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ABSTRACT

Classification and delineation of the motor-relatelei in the human thalamus have been the
focus of numerous discussions for a long time.i@uffies in finding consensus have for the most
part been caused by paucity of direct experimatdtd on connections of individual nuclear
entities. Recently it was found that distributidrtiee isoform 65 of glutamic acid decarboxylase
(GADG5), the enzyme that synthesizes inhibitoryrogansmitter gamma-aminobutyric acid
(GABA), is a reliable marker that allows to outlioennectionally distinct nuclei in the human
motor thalamus, namely the territories innervatedilral, pallidal and cerebellar afferents. We
compared these immunocytochemical staining patessribed earlier (Kultas-llinsky et al.,
2011, J Comp Neurol, 519:2811-2837) with underlyegtparchitectonic patterns and used the
latter to outline the three afferent territoriesinontinuous series of sagittal Nissl-stained
sections of the human thalamus. The 3D volume stoacted from the outlines, was placed in
the intercommissural line based stereotactic coatdisystem and sectioned in three stereotactic
planes to produce color-coded nuclear maps. Thart@roposes a simplified nomenclature of
motor related regions and presents images of geléustological sections and stereotactic maps
illustrating their topographic relationships as s those with adjacent somatosensory afferent
region. The data may become useful in differentiegipons especially in stereotactic
neurosurgery applying various imaging approacheghdamic target identifications including

diffusion tractography imaging (DTI).

SIGNIFICANCE STATEMENT

To our knowledge this report is the first demortgiraof revised maps and nomenclature of

human motor thalamic nuclei in three compatibleesteactic planes derived from a single brain.



The maps presented here along with histologicafjesaf sagittal sections facilitate
understanding of topographical relationships ofantitalamic nuclei and adjacent structures and
illustrate the magnitude of expanse of the movemelated territory in the human thalamus. The
maps provide a unique tool for researchers studytmgan thalamus with experimental and
imaging techniques as well as clinicians emplotageotactic methods for treatment and study

of movement disorders.

INTRODUCTION

Longstanding controversy regarding nomenclaturedaficdieations of so-called motor thalamic
nuclei, i.e., the regions that receive basal garmhd cerebellar input, in the human brain remains
unresolved despite numerous attempts undertakemgdine last decades and substantial
progress achieved towards it recently (see Kuliasky et al., 2011 and review by Mai and

Forutan, 2012).

Notwithstanding its conjectural importance the esbecame a focus of attention of stereotactic
neurosurgeons in the middle of the last centurynadestain regions of the human motor
thalamus became targets of neurosurgical intervesiin treatment of movement disorders.
Traditionally clinical neurologists utilize nomeatlire by Hassler (Schaltenbrandt and Bailey,
1959; Schaltenbrandt and Wahren, 1977) where hummdar thalamus consists of a great
number of small cytoarchitectonic entities withdemtified functional significance and
connectional specificity, which, at that time, wexd as well understood as at present. At the
same time clinical observations demonstrated #sabhs in two Hassler’s subdivisions, Vim and
Vop, eliminated or significantly reduced parkinssomiremor. It was suggested that
cerebellothalamic fibers pass through and/or teateim these regions but involvement of

pallidothalamic territory was also suspected (Hasst al., 1979).



In contrast, experimental neuroscientists workiridp wonhuman primates preferred to use
thalamic nomenclature by Walker (1938) that wagéetbin stereotactic atlas of Macanalatta

by Olszewski (1952) where motor thalamus also adediof several, but substantially fewer than
Hassler’s, subdivisions of three nuclei, ventrdkanor (VA), ventral lateral (VL), and a part of

ventral posterior (VP) connected with premotor arichary motor cortices.

