBS for 30 min. The were placed in jars and covered with the AMG developer. The
primary antibodies were then added to these solutions andections were allowed to develop for 1-2 h in a water bath &£ 26
stored overnight at 4C. Next day the sections were rinsed with covered by a light-tight lid. Then the development was stopped
TBSC Triton for 3 15 min and incubated with the secondary by replacing the AMG developer with 5% thiosulphate for 10
biotinylated antibody (1.400 in TBS 1% Tritd@ 0.2% milk) min. The glass slides were then rinsed several times inldatil
for 1 h. This was followed by a quick rinse in TES Triton  water. Counterstaining was performed with 0.1% toluidineebl
and a blockade of endogenous tissue peroxidase with a solutidn citrate bu er, pH 4.0. Finally the sections were rinsed tavio
consisting of TBS, methanol and hydrogen peroxide for 15 mindistilled water, dehydrated in 99% alcohol, imbibed withexe,
After another 3 15 min. TBSC 1% Triton rinse, the avidin mounted with Depex, and coverslipped.
peroxidase (diluted 1:400 in TBS 1% Triton and 0.2% milk) To study the cell sizes a number of randomly chosen cells
was applied for 1 h at room temperature. Another 315 min  were measured using ImageJ program on the microphotographs
TBS C 1% Triton rinse followed, and the avidin-peroxidaseusing 20x objective, taken from the ve areas: the dorsal-
complex was visualized by incubation for 10 min with 0.1%ateral, the dorsal-medial, the middle, the ventro-laterad the
diaminobenzidin (DAB) solution including 0.3% hydrogen ventro-medial parts of NAcc (in total 500 cells were measured)
peroxide. The sections were nally to be mounted with Depex. Cell density was described qualitatively based on microscopi
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observations of the ve microscopic coronal sections fromdorsally, with the shell below it, and extends from the meétba

di erent parts of the NAcc in the anterio-posterior axis. the ventral part of the brain hemisphere. The core area is quite
The identi cation of uorogold traced neurons was carried large with well-de ned borders. The CaB staining within ttare

out through a thorough uorescence-microscopic search foris uneven and within strongly stained areas some weaklgextai

tracer substance in all the cut brain sections. The stainingatches could be found. Meanwhile the border between the NAcc

intensity and distribution within the various areas werlwahted core and shell is quite visible, the outer border of the siseith

to either one of three descriptive categories: weak, medinth a some brain sections not well de ned because of the low contras

strong tracing. Identi cation and naming of traced strucas and  between NAcc shell staining and background staining. 8tgin

neighboring areas were carried out by reference to the Gg¢th ~ within the shell appears more homogeneous than in the core and

minipig brain atlas Bjarkam et al., 2016 gradually fades toward the outer border of the NAcc.
Toward the caudal part of the NAcc the shell starts
RESULTS surrounding the core. In the most caudal part NAcc consists of
a small fragment close to the midline. It can, however, sgll b
Anatomy and Dichotomy divided into two parts based on the staining intensity. Thetpar

Nissl and anti DARPP-32 staining show how the anatomicalvith stronger staining, lying on the dorsal and ventral pand
and topographical relations of the Géttingen minipig NAcc arethe middle part with weaker staining.

similar to that of humans\oorn et al., 2004; Basar et al., 2010; We found that the average soma diameter of neurons in the
Lucas-Neto etal., 20L.PDARPP-32is rstand foremostlocalized NAcc was 9.5mr1m and no signi cant changes in diameter were
to regions that receive dopaminergic innervation and theneist  observed in the anterior-posterior axis. Average diametehef t
DARPP-32 levels are found in caudatoputamen, NAcc, olfactorgell bodies measured in the dorsal part of the anterior NAcs wa
tubercle, bed nucleus of stria terminalis, and portions o th a bit smaller in the lateral parts than in the middle of the NAcc
amygdaloid complex with DARPP-32 immunoreactivity being(8.89 1.49nm vs. 10.19 1.38mm, n.s.) and cell density in
present in neuronal cell bodies and dendritése(nmings et al., the lateral parts was found to be lower than in remaining pafts o
1984; Svenningsson et al., 2D0phus, anti DARPP-32 staining NAcc through qualitative assessment. In the posterior parte®f t
enables us to visualize the striatum including NAcc. As seeNAcc the di erence in cell soma diameter between the latendl a
in Figures 2 3 the minipig NAcc forms the main part of the medial parts disappears. However, we see a slight di erencein th
ventral striatum where the head of the caudate nucleus aerd thcell density between the dorsal and ventral part of the posterio
ventroanterior part of the putamen meet beneath the anterioNAcc (with lower cell density in the ventral part).

