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Summary

The caudal zona incerta is the target of a recent modification of established procedures for deep brain
stimulation (DBS) for Parkinson’s disease and tremor. The caudal zona incerta contains a number of neuronal
populations that are distinct in terms of their cytoarchitecture, connections, and pattern of immunomarkers
and is located at a position where a number of major tracts converge before turning toward their final
destination in the forebrain. However, it is not clear which of the anatomical features of the region are related
to its value as a target for DBS. This paper has tried to identify features that distinguish the caudal zona incerta
of rodents (mouse and rat) and primates (marmoset, rhesus monkey, and human) from the remainder of the
zona incerta. We studied cytoarchitecture, anatomical relationships, the pattern of immunomarkers, and gene
expression in both of these areas. We found that the caudal zona incerta has a number of histological and
gene expression characteristics that distinguish it from the other subdivisions of the zona incerta. Of particular
note are the sparse population of GABA neurons and the small but distinctive population of calbindin neurons.
We hope that a clearer appreciation of the anatomy of the region will in the end assist the interpretation of
cases in which DBS is used in human patients.
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Introduction

The caudal zona incerta can be an effective site for deep
brain stimulation (DBS) in cases of Parkinson’s disease (Plaha
et al. 2006; Blomstedt et al. 2012) and essential tremor
(Plaha et al. 2008, 2011; Blomstedt et al. 2009b; Fytagoridis
et al. 2012), although it should be noted that randomised
controlled trials comparing this target with others have not
been performed. DBS in this region of the brain for Parkin-
son’'s disease has previously focused on the subthalamic
nucleus, anterior to the caudal zona incerta (Deuschl et al.
2006; Weaver et al. 2009; Follett et al. 2010; Schuepbach
et al. 2013). In addition, DBS in the ventral posterior lateral
thalamic nucleus has been shown to be effective in cases of
essential tremor (Deuschl et al. 2011). The putative advanta-
ges of the caudal zona incerta as a target are improved clin-
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ical reliability, improvement in proximal tremor, and better
control of the cardinal symptoms of Parkinson’s disease,
with less potential for clinical depression as a side effect
(Plaha et al. 2006, 2008). This paper explores the anatomical
features of the caudal zona incerta to see if they might
provide an explanation for the effects of DBS in this area.

The zona incerta is a complex region of the brain. First of
all, it contains a number of neuronal populations that are
distinct in terms of their cytoarchitecture, connections, and
pattern of immunomarkers (Kawana & Watanabe, 1981;
Kolmac & Mitrofanis, 1999; Mitrofanis, 2005). Secondly, the
zona incerta is located at a position where a number of
major tracts converge before turning toward their final
destination in the forebrain. These tracts include the supe-
rior cerebellar peduncle (the h field of Forel), the basis
pedunculi, the nigrostriatal tract, the medial lemniscus, the
thalamic fasciculus (the h1 field), and the lenticular fascicu-
lus (the h2 field). In fact, the zona incerta was originally
defined according to the anatomy of some of these promi-
nent tracts, leading Burton & Jones (1976) to suggest that
the neuronal population of the zona incerta would be
better named ‘the nucleus of the zona incerta’ to distin-
guish it from the nearby fibre sheets.
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In developmental terms, the zona incerta is a part of pros-
omere 3 of the true diencephalon. By true diencephalon,
we refer to the modern concept of the diencephalon, which
excludes the hypothalamus. In developmental and gene
expression terms, the hypothalamus, diencephalon, and
midbrain form a rostrocaudal sequence (Puelles et al.
2012a,b, 2013). Furthermore, gene expression studies show
that the diencephalon is divided into three segments from
caudal to rostral — prosomere 1 (the pretectum), prosomere
2 (the thalamus), and prosomere 3 (the prethalamus)
(Puelles et al. 2012b). Prosomere 3 consists of the reticular
nucleus of the thalamus, the zona incerta, and the pregeni-
culate nucleus (formerly the ventral lateral geniculate).
Prosomere 3 is dominated by GABAergic neurons, whereas
prosomere 2 is filled mainly with glutamatergic neurons.
Note that GABAergic neurons are scattered through the pri-
mate thalamus, but in rodents they are restricted to a small
population in the dorsal lateral geniculate nucleus (Jones,
2007; Puelles et al. 2012b).

The rodent zona incerta receives afferents from a number
of different regions of the central nervous system (Mitrof-
anis, 2005) and it seems likely these same connections are
present in the primate brain. Within the neuronal popula-
tion of the central part of the zona incerta, there is a
distinct subdivision into dorsal and ventral sheets, and a
number of areas are characterised by the expression of
particular immunomarkers (Mitrofanis et al. 2004; Paxinos
et al. 2009a; Watson & Paxinos, 2010). Up until now the
pattern of markers in the caudal part of the zona incerta
has not received specific attention.

The zona incerta in rats has been more extensively stud-
ied than in other species. The rat zona incerta can be
divided into four major regions on the basis of cytoarchitec-
ture (Kawana & Watanabe, 1981; Kolmac & Mitrofanis,
1999; Mitrofanis, 2005). The rat brain atlas of Paxinos &
Watson (2007) identifies these four regions as a rostral part,
a ventral sheet (ZIV), a dorsal sheet (ZID), and a caudal part.
At the medial border of the ZIV and ZID is a small group of
dopaminergic cells (A13), which belongs to prosomere 3.
We believe that the A13 group should not be included in

Table 1 Immunohistochemical marker distribution in rat zona incerta.

the zona incerta because the A13 group has a distinctive
dopaminergic population, which is absent from the zona
incerta. It should be noted that the boundaries between
the different areas of the rat zona incerta in many places
are not distinct in Nissl-stained sections.