Since then a large body of data has been accurdwateortical and subcortical connections of
the thalamus in pathway tracing studies in nonhupranates and other species. These data as
well as studies of immunohistochemical staininggras led to numerous revisions of human and
nonhuman thalamic nomenclatures and parcellatitinsky et al., 1985Ilinsky and Kultas-
llinsky, 1987, 2002a,b; Hirai and Jones, 1989; Reman et al., 1996; Macchi and Jones, 1997;
Morel et al., 1997; Kultas-llinsky et al., 2003,1A0 Krack et al., 2002; Stepnievska et al., 1994;
Calzavara et al., 2005; Jones, 2007). Nonethedesabsence of a continuous series of
cytoarchitectonic plates that illustrate topograpielationships of revised subdivisions (with the
exception of the atlas of Macacaulattathalamus by Ilinsky and Kultas-llinsky, 2002b) has
impeded a wide acceptance of proposed modificatibrsespecially true with respect to the
human thalamus where delineations of the nuclel,pamnticularly those of the most controversial
motor-related subdivisions, have for the most partained unchanged. Technical limitations
involved in the work with human brain tissue and #ibsence of direct experimental data on

distribution of subcortical afferents seem to beriain reasons.

Recently it was demonstrated that distributiongratt of glutamic acid decarboxylase isoform 65
(GADG5) in monkey and human thalami were remarkabtyilar, if not identical (Kultas-llinsky

et al., 2011). Earlier numerous light and electmooroscopic studies in nonhuman primates (see
reviews by llinsky and Kultas-Ilinsky, 2001; Kultdghsky and Ilinsky, 2001) have demonstrated

that thalamic territories of distribution of nigrglallidal, and cerebellar afferents differ by type



and combination of GABA-ergic fiber and cellulamgponents present, and this is reflected in
GADG6S5 staining patterns specific for each territoiyhus the immunocytochemical staining for
GADG5 in the human thalamus provided an indired¢trbliable means for identification of the

extent of projection zones of nigral, pallidal, asedebellar afferents in this species.

In the present study we used the distribution pagtef GAD65 from Kultas-llinsky et al. (2011)
with underlying cytoarchitectonic features of tireas to outline the three subcortical afferent
territories of the human motor thalamus in contumieeries of Nissl-stained sagittal sections.
The outlines were used for 3D reconstruction ofttl@amus. This report demonstrates selected
images of computer processed sagittal sectiongcong motor thalamic nuclei and related

color-coded maps in three stereotactic planes.

MATERIAL and METHODS

Four postmortem human brain specimens (two malédvem females) perfused with 0.1M
phosphate buffer followed by 4% paraformaldehydéhensame buffer used in this study were
obtained from The University of lowa Departmenofatomy Deeded Body Program.
Treatment of the human tissue was in complete camge with the guidelines of the

Institutional Review Board and Human Subjects @ffid the University of lowa.

Histological Tissue ProcessingThalami with adjacent parts of midbrain and baselglia from
both hemispheres were dissected out and postfixédsh fixative, 4% paraformaldehyde in
0.1M phosphate buffer (the same fixative that wsedufor perfusion), for a period from one to
two years in a cold room. Prior to sectioning thatablocks were placed on a leveled horizontal
surface. A hypodermic needle with a rounded shiprattached to a syringe, which was fixed in

a stereotactic holder positioned strictly perpeuldicto the horizontal surface, was driven



through the anterior (AC) and posterior (PC) consmies as they appear in the midsagittal cut to
establish fiducial marks in the tissue blocks. 8algsections were cut on a freezing microtome
MM France(Microm Microtech France, Park du Chantier, 33 Redigsen 69340 Francheuville,
France) at 50um thickness in the plane paralldiéanidsagittal plane. All sections were
collected and placed in individual numbered commpartts to maintain the sequence. Entire
section series were mounted on slides, stainedthitinin and used for analysis of
cytoarchitecture. Sections from the tissue blodkwhe length of the AC-PC line, i.e.,
intercommissural line, of 23 mm (from one femalaiby were chosen for imaging and 3D
reconstruction. This length was comparable to dh#te brain used for demonstration of sagittal
sections in the Schaltenbrand and Bailey atlab(@6) thus facilitating comparisons of

coordinates of different structures in the two data.