limb of the internal capsule, with AMG-myelin stained secson

clearly visualizing the internal capsule. Ventrally NAcséen Tracing

bordering the easily recognizable olfactory tubercle ardiially ~ As shown inTable 1the FG tracing technique revealed inputs to
the septum, subgenual cortex, infralimbic cortex, and theaor ~ NAcc originating from medial parts of the prefrontal cortexAB
horn of the lateral ventricleRjarkam et al., 2006As in previous 25 (subgenual cortex), the contralateral NAcc, basal arlggd
studies we have not been able to demonstrate any sharp ®rderentral CALl region of hippocampus and entorhinal cortex,
between NAcc and the rest of the striatum in the caudal, &fer subiculum, the paraventricular and anterior parts of thalamus,
and dorsal projections, but a dorsal border will by de nitioeb dorsomedial parts of hypothalamus on the border between
set as ventral to the anterior commissure. The ventral bordethalamus and hypothalamus, insula bilaterally, medial foa@br

to the olfactory tubercle and the lateral border to prepirifor bundle (MFB), substantia nigra, VTA, retro rubral eld (RRF),
cortex can, likewise, be determined by assistance of thed &lisl  and dorsal and median raphe nuclei. FG was also found in bers

anti-DARPP-32 stained sectionsigure 3). in the anterior commissure and the MFBigure 5demonstrates
The cerebral MRI scans allowed us to clearly identify the NAcEG-tracing to BA 25 and the medial prefrontal cortex and
and con rm the basic anatomical ndings abovEiQure 1). Figure 6demonstrates FG-tracing to substantia nigra.

Antibody against Calbindin (CaB) was shown to stain In the rst pig the injection was made in the caudal part
cells and matrix within striatum (caudate, putamen, and les®f NAcc. In the second it was more rostral in the NAcc. The
intensively globus pallidus) including NAcEigure 4). Fibers in  injection in third was more ventral, medial and caudal, wes
the internal capsule remained unstained. CaB staining itgn it was more ventral in the fourth. As for the fth pig the injeicin
within NAcc (in core) is strongest in its medio-rostral pam@ was in the dorsal, caudal part of the NAcc.
slightly lower in the caudal part. It seemed that most of the In mesencephalon very heavy tracing was found bilaterally in
staining is a matrix staining, some CaB positive cell bodiedcc  neurons in substantia nigra (A9)Figure 6—in all pigs, but most
also be found; more positively stained cell bodies were setiei  pronounced on the ipsilateral site of the injection. FG trapwmas
caudal part of the NAcc. also quite pronounced in the ventral tegmental area VTA (A10)

The observed staining pattern is a bit similar to that seen irbilaterally and in the retro rubral eld (A8) unilaterallyTraced
rats (Meredith et al., 1996 The di erence in staining intensity neurons were also found bilaterally in both the median andsadr
within the NAcc gives rise to a very clear divisional dichmip raphe nucleus in all pigs. Fiber tracing in the MFB was found in
with a strongly stained core and weakly a stained shell. Thall pigs.
border between the core and shell is quite visible, espedmlly In diencephalon intense FG tracing was found unilaterally
the rostral part of NAcc. In this part of NAcc, the core is loahte in the paraventricular parts of thalamus. FG was found in the

Frontiers in Neuroanatomy | www.frontiersin.org 4 December 2016 | Volume 10 | Article 117


http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive

Meidahl et al. Nucleus Accumbens of the Gottingen Minipig

FIGURE 2 | Nucleus accumbens Nissl and anti DARPP-32 staining . (A,C) show Nissl stained coronal sections of the nucleus accumbes (NA), the internal
capsule (IC), the putamen (Put), the prepiriform cortex (PBjd the olfactory tubercle (TO)(B,D) Corresponding anti-DARPP-32 staining. Scale bab 5 mm.

anterior thalamic structures in pig number 3, 4, and 5, but notthe insular tracing was bilateral. The tracing was, howewach

in number 1 and 2. Traced neurons in the ventral thalamus werenore moderate on the contra lateral site of the injectiorbélad
only seen in number 4 and not in any other brains. Tracingneurons in the perirhinal cortex were seen in four pigs. Amyigda
to the ventromedial thalamus was only seen in number 2. Irwas also heavily FG labeled.

hypothalamus the tracing was less pronounced, but weak to Consistent and strong labeling of cells was seen in Brodmann
moderate neuronal tracing was found in the dorsomedial partarea 25. In one animal (number 3) more moderate contra latera
of hypothalamus on the border to thalamus in all pigs. tracing was also noted.