The zona incerta in rodents appears to be relatively much
larger than that seen in primates. In the mouse, the zona
incerta occupies a space about as large as the substantia
nigra (Paxinos & Franklin, 2013), whereas in primate brains
its size is much less striking (Mai et al. 2008; Paxinos et al.
20093, 2012).

This paper aims to compare the caudal zona incerta of
rodents (mouse and rat) with that found in primates
(marmoset, rhesus monkey, and human) in terms of pub-
lished data on cytoarchitecture, anatomical relationships,
the pattern of immunomarkers, and gene expression. We
hope that a clearer appreciation of the anatomy of the
region will in the end assist in understanding the role
DBS may play in human patients with parkinsonism and
tremor.

Methods

Our sources of data were the serial sections presented in major
histological atlases of the mouse, rat, pygmy marmoset, rhesus, and
human brains (Paxinos & Watson, 2007; Mai et al. 2008; Paxinos
et al. 2009a,b, 2012, 2013; Paxinos & Franklin, 2013). In the case of
the rat, mouse, and the pygmy marmoset, an extensive series of sec-
tions stained with histochemical markers and immunomarkers was
also available (Paxinos et al. 2009b, 2012; Watson & Paxinos, 2010).

Mouse brain

We studied Nissl and acetylcholinesterase patterns in images of
coronal, sagittal, and horizontal sections from the atlas of Paxinos
& Franklin (2013) (three brains). We studied images of immunohis-
tochemistry coronal and sagittal sections showing the presence of
calbindin, parvalbumin, and SMI-32 (neurofilament H non-phos-
phorylated protein) in the chemoarchitectonic atlas of Watson &
Paxinos (2010) (two brains). We recorded staining intensity in the
different parts of the zona incerta, on a four-point scale (weak,
light, medium, and strong — shown in Table 1 as + to ++++). Where

Marker ZID ZIV Caudal ZI

Calbindin Negative Negative Positive cells ++

Calretinin Positive cells ++ Negative Positive cells +

NADPH-d Positive cells +++ Negative Positive cells +

Parvalbumin Medial part positive +++ Positive cells and neuropil ++++ Negative or weak neuropil +
SMI-32 Positive cells and fibres ++ Positive cells and fibres ++ Negative

Tyrosine hydroxylase Negative Negative Negative

Acetylcholinesterase Light neuropil staining ++

Light neuropil staining ++

Medium intensity patch — caudal pole +++

The intensity of immunohistochemical staining was categorised as weak (+), light (++), medium (+++) or strong (++++). Where it was
obvious, we recorded whether the staining was present in neuronal cell bodies, fibres, or the neuropil.
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it was obvious, we recorded whether the staining was present in
neuronal cell bodies, fibres, or the neuropil.

Rat brain

We studied Nissl and acetylcholinesterase patterns in images of
coronal, sagittal, and horizontal sections from the atlas of Paxinos
& Watson (2007) (three brains). We studied images of immunohisto-
chemical stains in a continuous series of coronal sections from a
single brain showing the presence of calbindin, calretinin, parvalbu-
min, tyrosine hydroxylase, NADPH diaphorase, and SMI-32 in the
chemoarchitectonic atlas of Paxinos et al. (2009b). We recorded
staining intensity in the different parts of the zona incerta, on a
four-point scale (weak, light, medium, and strong — shown in
Table 1 as + to +++). Where it was obvious, we recorded whether
the staining was present in neuronal cell bodies, fibres, or the
neuropil.

Marmoset brain

We studied Nissl, acetylcholinesterase, calbindin, and SMI-32 pat-
terns in images of coronal sections from the brain of a single com-
mon marmoset (Callithrix jacchus) in the atlas of Paxinos et al.
(2012). We also studied the pattern of immunohistochemical stains
in coronal sections showing the presence of calretinin, parvalbumin,
tyrosine hydroxylase, and NADPH diaphorase, in images of sections
of two brains shown on the website of Professor Hironobu Tokuno
of the Tokyo Metropolitan Institute of Medical Science (http://
www.marmoset-brain.org). We recorded staining intensity in the
different parts of the zona incerta on a four-point scale (weak,
light, medium, and strong). Where it was obvious, we recorded
whether the staining was present in neuronal cell bodies, fibres, or
the neuropil.

Rhesus monkey brain

We studied Nissl and acetylcholinesterase patterns in images of
coronal sections from the brain of a single rhesus monkey (Macaca
mulatta) shown in the atlas of Paxinos et al. (2009a). We recorded
staining intensity in the different parts of the zona incerta on a
four-point scale (weak, light, medium, and strong). Where it was
obvious, we recorded whether the staining was present in neuronal
cell bodies, fibres, or the neuropil.

Human brain

We studied images of Nissl and myelin stained coronal sections
from a single brain in the atlas of Mai et al. (2008). We also studied
acetlycholinesterase patterns in the most rostral sections of a single
brain in the human brain atlas of Paxinos et al. (2013).

