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Abstract To gain insight into the cellular organisatiofy
of the zona incerta, we have examined the chemoarc
tectonic properties of this “uncertain zone". The brairfhe zona incerta, considered by many to be a rostral ex-
of Sprague-Dawley rats and common cats were ptension of the midbrain reticular formation (Romanowski
cessed for immunocytochemistry or NADPH-diaphorag¢al. 1985; Wagner et al. 1995), is a small collection of
histochemistry using standard methods. For the immureils derived embryologically from the ventral thalamus
cytochemistry, antibodies toy-aminobutyric acid (see Jones 1985). For such a small nucleus, the zona in-
(GABA), glutamic acid decarboxylase (GAD), parvalbuweerta has been implicated in a wide range of key brain
min, calbindin, tyrosine hydroxylase, somatostatin, seffanctions, including nociceptive and somatosensory pro-
tonin and glutamate were used. Two general patternsce$sing (Nicolelis et al. 1992, 1995; Lechner et al. 1993),
distribution in the zona incerta were seen. First, labellegomotion (see Mogenson et al. 1985), socio-sexual be-
cells were restricted largely to one of the cytoarchitetaviour (see Edwards and Maillard 1988), feeding and
tonically defined sectors of the zona incerta. For idrinking (see Gonzalez-Lima etal. 1993), and arousal
stance, GABA, GAD and parvalbumin-immunoreactivand attention (Shammah-Lagnado et al. 1985; Berry et
cells were found principally within the ventral sectogl. 1986; Hermanson et al. 1995; but see Jurkowlaniec et
NADPH-diaphorase and glutamate-immunoreactive cedls 1990). These wide-ranging functions are matched by
within the dorsal sector and tyrosine hydroxylase- atite extensive neural connections described for the zona
somatostatin-immunoreactive cells within the rostral séneerta. For instance, reciprocal connections have been
tor. Second, labelled cells were scattered somewhkgpported with the cerebral cortex, diencephalon, basal
across all incertal sectors, with no clear region of coganglia, brainstem, basal forebrain and the spinal cord
centration. This pattern included the calbindin- and sefgee Ricardo 1981; Roger and Cadusseau 1985; Roma-
tonin-immunoreactive cell groups. These results indicatewski et al. 1985; Shammah-Lagnado et al. 1985; Lin
that the zona incerta is made up of many neurochemigtlal. 1990, 1997; Wagner et al. 1995).

ly distinct cell groups, some of which respect the well- Many previous studies have shown the zona incerta to
defined cytoarchitectonic boundaries of the nucleuse a heterogenous structure, made up of several distinct
whilst others do not. This rich neurochemical diversity gytoarchitectonic sectors. Although the number of these
the zona incerta suggests that this nucleus may have sktors reported varies from author to author, more re-
ferential effects on the different structures that it projeatent studies have argued for four sectors in the rat (ros-

Hlt_roduction

to. tral, dorsal, ventral, caudal; Kim et al. 1992; Nicolelis et
al. 1992) and five sectors in the cat (rostral, dorsal, ven-

Key words Cat - Rat - Immunocytochemistry - tral, caudal, dorsolateral: May et al. 1997). To some ex-

NADPH-diaphorase - Thalam:is tent, these cytoarchitectonic sectors have distinct patterns

of connections and immunocytochemical character (Ni-
colelis et al. 1992, 1995; May et al. 1997).

The zona incerta is known to contain several neuro-
chemical substances (neurotransmitters, neuromodula-
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parvalbumin (Celio 1990; Converas et al. 1991; Williamgmunocytochemistry

et al. 199‘_‘3 Nicolelis et al. 1992, 1_995)! calbindin_ (Cel_ifa’ections were immersed in a solution of 3%0K(in 50% etha-
1990; Williams et al. 1994; Hazrati et al. 1995; Nicoleligol) for 10 min and then in a solution of 10% normal horse serum
etal. 1995), tyrosine hydroxylase (Oertel etal. 198@ PBS) for about 20 min. Alternate sections were then incubated
Chan-Palay et al. 1984; Sar 1984), somatostatin (Vincgbﬁ(g]e of the following antibodies: anti-GABA (Sigma, Mo., USA,

T o . . :500), anti-GAD (Chemicon, Calif., USA; 1:1,000), anti-parval-
etal. 1985; Finley etal. 1981; Jones 1985; Leroux et min (Sigma: 1:1,000), anti-calbindin D28k (Sigma; 1:200), anti-

1988), serotonin (Bosler etal. 1984), NADPH-diaph@yrosine hydroxylase (Sigma, 1:1,000), anti-somatostatin (Chem-
rase or nitric oxide synthase (Vincent and Kimura 1992jgn; 1:200), anti-serotonin (Chemicon; 1:200), and anti-glutamate

glutamate (van der Pol 1986; Beitz 1989; Border and M§hemicon; 1:500) for 48 h at 4° C. The sections were then incu-

. - ted with either biotinylated anti-rabbit (for GABA, GAD, sero-
hailoff 1991) and various others (see Kohler et al. lgéjgrt'lin, glutamate antibodies), biotinylated anti-rat (for somatostatin

Shiosaka et al. 1985). In all of these cases, except R@fiody), or biotinylated anti-mouse (for parvalbumin, calbindin,
haps for GABA, tyrosine hydroxylase and parvalbumiryrosine hydroxylase antibodies) (IgG, Sigma; 1:200) for 2 h at
their distribution and relationship to the cytoarchitectoffom temperature. Finally sections were incubated in the avidin-

i i i ; ; biotin-peroxidase complex (Sigma; 1:125) for 2 h at room temper-
ic sectors within the zona incerta is not entirely clear. ature. The bound peroxidase molecule was visualized using a