In telencephalon heavily labeled cells were consistently see In the ventral CA1 region of the hippocampus and subiculum
in the medial parts of the prefrontal cortex, most pronounced orweak, but evident, tracing was found in neurons in animal
the same site as the injection. Also prominent tracing to tiesila  number 1, 2, 4, and 5. Whereas very strong tracing was found
was persistently seen in all the pigs. In three out of ve ansnalin the ventral CA1 region and subiculum in number 3. Weak
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DARPP32

>

Anterior

Posterior

tained with NISSL, autometallographic (AMG) myelin staining and anti-DARPP-32

FIGURE 3 | Continuous coronal sections of nucleus accumbens s
sule, caudate nucleus (NC), putamen (Pu), the posterior part of the anterior olcaftory

staining showing nucleus accumbens (NAcc), the internal cap
nucleus (AOP), olfactory tubercle (Tu), septum (Sep), and Br  oadmann Area 25 (BA25).
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TABLE 1 | List of the anatomical structures where FG traced neu rons were
found.
Traced areas/animal number 1 2 3 4 5
Prefrontal cortex medial ttt ttCh tttCb ttt
Area 25/subgenual cortex ttt ttt tttCh ttt ttt
Insula ttt tttCh tttb tttCh tt
Prepiriform cortex t / t
Perirhinal cortex tt t / tt tt
Cingulate cortex / / t t /
Septum / / / / /
Anterior commissure Cb tCh tCh
Hippocampus CAl t tt ttt t t
Subiculum / / / / /
Regio diagonalis t t
; j Amygdala ttt tt ttt ttt ttt
k N 7 ) Anterior olfactory nucleus t / tt
X : \ 2 mm Entorhinal cortex t t tt tt tt
) > — Nucleus habenularis t tt
Thalamus paraventricular/medial tt tt tt ttt ttt
FIGURE 4 | Nucleus accumbens stained with monoclonal mouse Thalamus ventromedial t / /
Anti-Calbindin antibody.  The star marks the core of the NAcc and the Thalamus, anterior ttt t ttt
arrows mark the contours of the core toward the shell. The shiémore
gradually fades out toward the border of the NAcc. Thalamus ventral E !
Border between thalamus and t t tt t t
hypothalamus
. . . . L. Raphe nucleus, dorsalis t€b tCh ttCh tCh tCh
but evident tracing in neurons was also found in gyrus cingul ,
Raphe nucleus median €b tCh tCh t t

in number 4 and 5. Moderate tracing was found in the anteriorMFB dial forbrain bundi " n ] " "
. . —M I rorain n
olfactory nucleus (AON) in number 2 and 5 and in the habenular, ediaforbrain bundie

nuCIeuS in 1 and 4. A o ttt tttCh ttCb tttCh tﬁCE
No tracing was found in any other parts of the striatum > St(am)'a nigra wehb - wCh  wCh  wCh  wC
RRF (A8 t tt tt

aside from the NAcc, nor in any other cortical areas than thos
mentioned above. Also, no tracing was found in the cerebellu , strong tracing; tt, medium tracing; t, weak tracing; b, bilateral. In the antéor
Septum was, Iikewise, carefully examined in all brains, lmut ncommissure and MFB traced bers and not neurons were seen.

tracing was seen.

Traced bers were also found in the anterior commissure ancrole in the pathophysiology of the former conditiohiguptman

inthe MFB in all pigs. etal., 200§ The therapeutic e ects of NAcc-DBS and BA25-DBS
might accordingly be elicited by stimulation of a limbic aiitry
DISCUSSION anchored in these two structures. Descriptions of projection