Gene expression in the mouse zona incerta

To establish patterns of gene expression in different parts of the
zona incerta and neighbouring structures, we searched the mouse
gene expression data on the website Allen Institute for Brain Sci-
ence [Website: ©2012 Allen Institute for Brain Science. Allen Mouse
Brain Atlas (Internet). Available from: http:/mouse.brain-map.org/].
To identify patterns of gene expression, we used the acea tool (Ng
et al. 2009). The acea tool allows a specific small region of the brain
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(such as the caudal zona incerta) to be selected in a three-dimen-
sional display. Once an area is selected with the acea tool, a list
appears showing the patterns of expression of genes that are more
or less specific to the area selected. In most cases, over 100 candi-
dates are offered, among which five to 10 are directly relevant to
the area of interest. The selection of genes is based on a search of
expression of over 20 000 genes that are represented in the mouse
brain atlas on the Allen Institute website. We recorded the intensity
of gene expression on a four-point scale, as shown in Table 2.

Results

The anatomical relationships of the zona incerta in
rodents and primates

The central and caudal regions of the zona incerta in
the mouse

The zona incerta in the mouse extends from the rostral pole
of the thalamus, level with the rostrocaudal centre of the
hypothalamic paraventricular nucleus (interaural 2.98 mm)
to the rostral pole of the red nucleus (interaural 0.64 mm)
(for explanation of the coordinates please refer to the atlas
of Paxinos & Franklin, 2013). The central portion of the
zona incerta (interaural 1.86 mm) lies between the subtha-
lamic nucleus and the nigrostriatal tract (ventrolaterally),
and the ventroposterior and ventromedial thalamic nuclei
(dorsally) (Fig. 1A). At this level the superior cerebellar
peduncle is enclosed by the ventromedial thalamic nucleus.
The caudal zona incerta (interaural 0.88 mm) is sandwiched

Table 2 Gene expression of 15 different genes in different parts of
the mouse zona incerta and adjacent subthalamic nucleus and
substantia nigra.

Gene Caudal ZI  zZIV ZID STh SNR SNC
GADG67 (GAD1) + -+ -+ -ve  +H++ -ve
Slc32a1 (GABA + ++++ A+ -ve +HH -ve

transporter)
SEBOX homeobox
(Og9x, 0GY) -ve ++ -ve -ve -ve -ve
Pax6 + +++ ++ -ve  -ve -ve
C13008E23Rik -ve +++ + +++  -ve
Rreb1 -ve ++ -ve -ve + +
Noslap -ve +++ -ve -ve  -ve  +++
Press12 -ve ++ -ve -ve  -ve -ve
St8siab -ve ++ -ve -ve -ve  -ve
Ubash3b
(2810457106Rik) -ve -+

+ ++ -ve -ve

Gfral -ve +++  -ve -ve -ve @+
Hap1 -ve +++ +++ -ve  -ve -ve
Coch -ve +++ -ve -ve  -ve -ve
Pou6f2 -ve ++ -ve -ve -ve -ve
Cdh23 + e+ -ve -ve -ve  ++

The intensity of immunohistochemical staining was categorised
as either weak (+), light (++), medium (+++) or strong (++++).
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Fig. 1 Mouse zona incerta. (A) Nissl-stained coronal section through the central part of the zona incerta in a mouse matched with a labelled
diagram of the same section. The section is 1.86 mm rostral to the interaural plane. The dorsal lamina of the zona incerta (ZID) is coloured yellow,
and the ventral lamina of the zona incerta (ZIV) is coloured green. (B) Nissl-stained coronal section through the caudal part of the zona incerta in a
mouse matched with a labelled diagram of the same section. The section is 0.88 mm rostral to the interaural plane. The caudal zona incerta is
coloured red. The image and diagram are taken from the atlas of Paxinos & Franklin (2013).

between the basis pedunculi and the substantia nigra ven-
trolaterally, and parts of the posterior thalamic group and
medial lemniscus dorsally (Fig. 1B). At this level, the dorsal
part of the caudal zona incerta is only 0.1 mm away from
the dorsalmost fibres of the basis pedunculi.

The central and caudal regions of the zona incerta in
the rat

The zona incerta in the rat extends from the rostral pole of
the thalamus, level with the rostrocaudal centre of the
hypothalamic paraventricular nucleus (interaural 2.98 mm)
to the rostral pole of the red nucleus (interaural 3.80 mm)
(coordinates refer to the atlas of Paxinos & Watson, 2007).
The central portion of the zona incerta (interaural
5.52 mm) lies between the basis pedunculi, subthalamic
nucleus, and the nigrostriatal tract (ventrolaterally). The
ventroposterior and ventromedial thalamic nuclei and the
superior cerebellar peduncle are dorsal to the central zona
incerta (Fig. 2A). At this level the superior cerebellar pedun-
cle lies at the lateral edge of the ventromedial thalamic
nucleus. The caudal zona incerta (interaural 4.20 mm) is

sandwiched between the basis pedunculi and the substan-
tia nigra (SNL) ventrolaterally, and parts of the posterior
thalamic group, the subparafascicular parvicellular thalamic
nucleus, and the medial lemniscus dorsally (Fig. 2B). The
dorsolateral edge of the caudal zona incerta is continuous
with the pregeniculate nucleus, which is a companion part
of prosomere 3. The most caudal part of the zona incerta is
strongly stained in an AChE section at interaural 3.96 mm,
but this patch of staining is very localised and is not seen in
interaural 4.20 mm.