The choice of the sagittal section plane was detetnby the following considerations: (i) it is
easier to maintain the consistency of cutting amgien sectioning in sagittal plane as compared
to coronal and horizontal. This, in turn, allowsmnaccurate comparisons of different brains; (ii)
according to neuroanatomical data the projectioregamf major subcortical afferent systems to
the thalamus are arranged in anterior-posterianesacg, hence their topographical relationships
are better appreciated in sagittal plane; (iiidiawarks of the coordinate system, i.e., positions of
AC and PC in the midsagittal plane, can be easédyked and their projections easily followed in
sagittal sections; (iv) total number of sagittattsms is significantly smaller than that of more

frequently used coronal sections.

Image analysis and 3D reconstructionAll fifty micron thick Nissl-stained sections frothe
chosen tissue block were photographed with a Santaticamera. Resulting digital images were
processed in Photoshop (Adobe Systems IncorporddédPark Avenue, San Jose, CA 95110)

correcting the brightness and contrast and remoyiregks of dust and debris. Nuclear outlines



were identified in an enlarged image of one sedtiom each group of five sections, and verified
under microscope comparing with GADG65 stainingqratt Then the outlines of the sections and
nuclei in them were re-traced (Figure 1A) in Addlhestrator (Adobe Systems Incorporated, 345
Park Avenue, San Jose, CA 95110) and aligned (&ijB) using fiducial marks. The set of
aligned outlines was then imported as an imageesegu(Rasband et al., 1997-2014) to Image J
(www.imagej.nih.gov ), stacked, and binarized bye thresholding. The outlines were then
closed using mathematical morphology operatioredatlilation to make the outlines thicker and

closed, and transferred to Image J where they fillr@ with varying colors (Figure 2).

These color-coded images were used for 3D recar&iru Processing was done with Amira
software (FEI Software, Oregon, USA). Stacks wessléd as a 3D volume in the physical space
calibrated in millimeters based on the 250um sadtickness and the pixel size derived from
the original length of intercommissural line mea&suirom the posterior end of AC to anterior
end of PC in one of medial sections, in which teedie tracks were perfectly parallel and the
outlines of the commissure markings clear. Eaalcsire was segmented by successive 3D
thresholding of each color, slightly smoothed, andverted to a 3D surface (Figure 1, C and D).
The volume composed of all surfaces was rotatecuaignunder Amira to align it within
Cartesian coordinate planes in AMira physical spaade visible by the creation of a reference
stacks containing axes created under Matlab (thiawtaks, Masachusetts, USA). Then

millimeter graduations were placed on the axes.

Volumes in cubic millimeters (Table 1) were exteatusing the material measurements of Amira
directly from the 3D segmented labels, and compatethe number of voxels in each volume of

interest multiplied by the volume of one voxel ubec millimeters .



To illustrate histology images of each group of five adjacent sectiongwegrged in Adobe
Photoshop resulting in 250 um thick digital secsiamwhich general outlines of major nuclei
became more evident. The latter were further empbadsising contrast and brightness
adjustments. Since the quality of the available &nitorain tissue was not perfect some defects
during cutting were unavoidable. Merging adjacattions helped overcome these defects and

rebuild a representative image for each 260(left column in Figures 3-7)

The coordinate systenutilized was based on the intercommissural plaaezero horizontal
plane, that passes through intercommissural limggpelicular to the midsagittal plane. A plane
perpendicular to the zero horizontal plane passingugh the midpoint of AC-PC line
established the zero coronal plane. Distancesroheb sections posterior to the zero coronal
plane and horizontal sections below the zero hata@@lane were marked with negative
numbers. Mediolateral distances were measured tihermidsagittal plane, i.e., midline and

marked accordingly.