from the AON, the cingulate cortex and nucleus habenularis to
The a erent connections to the NAcc in the Goéttingen minipig the NAcc were not to our knowledge shown in previous rat or
are for most parts in agreement with the connections foundccat studies. Tracing to the AON was only found in ACNM 2
in previous studies, primarily in rats. Inputs from structuresand 5. Considering how close the AON is located to the NAcc
such as VTA, substantia nigra, the paraventricular parts ot seems likely to be spill-over tracing from the NAcc injectio
thalamus, hypothalamus, medial parts of the prefrontal cqrtexsite. Hence this study does not provide su cient evidence to
insula, the dorsal raphe nucleus, hippocampus, subiculum ancbnclude the existence of connections to the NAcc origimati
amygdala were all found in both the studied literature andfrom AON. Traced neurons in the cingulate cortex were only
in this experiment Groenewegen et al.,, 1980, 1987, 1999pund in animals 3 and 4. The injection in these pigs was
Burstein and Giesler, 1989; Berendse and Groenewegen, 198ade in the ventral part of NAcc, and it is possible that the
Berendse et al., 1992; Brog et al., 1993; Wright et al., 199&ntral NAcc receives di erent a erent connections from the
Heimer et al., 1997; Perez-Santana et al., 1997; Delfs,et &aést of the NAcc. However, further anterograde studies from
1998; Friedman et al., 2002; Van Dongen et al., 2005; Ikemotthe cingulate cortex in the Goéttingen minipig are needed to
2007. verify if such connections exist. Traced bers in the anterio
To our knowledge only one other studyiéber et al., 1995 commissure show that this very likely is the way by which the
found tracing to the BA 25. This is very interesting considgr  NAcc receives its a erents from the contra lateral side of the
that this is another target for DBS treatment of TRD and OCDbrain. We cannot, however, rule out that some amount of trace
in humans, and because BA 25 is thought to play an importansubstance might have spread to the anterior commissure. The
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FIGURE 5 | BA 25. (A,B,D) show coronal Nissl- staining with scale bar 5 mm. BA 25 is marked with green in(B,D). (C) Shows uorescence microscopy of FG
traced neurons in BA 25, scale baiD 200 nm.

injections in pigs, number 1, 2, and 5 were, however, in vergare in agreement with that of Heimer our study calls for
di erent areas of the NAcc, why it seems most likely to befuture topographical projection studies in Gottingen minipig
signi cant. as DBS or cell replacement therapies could have dierent

Tracer spread into neighboring areas of the injection site cae ects depending on what area of NAcc that is targeted if
never entirely be ruled out despite the use of a very precighere same topographical pattern were to be found in the
MRI-guided stereotaxic injection method. The consistency ominipig as in primates. However, such studies would currently
the results in all ve pigs with injection sites found in vati®s only have post-mortem implications in neuro interventional
locations of the nucleus, as well as, the fact that the ndingstudies with DBS and cell replacement therapies in the sense
align with previous studies in non-human primates and rodentsthat current MRI scanners and stereotactic devices as seen
however, makes our ndings credible. in Figure 1 would not enable one to certify more precisely

Heimer et al. described how in primates various projectionsvhere for example DBS electrodes had been placed within the
to the NAcc are topographically organized and that variousNAcc due to its quite complicated complicated neurochemical
brain areas predominantly seem to project to certain part@natomy and the precision of stereotactic devices and MRI
of the NAcc Heimer et al., 1997 Even though our ndings resolutions.
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FIGURE 6 | Substantia nigra. (A,B) show FG traced neurons in substantia nigra in Géttingen mipig ACNM 13. Scale barsD 200 nm.

This study supports the role of the NAcc found in previousROLE OF AUTHORS
studies in dierent species and indicates how the Géttingen
m|n|p|g NAcc with numerous direct projections from limbic All authors had full access to all the data in the StUdy ancetak
areas most likely is involved in the processing of emotionalesponsibility for the integrity of the data and the accuratshe
reactions (amygdala), information of the state of arousatifine ~ data analysis.
brain stem and thalamus) and contextual information via itgu
from the hippocampus and the entorhinal cortex. Also the mediaAUTHOR CONTRIBUTIONS
prefrontal connections signify how the NA likely is involved
the processing of cognitive information and executive fios.  AM: Principal investigator and writer of the manuscript. Caaui
The strong connections from the substantia nigra, VTA and RRPUt most of the experiments and performed the data analysis
add veri cation to the role of NAcc in motivational behavior and interpretation. Contributed to the study concept and desi
whereas the projections from the raphe nuclei suggest a rol@O: Was essential in dividing the NAcc into a core and shell.
in mood regulation and behavior and a potential involvementUndertook critical revision of the manuscript for important
in the pathogenesis of severe depression. The study algdellectual content. JS: Study concept and design. Obtained
showed strong connections to NAcc from BA 25 and mightfunding. Critical revision of the manuscript for important
explain some of the therapeutic e ects of DBS against TRD imtellectual content. CB: Study concept and design. Unddetoo
NAcc. critical revision of the manuscript for important intellecu
This study limited its focus to the investigation of the content.
retrograde connections, segregation, and dichotomy of &NAc
Future studies of the anterograde connections and moreildeta ACKNOWLEDGMENTS
descriptions of the cytology of the Géttingen minipig are much
called for. We sincerely thank Trine W. Mikkelsen for her skillful labtoay
In conclusion the Gottingen minipig NAcc can be clearlywork and Dr. Anette B. Jensen for her assistance. The study was
divided into a core and shell and is a highly developed neuratarried out at the Department of Biomedicine, Aarhus Univefsi
structure with prominent retrograde connections from sealer and at the department of neurosurgery's Center for Experimenta
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