The central and caudal regions of the zona incerta in
the marmoset

The zona incerta in the marmoset extends from the rostral
pole of the thalamus, level with the rostrocaudal centre of
the hypothalamic paraventricular nucleus (interaural
8.05 mm), to the caudal pole of the subgeniculate nucleus
(interaural 5.00 mm) (coordinates refer to the image series
on the website http:/mwww.marmoset-brain.org and the
atlas of Paxinos et al. 2012). The central portion of the zona
incerta (interaural 6.50 mm) lies between the subthalamic
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Fig. 2 Rat zona incerta. (A) Nissl-stained coronal section through the central part of the zona incerta in a rat matched with a labelled diagram of
the same section. The section is 5.52 mm rostral to the interaural plane. The dorsal lamina of the zona incerta (ZID) is coloured yellow, and the
ventral lamina of the zona incerta (ZIV) is coloured green. (B) Acetylcholinesterase-stained coronal section through the caudal part of the zona in-
certa in a rat matched with a labelled diagram of the same section. The section is 4.20 mm rostral to the interaural plane. The caudal zona incerta
is coloured red. The image and diagram are taken from the atlas of Paxinos & Watson (2007).

nucleus (ventrolaterally) and the ventral anterior thalamic
nucleus (dorsally). At this level the superior cerebellar
peduncle lies at the medial edge of the zona incerta, and
the nigrostriatal tract is ventromedial to the zona incerta. In
this central region, the ventral nucleus of the zona incerta
contains prominent calbindin-positive cells (interaural
6.30 mm) but there are few of these cells in the dorsal part.
On the other hand, the dorsal part is more intensely stained
with antibodies to SMI-32 than the ventral tier (interaural
6.05 mm). The caudal zona incerta (interaural 5.15 mm) is
sandwiched between the substantia nigra ventrolaterally
and the ventroposterior thalamic nucleus and the medial
lemniscus dorsally. The caudal part of the caudal zona
incerta is strongly AChE-positive, and is separated from the
substantia nigra by the AChE-negative peripeduncular area
(interaural 5.15 mm).

The central and caudal regions of the zona incerta in
the rhesus monkey

The zona incerta in the rhesus monkey extends from the
rostral pole of the thalamus, just caudal to the hypotha-
lamic paraventricular nucleus (interaural 13.35 mm), to the

© 2013 Anatomical Society

rostral pole of the subgeniculate nucleus (interaural
7.05 mm) (coordinates refer to the atlas of Paxinos et al.
2009a). The central portion of the zona incerta (interaural
10.20 mm) lies between the subthalamic nucleus (ventrolat-
erally) and the ventral lateral thalamic nucleus (dorsally)
(Fig. 3A). At this level, the superior cerebellar peduncle lies
at the medial edge of the zona incerta. The caudal zona
incerta (interaural 7.95 mm) is sandwiched between the sub-
stantia nigra and the basis peduncli ventrolaterally and the
ventroposterior thalamic nucleus and the medial lemniscus
dorsally (Fig. 3B). As in the marmoset, the caudal part of
the caudal zona incerta is strongly AChE-positive (7.95 mm).

The central and caudal regions of the zona incerta in
the human

The zona incerta in the human extends from the rostral
pole of the thalamus, level with the caudal pole of the
hypothalamic paraventricular nucleus (interaural 5.4 mm),
to the rostral pole of the medial geniculate nucleus (inter-
aural 26.5 mm) (Mai et al. 2008; Paxinos et al. 2013) (coor-
dinates refer to the atlas of Mai et al. 2008). The central
portion of the zona incerta (interaural 16.0 mm) (which
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Fig. 3 Rhesus monkey and human zona incerta. (A) Nissl-stained coronal section through the central part of the zona incerta in a rhesus monkey.
The section is 10.20 mm rostral to the interaural plane. The central part of the zona incerta (Zl) is outlined. (B) Acetylcholinesterase-stained coronal
section through the caudal part of the zona incerta in a rhesus monkey. The section is 7.95 mm rostral to the interaural plane. The images in (A)
and (B) are taken from the atlas of Paxinos et al. (2009b). (C) Myelin-stained coronal section through the central part of the zona incerta in a
human. The section is 16.0 mm rostral to the interaural plane. (D) Myelin-stained coronal section through the caudal part of the zona incerta in a
human. The section is 26.5 mm rostral to the interaural plane. The caudal zona incerta (ZIC) is outlined. The images in (C) and (D) are taken from

the atlas of Mai et al. (2008).

neurosurgeons term the dorsal zona incerta (Plaha et al.
2006), lies between the subthalamic nucleus (ventrolaterally)
and the ventrolateral and ventromedial thalamic nuclei
(dorsally) (Fig. 3C). At this level the superior cerebellar
peduncle lies at the medial edge of the zona incerta. The
caudal zona incerta (interaural 23.9 mm) is sandwiched
between the basis pedunculi and the substantia nigra (SNL)
ventrolaterally, the h1 fibre tract and ventroposterior
thalamic nucleus dorsally, the subthalamic nucleus anteri-
orly, and the lateral and medial lemnisci posteriorly
(Fig. 3D). The caudal zona incerta region targeted by neuro-
surgeons ranges from interaural 19.9 mm and 23.9 mm
with a recent trend to the more anterior part of this range
(S. Gill, personal communication 2007). The most caudal part
of the caudal zona incerta (26.5 mm), which is not targeted
by neurosurgeons, is separated from the substantia nigra by
the peripeducular area.

The chemoarchitecture of the caudal zona incerta in
the rat

Our data on the details of marker expression in the caudal
zona incerta are drawn from the chemoarchitectonic atlas
of a single rat brain (Paxinos et al. 2009b). The section
series studied contained serial rotations of the following
sequence of markers — calbindin, calretinin, parvalbumin,
NADPH diaphorase, SMI-32, tyrosine hydroxylase, acetlycho-
linesterase, and Nissl. The acetylcholinesterase sections from
this series are not shown in this atlas, but this disadvantage
can be overcome partly by referring to the one in four
acetylcholinesterase series in the rat brain atlas of Paxinos &
Watson (2007).