To understand better the neurochemical organisatigikel intensified-3,3 diaminobenzidine (DAB: Sigma) solution
of the zona incerta, we have examined the distribution(afemence and Mitrofanis 1992). In between each incubation, the
each of the above-mentioned neurochemical substargssions were washed several times with PBS. Each of the anti-
using immunocytochemistry and histochemistry. In p odies, together with the avidin-biotin-peroxidase complex, were

. L jlJuted with PBS with the addition of 0.5% bovine serum albumin.
ticular, we wanted to determine if any substance(s) ch ctions were mounted on chrom-alum gelatinised slides, dried

acterise(s) all incertal cells, or whether different sulvernight, dehydrated in ascending alcohols, cleared in Histoclear
stances characterise different pockets or groups of inaawe coverslipped with DPX. Some sections were counterstained
tal cells. In other words, does any substance IocalY@é‘ neutral red prior to the alcohol dehydration and coverslip-

: : : ing. For control experiments, the antibodies were replaced by
preferentially to cells in any particular sector(s) or SuQBS with the addition of 0.5% bovine serum albumin and then re-

sector(s)? The results generated would provide a bef@éd as above. Control sections were immunonegative.
insight into whether there is neurochemical diversity
within the zona incerta, thus placing this nucleus in a peaDPH-diaphorase histochemistry

sition to exert differential efiects on the structures it prg;ections were processed using the protocol described previously

Jects to. . . . (Mitrofanis 1989). Briefly, tissue was prepared as above, and the sec-
We have used rats and cats in this study since aspggis were incubated in PBS containing 0.2% Triton, 15 mM malic
of incertal organisation are known already for these speid, 1 mM cobalt chloride, 0.5 mB-NADPH, and 0.2 mM nitro-
cies (see Nicolelis etal. 1992, 1995; May etal. 199Ppjue tetrazolium. All chemicals were purchased from Sigma. Sec-
thereby forming a basis for the results we generate hél é‘s were mounted on gelatinised slides and coverslipped as above.
Further, these species belong to very distinct orders ofI .
mammals (cat: carnivore; rat: rodent) and marked difféalysis
ences in the distribution of substances within the zonet the generation of the incertal maps, coronal sections were drawn
; ; i ith reference to the atlases of Paxinos and Watson (1986) in rats
'nC(le.rtadV\;OUI(:i.Challlcen?ﬁ Se”olusw any ideas of very gée/ﬂd Berman and Jones (1982) in cats and the distributions of la-
eralised functions for this nucleus. belled cells were plotted with use of a microscope fitted with a cam-
era lucida. Drawings and plots were then scanned onto a computer
graphics programme and the schematic diagrams shown in Figs.
. 1-10 were constructed. In this analysis, plots were made from either
Materials and methods 30um or 50um sections. To gain an insight into the percentage that
each group of labelled (immunocytochemically or NADPH-diapho-
rase) cells made up of the total number, the following analysis was
. undertaken. In the same sections, the number of labelled (e.g. GAD,
Sprague-Dawley ratsi€15) and common cats$15) of either sec GABA glutamate, NADPH-diaphorase) and Nissl-stained cells
were used. Animals were anaesthetised after an intraperitonealyjhin each sector of the zona incerta was counted: from these
jection of sodium pentobarbitone (60 mg/ml) and perfused trapguynts, a percentage of the total number for each group of labelled
cardially with, alternatively: (1) phosphate-buffered saline (PBgglis was generated (the number of Nissl-stained and labelled cells
pH 7.4; 0.1 M) followed by 4% buffered formaldehyde (for GADjn each sector made up 100%, and the number of labelled cells
parvalbumin, calbindin, tyrosine hydroxylase, somatostatin and g@sde up the percentage thereof). For each group of labelled cells,
rotonin antibodies); (2) PBS followed by 4% buffered formaldenynts were pooled from between 5 to 10 sections. Sections were at
hyde with the addition of 0.5% glutaraldehyde (for GABA antigast 30qum apart, thus eliminating any double counting of cells. In
bodyj; (3) cacodylate buffer (pH 7.4; 0.1 M) followed by 2.5% cghjs analysis, the 30m sections, as against the filh sections,
codylate buffered glutaraldehyde (for glutamate antibody). F;}S?oved the better option. This was because the thinngnB6ec-
rats and five cats were perfused with each fixative method. Brafjaps did not have any non-labelled cells located preferentially in the
were removed, blocked, immersed in the same fixative for 204gydle of the section (as did the ftn sections), suggesting’that
min, and then placed in PBS with the addition of 20% sucrose Wi antibody (or diaphorase staining) penetrated the full thickness of
til the block sank. They were then sectioned coronally on a freg¢s section (see Mitrofanis 1992). If the antibody (or diaphorase
ing microtome at a thickness of either 30 on&0. Every section staining) did not penetrate the full thickness of the sections, then
was collected in PBS, washed in PBS with the addition of 0.54gre would be fewer labelled cells in the section and more Nissl-
Triton (Sigma, Mo., USA) for 20 min (except for sections imMusiained cells, since the Nissl stain would label all the cells, regard-
nostained for GAD that were not washed in PBS/Triton), and theRs of the section thickness (30 orBA). Thus, in the 3pm sec-
processed for either immunocytochemistry or NADPH-diaphoraggns, all the cells that contained the targeted antigen (or NADPH-
histochemistry as described below. diaphorase) were more likely to be labelled, making the counts and
subsequent calculations all the more accurate.