Nomenclature and labelingused were in principle those of Walker (1938) veittme
modifications concerning motor nuclei proposed ytés-Ilinsky et al. (2011). In this system
ventral anterior nucleus (VA) defines the basalgjarafferent territory that consists of two
subdivisions — nigral afferent zone (VAn) and miliafferent zone (VAp). Cerebellar afferent
territory is designated as ventral lateral nucl@ls). Within it we marked its ventral region

(VLv) that corresponds roughly to the part of theeleus that was shown to display a high
intensity staining for immunocytochemical marker ISMand is characterized by very large size
neurons (Kultas-llinsky et al., 2011). It shouldrimed that individual subdivisions in some
adjacent to motor thalamus nuclei labeled in thesrieave not been distinguished because in
many instances the exact boundaries between theenneéobvious in our material like in case

of subdivisions of the mediodorsal nucleus (MD).rstaver, because of profuse interdigitation



between centrolateral nucleus (CL) and the derslaeepart of MD we indicated an approximate
level of transition from one to another by a sharpnge to a lighter density of the same color.
Also due to very irregular boundary between cengdian (CM) and parafascicular nuclei (Pf)
the two were assigned the same color. In the regficomatosensory afferent projections that
was designated collectively as VP (ventral posterialeus) the two subdivisions, medial (VPmM)
and lateral (VPI) were also assigned the same ealtine transition from one to another was not
quite clear, whereas the inferior subdivision (MB#)ng quite distinct, was labeled differently

(see color code in Figure 2).

RESULTS

Selected digital images of Nissl-stained sagitatisns and computer generated nuclear maps at
successivenediolateral levels shown in the Figure 3 illustrtite extent of the major territories

of distribution of nigral, pallidal and cerebelk#iferent projections in the human thalamus.

Regarding the types of nerve cells and their distron patterns in the homologous motor
thalamic nuclei there is no difference between huarad rhesus monkey (Kultas-llinsky et al.,
2011). In VL large to medium size neurons are spmdistributed and there are numerous

groups of very small cells between them. The latterGABAergic local circuit neurons

described in earlier studies. In contrast, in VApying size neurons, but none of them as large as
in VL, are found in groups separated with passimgugh fiber bundles. Very small cells like the
ones in VL are few. Thus cytoarchitecturally, ViLdahe pallidal part of VA that runs along VL

for a considerable distance are distinct. Thislmageen in histology images in the left column of
Figure 3. The same is true for the boundary betweemwo VA subdivisions although in the low
magnification histological images demonstrated hieiemay not be very obvious. Unlike VAp

cells, the neurons in VAN are large and darklyn&dibut in contrast to VL neurons, they are



found in groups. The common feature of VAp and M#&the rarity of very small cells. In the
dorsolateral part of VAN the large neurons are Emé#tan in its ventromedial part but all other
features are similar. Likewise large neurons efdbrsal VL are smaller than those in its ventral

part.

The common VAp/VAnN, and VAp /VL boundaries are veneven with deep protrusions of cell
groups of one nucleus into another. The type obnadtused and restrictions of image
processing techniques did not allow us to demotestiththese details in the maps. Therefore
only some of this unevenness is obvious in the esai the right column of Figures 3—-7 as

well as in coronal maps in Figure 8.

The volumes of the three nuclei are shown in TablEhe largest territory in the motor thalamus
is occupied by cerebellar fiber terminals, the aligffferent territory is the smallest. The volumes
of the three motor nuclei seem to be proportiondhe sizes of their afferent sources. The
volumes of substantia nigra and medial globus ghadliare shown for comparison in Table 1. It
should be noted that nigral afferents to the thakoriginate only from pars reticularis of
substantia nigra, thus the total volume from whtad nigrothalamic fibers originate is roughly
two thirds of that shown in the Table 1. We do Ima¢e an appropriate figure for the volume of
the deep cerebellar nuclei that are the sourcerebellar input to VL, but the massive size of the
brachium conjuctivum compared to the size of aaa#idularis and lenticular fasciculus, also
seen in several images of Figures 3 — 5, leava®nbt about the larger mass of

cerebellothalamic fibers compared to pallidothaami

Consistent with the volume size VL has the longestlio-lateral extent of 13.5mm. Its most
medial part is identifiable at 4.75 mm from the hmd (Figure 3) and it ends at about 18.25 mm

(Figure 7). VAp is first present at 3.75 mm butxtends only up to 16 mm from the midline. It



should be noted that at the most lateral levassnb longer in the form of a compact entity but as
scattered cell groups embedded in the VL. Onlyldahgest of those is visible at 15.5 mm map in
Figure 6. Groups of VAN neurons are identifiablghdly before 3 mm from the midline and no

longer seen at 6.75 mm. The bulk of the nuclesg#usted between 3.5 and 6.25 mm (Figure 3).