An examination of the marker-stained sections in the rat
shows a clear difference between the caudal zona incerta
and the more rostral regions, where the zona incerta is

© 2013 Anatomical Society



divided into dorsal and ventral layers (ZID and ZIV) (Fig. 4).
The caudal zona incerta contains a prominent population
of calbindin-positive cells (Plate #237; Fig. 4D in this paper),
but such cells are rare in ZIV and ZID (Plates #195, 202, 223;
Fig. 4C in this paper), in sharp contrast to the major calbin-
din population in the nearby VM. All parts of the caudal
zona incerta are sprinkled with callretinin-positive (#238)
and NADPH diaphorase-positive cells (#235), whereas such
cells are restricted to the dorsal tier of the central ZI (#214,
217). The caudal zona incerta shows negligible parvalbumin
staining (#236) compared with the darkly stained ZIV (#222,
229; Fig. 4B), which is filled with parvalbumin-stained cells
and neuropil (as is the adjacent reticular nucleus of the thal-
amus). The medial part of the ZID is also marked by parval-
bumin-stained cells and neuropil, but the lateral part is not
stained (#222). ZID and ZIV are both prominently stained
with SMI-32, both cells and fibres (#219), but the caudal
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zona incerta is largely negative (#233). The ZID in the cen-
tral region of the zona incerta contains a prominent group
of neurons positive for NADPH diaphorase (Fig. 4A). The
ZID, ZIV, and caudal zona incerta are all negative for tyro-
sine hydroxylase (#213, 234), except where ZID and ZIV are
traversed by TH fibres that appear to arise in the adjacent
nigrostriatal tract (#206). The dopamine A13 group (DA13),
which borders the medial edge of ZIV, is of course strongly
positive for TH but, as noted above, we do not classify this
group as part of the zona incerta.

We do not have access to a similar comprehensive series
of markers for the mouse, but examination of the mouse
chemoarchitectonic atlas of Watson & Paxinos (2010) shows
that the pattern of distribution of calbindin (#177, 182, 187)
and parvalbumin (#181, 186) is essentially the same as in the
rat. In acetylcholinesterase sections in the mouse brain altas
of Paxinos & Franklin (2013), a small patch of positivity at

o= - SPFPC

Fig. 4 Four images taken from a chemoarchitectonic atlas of the rat brain (Paxinos et al. 2009b). These four images show the distribution of selected
markers in the central and caudal parts of the zona incerta. (A) An image taken from Figure 221 of the atlas showing the distribution of NADPH diapho-
rase in the central zona incerta. Note the population of the dorsal part (ZID). (B) Image taken from Figure 222 of the atlas showing the distribution of
parvalbumin in the central zona incerta. Note the heavy labelling in the ventral tier (ZIV), and in the medial part of the dorsal tier (ZID). (C) Image taken
from Figure 223 of the atlas showing the absence of calbindin in the dorsal and ventral tiers of the zona incerta at this level. (D) Image taken from Figure
237 of the atlas showing the distribution of calbindin in the caudal zona incerta. Note the distinctive population of calbindin-labelled cells in this area.

© 2013 Anatomical Society



102 The anatomy of the caudal zona incerta, C. Watson et al.

the caudal pole can be distinguished, although it is not as
prominent as in the rat.

In summary, the caudal zona incerta in rodents displays a
characteristic pattern of histochemical and immunohisto-
chemical markers, and this pattern distinguishes it from the
central parts of the zona incerta (Table 1). These features
are:

1 a sparse but distinct population of calbindin-positive
cells

2 negative staining in SMI-32 and parvalbumin prepara-
tions

3 the presence of a small patch of medium intensity
AChE neuropil staining.

Chemoarchitecture of the caudal zona incerta in the
marmoset

In the marmoset atlas of Paxinos et al. (2012) the caudal
zona incerta shows a prominent patch of AChE neuropil
staining (#99a) and contains a sparse population of calbin-
din-positive cells (#98a), which are absent from more rostral
sections (#90a). This pattern is broadly consistent with that
observed in the mouse and rat.

Selective gene expression in the caudal zona incerta
in the mouse

Gene expression in the caudal zona incerta in the mouse
was studied with reference to the mouse brain gene expres-
sion data on the website of the Allen Brain Institute. Using
the acea tool, we searched for genes that were expressed in
the zona incerta and not in neighbouring structures such as
the thalamus and subthalamic nucleus. Our search was by
no means exhaustive but we did examine sections showing
the expression of over 200 genes. Table 2 summarises the
expression of 15 different genes in different parts of the
zona incerta and adjacent subthalamic nucleus and substan-
tia nigra. Overall, we found many genes to be strongly
expressed in ZIV, whereas only a few were expressed in ZID.
The most significant result seen in relation to caudal zona
incerta was that this area shows only sparse expression of
GABA genes (GAD67 and SIc32aT1) (Fig. 5) and light expres-
sion of Pax6. Considering that the GABA genes are intensely
expressed in all of the other major components of proso-
mere 3 (ZID, ZIV, reticular nucleus of thalamus, pregenicu-
late nucleus), the relative lack of GABA neurons in caudal ZI
may be significant.