Subjects



Abbreviations for figures CL Central lateral nucleu§M central
medial nucleusgp cerebral peduncleZl caudal sector zona in-
certa,DAB 3,3-diaminobenzidine tetrahydrochloridi,GN dorsal
lateral geniculate nucleudZI dorsal sector zona incer@iZI dor-
solateral sector of zona incerBBPN entopeduncular nucleus,
fasciculus retroflexussABAy-aminobutyric acidGAD glutamic
acid decarboxylasé{b habenulaic internal capsule,H lateral
hypothalamusl.P lateral posterior nucleu®)D mediodorsal nu-
cleus,MGC medial geniculate compler)l medial lemniscuant
mammilothalamic traciNADPH nicotinamide adenine dinucle-
otide phosphatet optic tract,PBSphosphate-buffered salinef
parafascicular nucleuBGN perigeniculate nucleu®o posterior
thalamic nucleugyc posterior commissuré®t pretectumR tha-
lamic reticular nucleusZI rostral sector zona incert@Nsubstan-
tia nigra,Subsubthalamic nucleu¥,B ventrobasal complex,
vLGNventral lateral geniculate nucled&yl ventromedial thalam-
ic nucleusVPL ventral posterior lateral nuclensPM ventral pos-
terior medial nucleus;ZI ventral sector zona incerta

Fig. 1 Schematic diagrams of
coronal sections taken from
three different levels of the
rostrocaudal axis in rats and
cats. Theshaded aream each
diagram indicate the regions of
the zona incerta depicted in

C andD of Figs. 2-10. Sec-
tions were drawn with refer-
ence to Paxinos and Watson
(1986) for rats and Berman and
Jones (1982) for ceis

dorsal

lateral

caudal
1 zona incerta
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Results

In this study, the rat zone incerta was subdivided into
four sectors: rostral, dorsal, ventral and caudal (Kim et
al. 1992; Nicolelis et al. 1992, 1995). In the cat zona in-
certa, five sectors were identified, namely the rostral,
dorsal, dorsolateral, ventral and caudal sectors (May et
al. 1997). In both rat and cat, the incertal sectors were
distinguished by their distinct cytoarchitecture and, to
some extent, the cell-free borders between them (see Ni-
colelis etal. 1992, 1995; May etal. 1997). Figure 1
shows schematic diagrams of coronal forebrain sections
taken from three different levels of the rostrocaudal axis
of the rat and cat. The shaded areas in each diagram inci-
date the regions of the zona incerta depicted in the maps
shown in Figs. 2-10.

SECTORS OF THE
Z.ONA INCERTA
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For each of the antibodies used, together with theoups of neurones in the brain, the precise function of
NADPH-diaphorase staining, labelling was confirmed fmarvalbumin is not clear (see Celio 1990). Parvalbumin
neuronal profiles. In no instance, did we see labellimmunoreactivity in the rat and cat zona incerta was seen
among classical glial-like profiles, such as star-shapedcells with either large ovoid somata (unfilled arrows,
astrocytes and ramified microglia. Fig.l 4A, B) or small elongated somata (filled arrows,

In the section that follows, the cellular distribution dfigs. 4A, B). The distribution of parvalbumin-immuno-
each substance within the zona incerta of both spedadieactive incertal cells in both species was very uneven
will be considered separately. across the nucleus. In both series, most immunoreactive