The ventral region of VL (VLv) separated from tlestrof the nucleus by a dashed line in the
maps of Figures 4 — 6 was delineated based onifighsity of staining for cytoskeletal marker
SMI31 in very large neurons (Kultas-llinsky et &011). This region takes up approximately
ventral one third of VL territory and extends rolygfiom 7 mm to 16.25 mm from the midline.
Interestingly, the very large neurons of the vdnfitaextend further to its medialmost levels but

these do not display the very high intensity of SMI

The entire motor thalamic region is situated abitveezero horizontal plane as seen in the right
column of Figures 3-7 and 8. Antero-posterior ektdrithe three nuclei varies. VAn is the
shortest in anteroposterior and mediolateral dino@issand is entirely situated anterior to the
zero coronal plane (Figure 8). In contrast, th& lmdilVL is situated posterior to the zero coronal
plane. Its anterior-posterior dimensions vary dejpgnon the dorso-ventral coordinate. At
medial levels VL is narrow ventrally, about 1mmwidth, whereas dorsally in the same sections
it's up to 4.0mm in width (see for example, Fig@rbottom row). Laterally, the longest antero-
posterior extent of the dorsal VL can be up to 18 (see for example 15 mm horizontal cut in
Figure 9). The longest anteroposterior extent o# 4.4 mm at the lateral levels starting at about
12.5 mm from the midline. VAp is situated both aittdy and posteriorly to the zero coronal
plane. At medial levels dorsal part of VAp extengisto 7 mm anterior while its ventral part

extends up to 3.5 mm posterior to the zero corplzaile at some lateral levels.



The topographic relationships of the VAp and Viwadl as their relationship to somatosensory
complex is strikingly embodied in the horizontedupe. One can see in Figure 9 that pallidal and
cerebellar territories, as well as adjacent soneaiesy afferent area (shown in green) appear as
consecutive bands offset relative to one anotheliotegerally and at about 45 degree angle to
coronal plane. In contrast, the major axis of tiggathalamic territory is vertical as for the most

part it is aligned along the mammillothalamic tréegures 3 and 8).

DISCUSSION

The main accomplishment of this study is a dematistr of the full extent of reliably identified
human motor-related thalamic nuclei in three st@ax@ planes derived from one brain. To our
knowledge this is the first demonstration of thisck Although this report shows only selected
images, the entire section series through theriaaat 250 m intervals with all nuclei present
as well as supporting materials will be availalila &ater date on a dedicated internet site linked
to the Society for Neuroscience database (NIF,niewurg). In the present publication we
discuss only major subcortical afferent zones efrttotor thalamus, namely nigral, pallidal and
cerebellar in the light of existing controversiesl aiscrepancies as evidenced by publications in

the fields of functional neurosurgery and braingmng studies.

It is known from experimental studies in animalattfibers from medial globus pallidus,
substantia nigra pars reticularis, and deep cdeebwriclei reach also some other thalamic nuclei
besides VAp, VAn and VL. For example, there is saongeal and cerebellar input to MD (llinsky
et al., 1995Mason et al., 2000) but these projections are gadod scanty, hence not easily
identifiable in the human thalamus. Cerebellar trgdsio reaches CL, but as pointed out above its

boundaries were indistinct in our material. Ondkiger hand, in all species studied pallidal input



to CM is substantial and distributed to the entimeleus. There is no compelling reason to
believe that the same is not true for human. Mogegwractically in all types of preparations the
boundaries of CM are distinct, and at lateral Ilswary smooth, hence no controversies have

been associated with identification of this nucleus

The nuclear outlines illustrated here encompasg major projection zones of nigral, pallidal
and cerebellar afferents to the human thalamusc@asrately as it is currently possible. However,
some inaccuracies may be present at the most dtesall boundary of VL where it borders
pulvinar because the transition from one nuclewantather was not very obvious in some

sections due to compromised tissue quality.