Discussion

General characteristics of the zona incerta

The zona incerta contains a wide variety of neurotransmit-
ters. Apart from the adjacent dopaminergic neurons in
A13, the zona incerta contains neurons with GABA,

Fig. 5 Expression of the GABA gene in mouse brain. A sagittal sec-
tion of the brain of a C57BL mouse showing the expression of the
GABA gene GADG67. The sagittal section is approximately 1.5 mm
from the midline. The GABA gene is heavily expressed in the reticular
nucleus of the prethalamus (Rt) and the dorsal and ventral laminae of
the zona incerta (ZID and ZIV). There is only light expression in the
caudal zona incerta. Note that GABA gene expression is virtually
absent in the thalamus but that there is moderate expression in

the pretectal area. The image is courtesy of the Allen Brain Institute
[Website: ©2012 Allen Institute for Brain Science. Allen Mouse Brain
Atlas (Internet). Available from: http://mouse.brain-map.org/].

somatostatin, angiotensin ll, and melanocyte-stimulating
hormone (Mitrofanis et al. 2004), glutamate (Heise &
Mitrofanis, 2004), and melanocyte-concentrating hormone
(Bittencourt et al. 1992). Among these transmitters, GABA
is by far the best represented. All of the components of
prosomere 3 (reticular nucleus, pregeniculate nucleus, sub-
geniculate nucleus, and zona incerta) are packed with cells
that express the GABA gene GAD67 (GAD1) and the GABA
solute carrier gene S/c32al.

The zona incerta is closely associated with major tracts
involved in motor control (such as the lenticular fasciculus,
the superior cerebellar peduncle) and is also located very
close to a number of nuclear areas known to play an impor-
tant role in the control of automatic or stereotyped move-
ment. The central part of the zona incerta lies dorsal to the
subthalamic nucleus, and its caudal region is close to the
rostral substantia nigra. Neurosurgeons consider the caudal
zona incerta to comprise all parts of the nucleus posterior
to the subthalamic nucleus. And they consider the dorsal
zona incerta to comprise all the nucleus located between
the subthalamic nucleus and the thalamus. In primates, the
caudal tip of the zona incerta lies close to the lateral margin
of the red nucleus. Dorsomedial to the zona incerta is the
ventral medial nucleus of the thalamus; the ventral lateral
nucleus of the thalamus lies dorsolaterally. The latter
nucleus is relevant for neurosurgeons using trajectories
which attempt to avoid the lateral ventricles, The zona
incerta therefore lies at the crossroads of centres that are
important in motor control. These centres belong to the
hypothalamus (the subthalamic nucleus), the diencephalon
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(the ventromedial nucleus of the thalamus), and the mid-
brain (substantia nigra). The zona incerta also lies at the
centre of other brain structures at which DBS is known to
modify tremor, akinesia, bradykinesia, and rigidity in move-
ment disorders to various extents; these include the prelem-
niscal radiation medially (Murata et al. 2003; Carrillo-Ruiz
et al. 2007), the subthalamic nucleus anteriorly, and the
ventral intermediate part of the ventral posterior lateral
thalamic nucleus.

In some publications dealing with human DBS, the term
‘posterior subthalamic area’ (PSA) has been used to describe
an area that contains the zona incerta. The term is used to
acknowledge the potential current spread into adjacent
structures that may partially or totally explain therapeutic
effects (see Blomstedt et al. 2009a). Defined in this way, the
PSA is characterised as an area lying inferior to the thala-
mus, lateral to the red nucleus, and posteromedial to the
subthalamic nucleus (Blomstedt et al. 2009b). This, in fact,
corresponds with Steven Gill's description of the human
caudal zona incerta, but PSA is a more inclusive and ana-
tomically accurate term for this purpose. The published PSA
DBS target of Gill (Plaha et al. 2006) is superiorly located in
the caudal zona incerta. Since 2007, however, that group
has shifted their electrode about 1 to 2 mm more anteri-
orly, closer to the junction of the posteromedial superior
border of the subthalamic nucleus and the caudal zona in-
certa because of late side effects from stimulating at the ori-
ginal target (S. Gill pers. commun., 2007-2013; Fig. 6).
Detailed target analysis in the PSA is made possible by using
the MRI-directed guide tube technique that enables accu-
rate intraoperative imaging of eventual electrode location
(Patel et al. 2007; Thani et al. 2011, 2012). Other variations
of PSA targeting are difficult to verify anatomically with
precision because of technical disadvantages in standard
computed tomographic and magnetic resonance imaging
of actual brain electrodes as compared with guide tube
stylettes (Thani et al. 2011).