cells were seen within the ventral sector and very few in
other sectors. Indeed, 95-100% of the cells in the ventral
GABA sector were immunoreactive to parvalbumin in both rats
and cats (see Fig. 4E, F). In the rostral, dorsal and caudal
GABA (y-aminobutyric acid) is the major inhibitory neusectors, parvalbumin-immunoreactive cells formed be-
rotransmitter in the central nervous system and GAieen 5 to 15% of the total population of cells, whilst in
(glutamic acid decarboxylase) is the enzyme that syntliee dorsolateral sector of cats, about 65% of cells ex-
sises GABA (see Nieuwenhuys 1985). In this series messed parvalbumin (see Clemence and Mitrofanis
experiments the distribution of GABAergic cells in th&992).
rat and cat zona incerta was examined with the use of an
antibody GABA itself (Fig. 2) and with an antibody to
GAD (Fig. 3). Both antibodies yielded very similar pat€albindin
terns of immunolabelling within the zona incerta. Two
distinct types of cells were immunoreactive to GAB&albindin D28-k, together with parvalbumin, is a calci-
and to GAD in the zona incerta of rats and cats. One type-binding protein. For the most part, calbindin and
had large and ovoid somata (unfilled arrows Figs. 2A, Barvalbumin are localised to distinct sets of neurones in
3A, B), whilst the other had smaller and quite elongatdte brain. As with parvalbumin, the precise function of
somata (filled arrows Figs. 2A, B, 3A, B). In general, thmalbindin is not known (see Celio 1990). Calbindin-im-
GABA and GAD immunostaining in incertal cells werenunoreactive cells in the rat and cat zona incerta had
appreciably weaker in cats, than in rats. This feature veasall rounded, sometimes ovoid somata (Fig. 5A, B). In
seen in all cases examined, even when antibody condmsth species, these immunoreactive cells were scattered
trations were increased. Further, and as a rule, the Gédnewhat across all sectors (Fig. 5C, D). In the histo-
and GABA immunoreactivity seen in the incertal cells grams shown in Fig. 5E, F, the calbindin-immunoreac-
cats, as well as rats, were not as conspicuous (i.e.tive cells formed between 5 and 10% of the total number
tense) in the same sections as was the immunoreactigitycells in the rostral, dorsal, dorsolateral and ventral
in other areas of the forebrain, for example, within tlsectors, whilst forming 20-25% of the cells in the caudal
cells of the thalamic reticular nucleus, the interneurossctor of the nucleus.
of the dorsal lateral geniculate nucleus and the non-pyra-
midal cells of the neocortex. The distribution of GABA-
and of GAD-immunoreactive cells in the zona incerta ®frosine hydroxylase
both species are shown schematically in Figs. 2C, D, and
3C, D. In both species, the majority of immunoreactivigrrosine hydroxylase is the rate-limiting enzyme in cate-
cells were located within the ventral sector. Fewer cetlsolamine production (Nieuwenhuys 1985). In the dien-
immunoreactive for these antigens were located elsephalon, and hence zona incerta, it is considered a
where in the nucleus. In the histograms shown in Figsarker for dopaminergic cells (see Eaton etal. 1994).
2E, F, 3E, F, counts of GABA and GAD immunoreactivEyrosine hydroxylase immunoreactivity in the zona in-
cells in the zona incerta indicated that these cells fornmmatta of rats and cats was very similar. Immunoreactivity
80-85% of the total number of cells in the ventral sect@aras seen in cells with small somata and extensively la-
about 20-25% of cells in the dorsal sector and abdatled dendritic processes (Fig. 6A, B). These immuno-
10% of cells in the caudal sector in both rat and cat.l&belled cells were found exclusively within the rostral
the dorsolateral sector of cats, no GABA or GAD-immwsector of the zona incerta (Fig. 6C, D). In both species,
noreactive cells were ever seen (see Clemence and Mitesine hydroxylase immunoreactive cells formed about
rofanis 1992). 15% of the total number of cells within that sector (Fig.
6E, F). It should be noted that these cells lay adjacent to
a large densely populated group of tyrosine hydroxylase
Parvalbumin immunoreactive cells in the lateral hypothalamus. This
group of cells is the classically designed A13 dopaminer-
Parvalbumin is a protein that binds calcium with a higiic cell group (see Wagner et al. 1995).
affinity. It is regarded as a “transport/buffer” protein be-
cause it acts either in calcium transport or as an intra-cel-
lular calcium buffer. Although found in quite distinct



Fig. 2 GABA immunoreactivi-
ty in the zona incerta of rats

(A, C, E) and catsB, D, F).

A, B Photomicrographs of
GABA-immunoreactive cells in
the ventral sector of the zona
incerta (x500)unfilled arrows
indicate larger pale immuno-
stained cells (probably projec-
tion cells), whilsffilled arrows
indicate smaller cells (probably
interneurones). Sections were
counterstained with neutral red.
GABA immunoreactivity, par-
ticularly in the cat, was quite
weak among incertal cells,
much weaker than among tha-
lamic reticular cells and non-
pyramidal cells of the neocor-
tex in the same sections.

C, D Schematic diagrams of
the distribution of GABA-im-
munoreactive cells across the
zona incerta. Eachlack circle
represents one labelled cell.
Maps can be orientated with re-
spect to shaded areas in Fig. 1.
In both species, most GABA-
immunoreactive cells were
found in the ventral sector of
zona incertak, F Histograms
showing the percentage that the
GABA-immunoreactive cells
made up of the total number of
cells in each particular sector
(see Materials and methods for
details). The total number of
cells was determined after
Nissl-counterstaining the im-
munostained sections. In the
ventral sector, GABA-immuno-
reactive cells formed the largest
percentage of the total number
of cells; in the other sectors, a
much smaller percentage was
recorder:
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Incertal Sectors

269

dIZ1

rZ1

dZ1

vZ1

60—

40—

% Labelled Cells

20—

(I B
rZ1  dZI vzl cZI dIZI
Incertal Sectors



270

Fig. 3 GAD immunoreactivity
in the zona incerta of rats

(A, C, E) and catsB, D, F).

A, B Photomicrographs of
GAD-immunoreactive cells in
the ventral sector of zona in-
certa (x500)unfilled arrows
indicate larger immunostained
cells (probably projection

cells), whilstfilled arrowsindi-
cate smaller cells (probably in-
terneurones). Sections were
counterstained with neutral red.
As with GABA immunoreac-
tivity, GAD immunoreactivity,
particularly in the cat, was
quite weak among incertal
cells, much weaker than among
thalamic reticular cells and
non-pyramidal cells of the neo-
cortex in the same sections.