Parcellation of primate thalamus based on a laagety of immunocytochemical staining
patterns has been attempted in numerous studiesrr lopinion, this has worked more or less
successfully only for somatosensory afferent regidithough the functional significance of
predominance of one or another antigen in a spe@@jion remained obscure the staining
patterns could be reliably correlated with modeditof peripheral somatosensory inputs (Raussel
and Jones, 1991a,b; Raussel et al., 1992; Blomeivadt, 2000)With respect to motor thalamus
up until now the correlations of distribution patte of varying immunomarkers with subcortical
afferent zones have not been conclusive and haam @ntributed their share to existing
confusion in terminology and demarcations espgcialhuman (Jones 2007; Morel et al.1997).
GADSGS5 staining patterns in the human motor thaladescribed in detail by Kultas-1linsky et al.
(2011) represents a step forward since they redlieettly the specifics of GABAergic circuits in
the three subcortical afferent zones. Therefore G&\Btaining can be considered the most
reliable marker for demarcation of three functibydifferent areas of the motor thalamus in
human at this point of time. The nuclear maps prieskhere are derived from these specific

staining patterns and together with proposed siieglfunction-related nomenclature should



provide a foundation for future parcellations witlmdividual human motor nuclei using

additional criteria when such become available.

We consider the nomenclature proposed here logiwistraightforward hence easier applicable
as compared to frequently referenced terminologp@sed by Hirai and Jones (1989) and
utilized in the atlas by Morel et al. (1997). Irole the pallidal afferent territory ended up being
divided between two entities, VApc and VLa, desfit@ there is no substantial difference
between the two either in cytoarchitecture or inags immunocytochemical staining patterns
displayed. Hence their outlines vary significantlyanatomical publications while distinction
between the two subdivisions in imaging studiesliex®me even more ambiguous. Moreover, in
the above two publications the dorsolateral pathefnigral afferent territory has completely
vanished from the thalamus being apparently loshie or both pallidal subdivisions. These
deficiencies have recently been overcome by MaiFordtan (2012) who based on the results of
their thorough immunocytochemical analysis of hurttedamus divided the anteromedial part of
the motor thalamus in two subdivisions, VAl and VAwhich roughly correspond to our VAp
and VAN, i.e. to pallidal and nigral territoriespectively, whereas the territory they designated
as VL in general coincides with the VL as definedhis study, that is cerebellar afferent

territory.

One can see in Table 2 that each of the major nmotclei outlined here encompass several
Hassler’s nuclear entities (see also Table 3 inasdllinsky et al., 2011). The latter study
confirmed that the human motor-related nuclei assit has been shown in monkeys extend all
the way to the dorsal boundary of the thalamusaaadot confined only to its ventral part as it
has been thought for some time. This removes tlggrenof unknown functional role from the
dorsal thalamic subdivisions in Hassler’'s maps i(2o, Doe, Dim, Zim, Zc). One can assert

now that the dorsalmost regions of the three motctei as outlined here are involved in



processing of the motor-related information derifretn the basal ganglia and cerebellum just as
the subdivisions ventral to them. This, of coutk#es not exclude the possibility of fine
functional differences between dorsal and ventaaisgn some or in all three nuclei, which may

be due to differences in some of their corticalrawiions or nuances in modalities processed.