Although the term PSA ignores clearly defined features of
the prosomeric organisation of the forebrain (Puelles et al.
2013), its clinical utility is the recognition that DBS is limited
to non-specific volumetric modulation of the brain that
must include all structures that lie within any several milli-
metre radius of an electrode despite the lower excitability
threshold of myelinated axons (Butson & Mcintyre, 2005;
Maks et al. 2009). Our clinical endorsement of the term PSA
should not be taken to imply that there is some kind of
organisational continuity between the zona incerta and the
subthalamic nucleus, when in fact the two are developmen-
tally distinct, being derived from prosomere 3 and the hypo-
thalamus, respectively. In particular, it should be noted that
the subthalamic nucleus was formerly considered to be a
separate part of the human diencephalon, at the same level
of status as the hypothalamus and the thalamus, but devel-
opmental gene expression shows this to be incorrect (Puelles
et al. 2012a). Now that the hypothalamus is recognised as
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Fig. 6 Scale diagram of an example of a modern clinical posterior
subthalamic area deep brain stimulation (DBS) target 3.5 mm ventral
to the modified axial commissural plane of Schaltenbrand & Wahren
(1977). This plane is favoured by neurosurgeons for DBS planning. The
target shown (a red circle and cross) represents an attempt to
optimise neuromodulation of the caudal zona incerta (ZIC) and
posterodorsal subthalamic nucleus (STh). In this position, the effects of
proximity to the internal capsule (ic), medial lemniscus (ML) and the
ventromedial subthalamic nucleus are minimised. The result is a
reduction in clinical side effects such as skeletal muscle contraction,
dysaesthesiae, and limbic effects, respectively. The combination of
surgical targeting error and the relatively symmetrical current spread
from the electrode is a source of side effects. Moreover, these factors
create uncertainty as to which brain structures underlie positive clinical
effects in parkinsonism and tremor. This composite diagram has been
adapted from drawings of human brain horizontal sections as shown
in diagram LXVIIl (—3.5) of Schaltenbrand & Wahren (1977) and
horizontal sections V2.7 and V3.6 of Morel (2007). In this diagram,
the midline is to the left, and rostral is at the top. Other structures
shown in this diagram are the central part of the zona incerta (Z1), red
nucleus (R), medial geniculate (MG), cerebral peduncle, dorsal lateral
geniculate nucleus (DLG), superior cerebellar peduncle (scp), lenticular
fasciculus (h2), mammilothalamic tract (mt), globus pallidus (GP), and
periaqueductal grey (PAG).

rostral to and distinct from the true diencephalon, it is clear
that the subthalamic nucleus is part of the hypothalamus,
and not part of the diencephalon (Puelles et al. 2012b).
Thus although PSA is a more accurate term to describe the
DBS intervention centred on the caudal zona incerta, or
even its border with the subthalamic nucleus, precise specifi-
cation of the caudal zona incerta is important for mechanis-
tic advances which may in the future be exploited by new
technologies such as the use of stereotactically targeted
neurotransmitter-specific infusions (Lam et al. 2011).

Characteristics of the caudal zona incerta

We found that the caudal zona incerta has a number of his-
tological properties that distinguish it from the main body
of the zona incerta; it has immunohistochemical and gene
expression patterns that distinguish it from the main dorsal
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and ventral subdivisions of the main body of the zona
incerta. Although this may be consistent with the preferen-
tial selection of this small area of the zona incerta for DBS, it
unfortunately does not tell us why the caudal zona incerta
is so responsive to DBS. It is possible that the responsiveness
of the caudal zona incerta to DBS is due to stimulation of
neuronal populations in the caudal zona incerta or close
to the caudal zona incerta, but it is also possible that the
effect depends on stimulation of major fibre bundles that
traverse this area (Fig. 6). The two large fibre bundles
within a 2-3 mm radius of neuromodulation are the h1
field (thalamic fasciculus, which is continuous with the
medial lemniscus) and the h2 field (lenticular fasciculus).
This volume corresponds to common clinical DBS settings in
the vicinity of the caudal zona incerta, and the h1 and h2
fields may subserve positive clinical effects. The other major
tracts that are demonstrably sources of side effects during
intra- and peri-operative testing include the corticospinal
component of the basis pedunculi/internal capsule, and the
medial and lateral lemnisci. Because of the somewhat dorsal
location of the PSA target in the caudal zona incerta, the
area that separates the zona incerta from the substantia
nigra, but which is not labelled in the atlases of the mouse
(Paxinos & Franklin, 2013) and rat (Paxinos & Watson, 2007),
is unlikely to be of clinical significance. In the human brain
atlas of Mai et al. (2008) this area is labelled the peripedun-
cular area. Interestingly, part of this structure may have
been targeted in error by neurosurgeons attempting to
implant the pedunculopontine nucleus for -dopa-resistant
gait freezing in Parkinson’s disease, with some apparent
success in this condition (Mazzone et al. 2005, 2007; Zrinzo
et al. 2007). It seems likely that this cell-sparse area is occu-
pied by fibre bundles of some type, but we cannot at this
stage identify them.

In summary, the potential significance of the caudal zona
incerta in relation to DBS may relate to one or more of the
following factors:
1it is close to the posterodorsal pole (possibly the

sensorimotor area noted by Mallet et al. 2007) of the

subthalamic nucleus

2 it is adjacent to the cerebello-rubro-thalamic (prelem-
niscal) pathway, which is targeted by some neurosur-
geons (Velasco et al. 2001; Murata et al. 2003)

3 it is adjacent to the pallidothalamic fibre tracts, which
have themselves been suggested as targets (Gallay
et al. 2008)

4 it is adjacent to the ventral posterior lateral thalamic
nuclei

5 it does not contain a significant population of GABA
neurons, whereas GABA neurons are plentiful in the
main body of the zona incerta (based on rodent data)

6 it contains a distinct patch of acetylcholinesterase
activity in the caudal pole

7 it contains a distinct population of calbindin neurons
(based on rodent data).

In a study of neurosecretory neurons of the hypothalamic
supraoptic nucleus, Li et al. (1995) reported that calbindin
acts as an endogenous Ca®* buffer, and this allows it to play
a role in the regulation of intrinsic firing patterns. Supraop-
tic neurons that release vasopressin fire phasically, whereas
those that release calbindin fire continuously. Those authors
suggest that calbindin may determine the selection of one
firing pattern over another in particular neurons. If the cal-
bindin population in the caudal zona incerta has a similar
role, it may be involved in firing patterns that control spe-
cific motor outputs.