C, D Schematic diagrams of
the distribution of GAD-immu-
noreactive cells across the zona
incerta. Eaclblack circlerepre-
sents one labelled cell. Maps
can be orientated with respect
to shaded areas in Fig. 1. In
both species, most GAD-immu-
noreactive cells were found in
the ventral sector of zona in-
certa.E, F Histograms showing
the percentage that the GAD-
immunoreactive cells made up
of the total number of cells in
each particular sector (see Ma-
terials and methods for details).
The total number of cells was
determined after Nissl-counter-
staining the immunostained
sections. In the ventral sector,
GAD-immunoreactive cells
formed the largest percentage
of the total number of cells; in
the other sectors, a much small-
er percentage was recorcied
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Fig. 4 Parvalbumin immunore-
activity in the zona incerta of
rats @, C, E) and catsB, D,

F). A, B Photomicrographs of
parvalbumin-immunoreactive
cells in ventral sector of the zo-
na incerta (x500)nfilled ar-
rowsindicate larger immuno-
stained cells (probably projec-
tion cells), whilsffilled arrows
indicate smaller cells (probably
interneurones). Sections were
counterstained with neutral red.
C, D Schematic diagrams of
the distribution of parvalbumin-
immunoreactive cells across the
zona incerta. Eachblack circle
represents one labelled cell.
Maps can be orientated with re-
spect to shaded areas in Fig. 1.
In both species, most parvalbu-
min-immunoreactive cells were
found in the ventral sector of
the zona incerta (as with the
GABA- and GAD-immunore-
active cells)E, F Histograms
showing the percentage that the
parvalbumin-immunoreactive
cells made up of the total num-
ber of cells in each particular
sector (see Materials and meth-
ods for details). The total num-
ber of cells was determined af-
ter Nissl-counterstaining the
immunostained sections. In the
ventral sector, parvalbumin-im-
munoreactive cells formed the
largest percentage of the total
number of cells; in the other
sectors, a smaller percentage
was recorde:t
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Fig. 5 Calbindin immunoreac-
tivity in the zona incerta of rats
(A, C, E) and catsB, D, F).

A, B Photomicrographs of cal-
bindin-immunoreactive cells in
the zona incerta (x500). These
sections were counterstained
with neutral redC, D Sche-
matic diagrams of the distribu-
tion of calbindin-immunoreac-
tive cells across the zona in-
certa. Eaclblack circlerepre-
sents one labelled cell. Maps
can be orientated with respect
to shaded areas in Fig. 1. In
both species, calbindin-immu-
noreactive cells were found
scattered across all incertal sec-
tors, with no readily apparent
zone of concentration.

E, F Histograms showing the
percentage that the calbindin-
immunoreactive cells made up
of the total number of cells in
each particular sector (see Ma-
terials and methods for details).
The total number of cells was
determined after Nissl-counter-
staining the immunostained
sections. In the caudal sector,
calbindin-immunoreactive cells
formed a slightly larger per-
centage of the total number of
cells than in the other secti s
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neurotransmitter itself (Finley et al. 1981). Somatostatin
immunoreactivity in the rat and cat zona incerta was seen

The peptide hormone somatostatin is found among céfissmall cells with ovoid somata (Fig. 7A, B). In both

in many regions of the central nervous system. It gpecies, these cells were found mostly within the rostral
thought to be involved in several processes, includiagctor of the zona incerta (Fig. 7C, D). In rats, labelled
neuromodulation for neurotransmitters at the synapsslls were seen also in the lateral regions of the dorsal
(Vidal and Zieglgansberger 1989), as well as acting aarad ventral sectors, whilst in cats, they were seen form-



Fig. 6 Tyrosine hydroxylase
immunoreactivity in the zona
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TYROSINE HYDROXYLASE

incerta of rats4, C, E) and

cats B, D, F). A, B Photomi-
crographs of tyrosine hydroxyl-
ase-immunoreactive cells in the
rostral sector of the zona in-
certa (x500). Section iB was
counterstained lightly with neu-
tral red.C, D Schematic dia-
grams of the distribution of ty-
rosine hydroxylase-immunore-
active cells across the zona in-
certa. Eaclblack circlerepre-
sents one labelled cell. Maps
can be orientated with respect
to shaded areas in Fig. 1. In
both species, tyrosine hydrox-
ylase-immunoreactive cells
were limited to the rostral sec-
tor. E, F Histograms showing
the percentage that the tyrosine
hydroxylase-immunoreactive
cells made up of the total num-
ber of cells in each particular
sector (see Materials and meth-
ods for details). The total num-
ber of cells was determined af-
ter Nissl counterstaining the
immunostained sections. In the
rostral sector, tyrosine hydrox-
ylase-immunoreactive cells
formed about 15% of the total
number of cells in that sec’ar
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ing a thin zone in the ventral sector (Fig. 7C, D). Thike dorsolateral sector of cats, about 10% of cells were
histograms shown in Fig. 7E, F, the somatostatin-immaematostatin-immunoreactive. There were no somatosta-
noreactive cells in rats and cats formed about 35% of theimmunoreactive cells ever seen in the caudal sector
total number of cells in the rostral sector, 25% of cells @ either species (Fig. 7C-F).

ventral sector, and 15% of cells in the dorsal sector. In
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Fig. 7 Somatostatin immuno-

reactivity in the zona incerta of S OMATO STATIN
rats @, C, E) and catsB, D,
F). A, B Photomicrographs of

somatostatin-immunoreactive RAT CAT
cells in the rostral sector of the B L : -
zona incerta (x500). Sections A. > \R o -
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Serotonin shown to influence the activity and excitability levels of

thalamic and cortical neurones, thereby modulating thal-
Serotonin is a neurotransmitter that is thought to be amocortical activity (see McCormick 1992). In rats, se-
volved in a variety of neuroendocrine processes, suchr@®nin immunoreactivity in the zona incerta was seen in
the modulation of prolactin and gonadotrophin secretiogells with large rounded somata and finely labelled den-
(Bosler etal. 1984). Further, serotonin has also bednites (Fig. 8A). These cells were found scattered across
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all incertal sectors, with no particular zone of concentra-
tion (Fig. 8B). Figure 8C shows that the serotonin-immu-
noreactive cells formed about 2% of the total number of
cells in the dorsal ventral and caudal sectors, whilst
forming 5% of cells in the rostral sector. In cats, in con-
trast to rats, no serotonin-immunoreactive cells were
seen in the zona incerta, even though many immunoreac-
tive cells were seen in the raphe nuclei of the brainstem
of this species.