Extensive discussion in earlier neurosurgical ditere concerned identification of the most
effective thalamic target of stereotactic intervems for elimination of tremor (Ohye and
Narabayashi, 1979; Laitinen 1985; Hirai et al., 9;98enz et al. 1990)he debate focused on
whether the effective locus was in Hassler’s VinvVop, at that time presumed to be cerebellar
and pallidal projection zones, respectively, obath (see review by Hamani et al., 2006). On the
other hand, we found that GADG5 staining patterthaarea outlined as Vop in Hassler's maps
is identical to that in the area outlined as Vindicating that both are part of the cerebellar
afferent territory except for a narrow strip at #reerior end of Vop, which together with Voa
displays staining pattern characteristic for pallidfferent territory (Kultas-llinsky et al, 2011).
Therefore both Vim and the bulk of Vop of Hassler a part of VL under nomenclature applied
here (Table 2), thus confirming earlier suggestibias both subdivisions represent cerebellar
afferent zone (llinsky and Kultas-Ilinsky 2002a:akk et al. 2002). Moreover, Vim and Vop,

both form the ventral VL as marked in the mapssillated here. According to Lenz et al. (1995)
the most effective target for eliminating tremotdsated in the area between 14-15 mm laterally,
2 mm anterior to the ventral posterior nucleus (8fJ 3mm above AC-PC line. As seen in the
sagittal maps of Figure 3 this location is welMbv and does not impinge on VAp. Coordinates
of Vim listed in the probabilistic functional atlhy Nowinski et al. (2005) measured from the
anterior end of posterior commissure also fit njigelour VLv, although they differ from those

of Lenz in dorsoventral coordinate. Likewise, tlosigions of tremor cells illustrated in the

diagrams of Brodkey et al. (2004) fall well withi#Lv as outlined here. Moreover, in view of



very uneven boundary between the VL and VAp sonte@points in the diagrams that scatter
anterior to Vim may not be necessarily in the palliterritory. Thus, it seems to us that finally

Vim vs.Vop issue can now be considered solved.

As described in Results the topographic relatiggshof pallidal, cerebellar and adjacent
somatosensory territories in the thalamus when etkwn horizontal cuts represent three
consecutive anteroposterior bands, with their widiépending on the dorso-ventral coordinate,
and tilted at about 45 degrees relative to corarad midsagittal planes. Comparing this
topography with some published probabilistic mapsthe thalamus constructed with DTI
techniques based on cortical connectivity (seeek@amples Johansen-Berg et al, 2005; Mang et
al., 2012; Klein et al., 2010; Kinces et al., 201@ne can see that while the anteroposterior
sequence of the zones is similar their neuroanatnarientation, shapes, and relative sizes
differ in the two datasets. The most striking an@stantial difference is that the zones in those
probabilistic maps are oriented mediolaterallylatast 90 degree angle to the midsagittal plane
implying that they only partially overlap with sudrtical afferent territories and do not accurately
follow the distribution of terminals of corticottahic fibers as known from experimental studies
in nonhuman primates. The simplest explanatiohesdifference in the spatial resolution of the
neuroanatomical and diffusion tensor imaging teghes. DTI reveals mainly the fiber bundles
whereas anatomical pathway tracing and specific ummstaining patterns expose the terminal
zones. Besides, both cortical and subcortical filngrdles upon entering thalamus break up to
individual fibers that take sometimes very tortucosrse before reaching their final destinations
(see for example individual cerebellothalamic fédoer Mason et al., 2000; and corticothalamic
fibers in Kultas-llinsky et al., 2003). The exceptiare the prefrontal cortex fibers running in the
anterior limb of internal capsule that stay withire bundles for some distance in the thalamus

specifically when passing through VA, i.e., the daganglia afferent zonesn routeto MD.



These fibers appear to be responsible for the laige of prefrontal cortex territory in the
thalamus as demonstrated in most of published DAges that show it occupying the frontal one
third of the thalamus throughout its entire mederal extent but not extending to its posterior

aspect i.e. to MD nucleus.

In summary, we believe that the maps of the thatamclei in three stereotactic planes
demonstrated here as well as the full sets of ptites to be available soon will provide the
common ground on which the correlation betweernrd¢salts of probabilistic and deterministic

DT imaging studies on one hand and neuroanatoraig@rimental data on another can be built.
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FIGURE LEGENDS

Figure 1. lllustration of consecutive stages of image procesg. A — example of nuclear
outlines traced from 50 pum thick secti@-— Example of a group of aligned outlin€s— A
group of outlines with thickness add&l—medial view of 3D reconstructed volume of color-
coded structures. Positions of coordinate planesnaiicated with the two perpendiculars:
horizontal axis indicates position of the intercoissural plane, i.e., zero horizontal plane,

vertical axis shows the position of the zero frbptane.