Gene expression in the caudal zona incerta

The most notable finding in our studies of gene expression
is the very low level of the GABA gene GAD67 in the caudal
zona incerta. The remainder of the zona incerta is packed
with GAD67-expressing neurons, consistent with the GAB-
Aergic functions associated with most of the remainder of
the prethalamus. It seems reasonable to postulate that the
caudal pole of the zona incerta is sharply different in func-
tion to the remainder of the zona incerta. The GABA popu-
lation of the main part of the zona incerta (along with the
rest of prosomere 3) has been found to exert a powerful
inhibitory control over the thalamus during sleep (Llinas &
Jahnsen, 1982).

Of the remaining genes in which we identified relatively
specific expression in the zona incerta, most were concen-
trated in the ventral tier of the zona incerta. Apart from a
low level of expression of GABA genes in caudal zona
incerta, the genes that we found to be prominently
expressed in the ventral tier of the zona incerta were not
significantly expressed in the caudal zona incerta. It seems
that the caudal zona incerta does represent an unusual part
of the prethalamus, having little in common with the
neuron groups in the main part of the zona incerta.

The beta oscillation theory of Parkinson's disease
and the caudal zona incerta

Bradykinesia in Parkinson’s disease is associated with
enhanced beta oscillations in the forebrain, and a decrease
in the beta frequency oscillations in the subthalamic nucleus
and cortex has been shown to correlate with a reduction in
bradykinesia (Brown, 2007). However, McCarthy et al.
(2011) argue that beta oscillations of parkinsonism may
primarily arise in the striatum, and not in the cortex or sub-
thalamic systems. Their study was based on mathematical
modelling of the activity of striatal medium spiny neurons,
supported by striatal carbachol injection experiments. Previ-
ous to this study, the circuits considered most likely were
the subthalamic nucleus/external globus pallidus circuit
(Plenz & Kital, 1999; Bevan et al. 2002) and the cortex/sub-
thalamic ‘patterning’ circuit (Magill et al. 2001). In support
of the ‘striatal’ hypothesis of McCarthy et al. (2011) is the
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demonstration by Costa et al. (2006) and Kreitzer (2009)
that removal of the dopamine input to the striatum
increases the excitability of dopamine receptors. This is
consistent with the idea that beta oscillations arise from
abnormalities of activity in corticostriatal circuits rather than
primary variations in cortical activity. The ‘striatal’ hypothe-
sis fits well with the core finding of loss of striatal dopa-
mine input from the substantia nigra in Parkinson’s disease.
These studies also support the increasingly popular idea
that suppression of beta oscillation may be the mechanism
of DBS in Parkinson’s disease.

The importance of beta oscillations in DBS in the subtha-
lamic region has recently been challenged. The first and
obvious argument against it is that beta oscillations are not
evident in essential tremor, despite the fact that the same
PSA, thalamic and subthalamic nucleus targets that can
improve Parkinson’s disease also improve essential tremor.
In the context of parkinsonism, Li et al. (2012) showed that
beta wave activity can be suppressed by antidromic modifi-
cation of the corticofugal projection to the subthalamic
nucleus. This does not directly dismiss the possibility of an
underlying striatal origin for the beta oscillations but it does
argue against a primary role for the neurons of the subtha-
lamic nucleus. An even more fundamental challenge to the
beta-oscillation theory of Parkinson’s disease was provided
by interventions using optogenetics. In these experiments,
laser-induced beta oscillations in subthalamic neurons were
not sufficient to produce Parkinsonian signs in a transgenic
mouse model and the mechanism of DBS-like high-fre-
quency electrical stimulation of the subthalamic nucleus
was retrograde modulation of subthalamic neuron afferents
(Gradinaru et al. 2009). Optogenetic studies have not yet
been published for the caudal zona incerta neurons or their
afferents and this technology cannot be used to study pri-
mates at this stage. Like the subthalamic nucleus, the zona
incerta has extensive connections throughout the brain,
leading to the hypothesis that it may have a fundamental
regulatory function (Power & Mitrofanis, 1999). Although
beta oscillations are present in Parkinson’s disease, they
appear unlikely to be the underlying cause of symptoms.
The extensive connectivity of both the subthalamic nucleus
and possibly the zona incerta may yet underpin the compre-
hensive motor therapeutic effects on rigidity, akinesia,
bradykinesia, and tremor when DBS is used in these targets.

In terms of the anatomy of the caudal zona incerta in
relation to DBS, current concepts and recent studies have
not ruled out the possibility that therapeutic effects may be
due to one or more of (i) orthodromic efferent nuclear neu-
ron axonal, (ii) antidromic afferent nuclear neuron axonal,
or (iii) ortho- or anti-dromic adjacent tract axonal electrical
modulation. In this respect, the usefulness of the caudal
zona incerta as a target for DBS may indeed be related to
either its connectivity with many brain areas or its proximity
to major fibre pathways, rather than the histological char-
acteristics we have demonstrated in this paper.
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Concluding remarks

The caudal zona incerta has clinical promise as an effective
site for DBS in Parkinson's disease. We have searched for
characteristics which distinguish this region from the
remainder of the zona incerta. We found that the caudal
zona incerta contains only a sparse population of GABA
neurons, whereas GABA neurons fill the main body of the
zona incerta. We found that the caudal zona incerta con-
tains a distinct patch of acetylcholinesterase activity and a
small but distinct population of calbindin neurons. The cau-
dal pole therefore appears to constitute a distinct part of
the zona incerta. However, it is by no means clear whether
these cytological characteristics are specifically related to
the responsiveness of this region to DBS, or whether DBS
acts by modulating the adjacent pathways.
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