NADPH-diaphorase

Recently, nicotinamide adenine dinucleotide phosphate
(NADPH)-diaphorase has been reported to be a nitric ox-
ide synthase that produces the gas nitric oxide (Hope et
al. 1991; Dawson et al. 1991). In rats, NADPH-diapho-
rase in the zona incerta was seen in cells with ovoid or
triangular somata with finely dendrites (Fig. 9A). In all
cases examined, these NADPH-dipahorase cells were
concentrated within the dorsal sector of the zona incerta
(Fig. 9B). Fewer labelled cells were seen in the other
incertal sectors. The histogram in Fig. 9C shows that the
NADPH-diaphorase cells formed about 40% of the total
number of cells in the dorsal sector, 15% of cells in the
rostral sector and less than 5% of the total in the other
sectors. In cats, in contrast to rats, no NADPH-diapho-
rase cells were seen in the zona incerta, even though
many strongly labelled cells were seen in the striatum,
neocortex and brainstem of this species.

Glutamate

Glutamate is thought to be the major excitatory neuro-

transmitter in the central nervous system (see Hanson
and Krogsgaard-Larson 1990). In both rats and cats, glu-
tamate-immunoreactive cells in the zona incerta had
large ovoid somata (Fig. 10A, B) and were found in all

incertal sectors, but with a slight concentration in the

dorsal sector (Fig. 10C, D). The histograms in Fig. 10E,

F show that the glutamate-immunoreactive cells formed
about 40% of the total number in the dorsal sector, whilst
forming 15% of the cells in the other sectors. In the dor-

solateral sector of cats, about 5% of cells were gluta-
mate-immunoreactive.

Fig. BA—C Serotonin immunoreactivity in the zona incerta olvith no readily apparent zone of concentrati@.Histogram
rats. A Photomicrograph of a serotonin-immunoreactive calt ( showing the percentage that the serotonin-immunoreactive cells
row) in the rostral sector of the zona incerta (x500). Sections waade up of the total number of cells in each particular sector (see
counterstained lightly with neutral red. The darkly immunostainddaterials and methods for details). The total number of cells was
structures to the left are blood vess8$Schematic diagram of the determined after Nissl-counterstaining the immunostained sec-
distribution of serotonin-immunoreactive cells across the zona tiens. In the rostral sector, serotonin-immunoreactive cells formed
certa. Eactblack circlerepresents one labelled cell. Maps can teslightly larger percentage of the total number of cells than in the
orientated with respect to shaded areas in Fig. 1. Serotonin-immilher sectors. Note that serotonin-immunoreactive cells were not
noreactive cells were found scattered across all incertal secteegn in the cat zona inceta
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Discussion

This study has shown that cells of the zona incerta are
characterised by a large number of distinct substances,
making this nucleus one of the most neurochemically di-
verse cell groups in the greater thalamus. For the most
part, the cell groups characterised by each of these sub-
stances had a rather distinct signature distribution across
the zona incerta, which raised some important questions
concerning incertal organisation, together with the possi-
ble areas of projection of these neurochemically particu-
lar cell groups. Each of these issues will be discussed be-
low. Firstly, a comparison of our results with those of
previous studies will be given.

Comparison with previous studies

Previous studies have described the presence within zona
incerta of all the substances examined in this study. That
is, GABA/GAD (Nagai etal. 1983; Araki etal. 1984,
Kim et al. 1992; Nicolelis etal. 1992, 1995), parvalbu-
min (Celio 1990; Converas etal. 1991; Williams et al.
1994; Nicolelis et al. 1992, 1995), calbindin (Celio 1990;
Williams et al. 1994; Hazrati et al. 1995; Nicolelis et al.
1995), tyrosine hydroxylase (Oertel etal. 1982; Chan-
Palay et al. 1984; Sar 1984; Wagner et al. 1995), somato-
statin (Vincent etal. 1985; Finley etal. 1981; Jones
1985; Leroux et al. 1988), serotonin (Bosler et al. 1984),
NADPH-diaphorase (Vincent and Kimura 1992) and glu-
tamate (van der Pol 1986; Beitz 1989; Border and Mi-
hailoff 1991). In this study, we extend these previous
findings of providing the distributions of cells containing
each substance examined and their relative percentages
in each incertal sector; except for GABA/GAD (Kim et
al. 1992; Nicolelis et al. 1992, 1995), tyrosine hydroxyl-
ase (Wagner etal. 1995) and parvalbumin (Nicolelis et
al. 1995), no previous study has examined these particu-
lar issues.