Figure 2. Color Code and Nuclear Abbreviations

Figure 3. Examples of sagittal histological imageand color-coded mapsTo illustrate the
medio-lateral extent of the three motor nuclei #msl the following four figures (Figures 4 —7)
show selected images of the series of sagittal atemprocessed Nissl-stained sections (left
column) and corresponding sagittal cuts of recacgtd 3D volume with color-coded nuclei
(right column) at different distances from the rmdl The distances of each pair of images from

the midline are indicated between them. This pdlustrates sections from 3.25 to 6mm from



the midline. VAn — dark purple, VAp — dark blue daviL. — bright yellow. For labeling of all

other nuclei see color code in Figure 2.

Figure 4. Examples of sagittal histological imagesnd color-coded mapsContinuation of the
series shown in Figure 3 representing the levehffo25 to 9 mm from the midline. The black
dashed contour in VL indicates the approximateadysundary of VLv. Groups of cells in
adjacent motor nuclei reach significantly into eatier territories making the boundary between
them very uneven. Despite the low contrast thisleEanoticed in histological images in the left
column. These zigzag are smoothed in 3D volumealtechnical limitations. The rest of the

labeling as in Figure 3.

Figure 5. Examples of sagittal histological imageand color-coded mapsContinuation of the
series shown in Figures 3 and 4 representing fewel 10.75 to 13.5 mm from the midline.

Labeling as in Figures 3 and 4.

Figure 6. Examples of sagittal histological imagesnd color-coded mapsContinuation of the
series shown in Figures 3, 4 and 5 representirgetrel from 14. 5 to 16.75 mm from the

midline. Labeling as in Figures 3 — 5.

Figure 7. Examples of sagittal histological imagesnd color-coded mapsContinuation of the
series shown in Figures 3 — 6 showing the mostdhéxtension of VL at 18.25 mm from the

midline. Labeling as in Figures 3 — 6.

Figure 8. Examples of coronal maps derived from the reconstreted 3D volume The cut at
zero coronal plane (Omm) is shown in the secondjarieom the right in the second row. Cuts
posterior to the coronal plane are marked with tieg4-) numbers. Vertical axis indicates the

midsagittal plane, horizontal axis — the zero hamtal plane.



Figure 9. Examples of horizontal maps from the reconstructe@D volume.All levels shown
are above the zero horizontal plane as the motdendo not extend below it. The cut at the zero
level, i.e., at the CA-CP plane, is in the bottdnthe right column (0.0mm). Horizontal axis

shows the position of the midline. Vertical axidizates position of the zero coronal plane.
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Table 1.Volumes of Human Motor- Related Thalamic Nucled an

Sources of their afferent inputs.

Nuclei Volume in mm?®
VAN 68.38
VAp 457.15

VL 843.59

(VLd andVLv)

Substantia Nigra 344.65

Medial Globus Pallidus 495. 81

Deep Cerebellar Nuclei Not available




Table 2. Comparison of classifications of human motor-edahalamic nuclei of this study and

that of Hassler (1959).

Subcortical afferent Nuclear subdivisions of Corresponding nuclear
sources this study subdivisions of Hassler
Substantia nigra VAN Lpo.mc, and parts of Lpo and Do,

pars reticularis

Medial globus pallidus VAp Voa, marginally Vop, parts of Lpo,
Doi, Zo, Doe, and Voi

Deep cerebellar nucle VL (VLd and VLv) Vim, bulk of Vop, and parts of Voi,
Vom, Dim, Doi, Zim, Zo, and Zc

Key words: stereotactic maps, motor thalamic nuclei, VIM, 3aanstruction, human thalamic
nomenclature, DT imaging.