Regarding our distributions of the tyrosine hydroxyl-
ase- and parvalbumin-immunoreactive cells within the
zona incerta, our results match closely those of previous
studies. These studies also report on a concentration of
tyrosine hydroxylase-immunoreactive cells in the rostral
sector (see Wagner etal. 1995) and a concentration of
parvalbumin-immunoreactive cells in the ventral sector
(see Celio 1990; Nicolelis et al. 1992, 1995). Regarding
our distribution of the GABAergic cells in the zona in-
certa, our results match those of some studies, but not of
others. Some studies have indicated that GABA- and/or
GAD-immunoreactivity characterises all or most cells in

Fig. 9A—C NADPH-diaphorase reactivity in the zona incerta cdge that the NADPH-diaphorase cells made up of the total number
rats.A Photomicrograph of NADPH-diaphorase cells in the dorsaf cells in each particular sector (see Materials and methods for
sector of the zona incerta (x500). Section was counterstaigedails). The total number of cells was determined after Nissl-
lightly with neutral redB Schematic diagram of the distributioncounterstaining the immunostained sections. In the dorsal sector,
of NADPH-diaphorase cells across the zona incerta. Btk NADPH-diaphorase cells formed a larger percentage of the total
circle represents one labelled cell. Maps can be orientated withmamber of cells than in the other sectors. Note that NADPH-diaph-
spect to shaded areas in Fig. 1. Most NADPH-diaphorase cellase cells were not seen in the cat zona ir:erta

were found in the dorsal sect@.Histogram showing the percent-



Fig. 10 Glutamate immunore-
activity in zona incerta of rats
(A, C, E) and catsB, D, F).

A, B Photomicrographs of glu-
tamate-immunoreactive cells in
the dorsal sector of zona incerta
(unfilled arrowg. x500. Sec-
tion in A was counterstained
lightly with neutral red.

C, D Schematic diagrams of
the distribution of glutamate-
immunoreactive cells across the
zona incerta. Eachlack circle
represents one labelled cell.
Maps can be orientated with re-
spect to shaded areas in Fig. 1.
In both species, glutamate-im-
munoreactive cells were found
mainly in the dorsal sector.

E, F Histograms showing the
percentage that the glutamate-
immunoreactive cells made up
of the total number of cells in
each particular sector (see Ma-
terials and methods for details).
The total number of cells was
determined after Nissl-counter-
staining the immunostained
sections. In the dorsal sector,
glutamate-immunoreactive
cells formed the largest per-
centage of the total number of
cells; in the other sectors, a
smaller percentage was re-
corded
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all sectors of the zona incerta in rats (Oertel et al. 1982yunoreactive to GABA or to GAD (Ficalora and Mize
Nicolelis etal. 1992, 1995; but see Nagai etal. 198B989; Kim et al. 1992; see also Araki et al. 1984). Our
Araki et al. 1984). Other studies in rats, however, haresults here in rats and cats support strongly the latter
reported that GABA- and/or GAD-immunoreactive celléndings, by reporting that most GABAergic cells lie in
of the zona incerta are limited largely to the ventral se¢be ventral sector and very few elsewhere. Thus, it ap-
tor and that even within this sector, not all cells are impears that a GABAergic projection from the zona incerta
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may not be as widespread across the central neuroaxiseaslear area of concentration. This pattern of distribu-
thought previously (see Nicolelis et al. 1992, 1995). tion included the calbindin- and serotonin-immunoreac-
tive cell groups. Thus, these results indicate that some of
these neurochemically distinct cell groups respect the
Comparison of rat and cat zona incerta well-defined cytoarchitectonic boundaries of the nucleus,
whilst others clearly do not. The precise functional sig-
For the most part, the zona incerta in rats and cats weifecance of these findings is not clear, although it does
organised in a similar fashion. Each had comparable ciggest that some types of incertal cells (those limited to
lular distributions of the different substances examindistinct sectors) may have a more specific function than
and each had the same incertal sector organisatiamibers (those scattered across sectors).
There were however some differences. First, in terms ofThe histograms in Figs. 2-10 suggest that there may
neurochemical make up, the most notable species difieell be an overlap of expression, or co-localisation of
ence was the localisation and distribution of NADPH-déome substances in the incertal cells. The best example
aphorase and serotonin within the zona incerta. Wherefghis feature is seen within the ventral sector. Here,
the rat zona incerta had quite distinct NADPH-diaphthere are sub-populations of GABA-, GAD-, somatosta-
rase and serotonin-immunoreactive cell populations, e serotonin- and glutamate-immunoreactive cells that
cat zona incerta had no cells that contained eitheradif must express parvalbumin also, since approximately
these substances. Second, in terms of sector organisafiof% of the cells in the ventral sector are parvalbumin-
a clear species difference lay in the fact that the cat zamanunoreactive (see Results). Thus, there may be four
incerta contained an extra sector — the dorsolateral geopulations (GABAergic, somatostatinergic, serotoner-
tor. This sector has only recently been described and wa&s glutamatergic) of parvalbumin-immunoreactive cells
initially referred to as the “inner small-celled region’in the ventral sector, although this remains to be shown
On the basis of immunochemical labelling, this regiaonclusively (e.g. some parvalbumin-immunoreactive
was suggested tentatively to be part of the zona incergdls may also contain two or three of the above-men-
rather than the adjacent thalamic reticular nucletisned substances). Further, in the dorsal sector about
(Clemence and Mitrofanis 1992). Since then, more i#0% of cells are NADPH-diaphorase and glutamate-im-
munocytochemical (Crabtree and Kind 1993; Vaccanounoreactive; there could be some co-localisation of
and Mitrofanis 1996, 1997) and connectional (Crabtréeese substances within individual cells of this sector.
1992; Vaccaro and Mitrofanis 1996, 1997; May et al. Thus, our results here indicate that there is much neu-
1997) evidence has accumulated linking this area to tbehemical diversity within the zona incerta and of the
zona incerta. In this study, we have used the perhap®e substances screened in this study, not one character-
more appropriate name of “dorsolateral sector” (May ised all the incertal cells. It should be noted that this pat-
al. 1997), rather than inner small-celled region (Clemetesn is very different from the pattern seen in the thalam-
and Mitrofanis 1992), since the former is more preciseimreticular nucleus, the other major nucleus of the ven-
terms of incertal topography. tral thalamus. In the reticular nucleus, all cells are
In summary, although there are some differencesGABA- and parvalbumin-immunoreactive, for example
the sector organisation and localisation of neurochemi¢s¢e Clemence and Mitrofanis 1992). This suggests that
substances between the rat and cat zona incerta, this evea though the zona incerta and the reticular nucleus
of the thalamus is very similar in both species. The rdesmve similar developmental origins, they have striking
sons for these species differences are not clear, althodiffierences in their neurochemical composition and orga-
with gathering knowledge of incertal function in differnisation, together with their recently described differ-
ent species, the reasons for these differences may éreses in their connections (see Lin et al. 1990, 1997).
come more readily apparent.

Possible areas of projection
Patterns of distribution

One of the striking features of the zona incerta lies in its
Although neurochemically distinct cells had, for thdiverse and widespread projection patterns across the
most part, rather different distributions within the zonzeuroaxis, from the neocortex to the spinal cord (see Ri-
incerta, one could identify two general patterns. First, keardo 1981; Roger and Cadusseau 1985; Romanowski et
belled cells were restricted largely to one of the cytoat 1985; Shammah-Lagnado et al. 1985; Lin et al. 1990,
chitectonically defined sectors of the zona incerta. Fo897). Our findings here indicate that there is a rich mix-
instance, GABA-, GAD- and parvalbumin-immunoreadure of neurochemically distinct cells within the zona in-
tive cells were restricted to the ventral sector, NADPIderta and it is possible that all, or many, of these distinct
diaphorase and glutamate-immunoreactive cells weedl groups have particular areas of projection. Indeed,
limited to the dorsal sector and tyrosine hydroxylasprevious studies have shown that the superior colliculus
and somatostatin-immunoreactive cells were foulfBicalora and Mize 1989; Kim et al. 1990) and neocortex
largely within the rostral sector. Second, labelled cellsin etal. 1990; Nicolelis etal. 1992, 1995) receive a
were scattered somewhat across all incertal sectors, v@#BAergic, whilst the lateral hypothalamus and preop-
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tic area receive a dopaminergic projection (Wagner et al.rat thalamus using a monoclonal antibody. Arch lItal Biol
1995). Thus, this feature suggests that the zona inc%rfta%293199—210

“ ” : : abtree JW (1992) Somatotopic organisation within the cat’s tha-
may not “blanket” the neuroaxis with the same type lamic reticular nucleus. Eur J Neurosci 4:1352-1361

neurochemical projection (for example, GABAergic), bidrabtree Jw, Kind PC (1993) Monoclonal antibody Cat-301 selec-
rather send distinct neurochemical projections to particu- tively identifies a subset of nuclei in the cat's somatosensory

lar structures. Further, there is evidence indicating thatthalamus. J Neurocytol 22:903-912

- : - :Pawson TM, Bredt DS, Fotuhi M, Hwang PM, Snyder SN (1991)
the zona incerta sends two different types of prOJeCt'Bﬁ itric oxide synthase and neuronal NADPH-diaphorase are

to the same structure, as has been shown by recent stuGgentical in brain and peripheral tissue. Proc Natl Acad Sci
ies on the incertal projections to the superior colliculus; USA 344:7797-7801 _
both GABAergic (Ficalora and Mize 1989; Kim et alEaton MJ, Wagner CK, Moore KE, Lookingland KJ (1994) Neu-

1990) and glutamatergic (Beitz 1989) incertal cells have rochemical identification of A13 neuronal projections from the
b ted t ect 10 this struct It ins to b medial zone incerta to the horizontal limb of the diagonal band
een reported 1o project to this structure. It remains 10 DE€qt proca and the central nucleus of the amygdala. Brain Res

determined where the other neurochemically distinct cell 659:201-207
groups described in this study project to. It could tuBwwards DA, Maillard CA (1988) Subthalamic and mesencephalic
out that each of these cell groups has a distinct area ofocomotor regions; brain damage augments the importance of
iection female movement for the display of sexual behaviour in male
projec : . . rats. Physiol Behav 44:803-809
It is of course possible that not all these neurochemicalora AS, Mize RR (1989) The neurones of the substantia nigra
cally distinct cells have projections outside the zona in- and zona incerta which project to the cat superior colliculus

certa. There may be some cells that are interneurons an@'e¢ GABA immunoreactive: a double label study using GABA

; ; ; + Immunocytochemistry and lectin retrograde transport. Neuro-
have all their processes restricted to the zona incerta it-c ;=50 00" con

self (Ma etal. 1992). For instance, in the case of th@ey JC, Maderdrut JL, Roger LJ, Petrusz P (1981) The immu-
parvalbumin-, GABA- and GAD-immunoreactive cells, nocytochemical localisation of somatostatin-containing neuro-

the larger ovoid cells could be projection cells, whilst the nes in the central nervous system. Neuroscience 6:2173-2192

smaller elongated cells may be interneurons (see [R@nzalez-Lima F, Helmstetter FJ, Agudo J (1993) Functional
mapping of the rat brain during drinking behaviour: a fluoro-

sults). deoxyglucose study. Physiol Behav 54:605-612
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