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Abstract

Since the very first detailed description of the different types of cortical interneurons by Cajal, the tremendous vari-
ation in the morphology, physiology and neurochemical properties of these cells has become apparent. However,
it still remains unclear whether all types of interneurons are present in all cortical areas and species. Here we have
focused on tyrosine hydroxylase (TH)-immunoreactive cortical interneurons, which although only present in certain
species, are particularly abundant in the human neocortex. We argue that this type of interneuron is more
widespread in the human neocortex than in any other species examined so far and that, therefore, it is probably
involved in a larger variety of cortical circuits. In addition, notable regional variation can be seen in relation to these
interneurons. These differences further emphasize the variability in the design of microcircuits between cortical
areas and species, and they probably reflect an evolutionary adaptation of cortical circuits to particular functions.
Key words catecholamines; cortical specializations; evolution; interneurons.

Introduction

It is thought that during evolution, the human cerebral cortex
has become more differentiated and has increased in size.
However, there is still no answer to the fundamental and
longstanding question of what is so special about the human
brain and how does it differ from that of other species?

During the first two-thirds of the nineteenth century,
there was a lack of appropriate techniques to analyse the
organization of the brain. Given the apparent similarities
in the morphology of neurons throughout the cerebral
cortex, it was accepted at that time that the functional dif-
ferences between species were mainly based on quantita-
tive differences in the number of nerve cells in the brain.
In 1873, Golgi introduced the method of the reazione nera
(black reaction; Golgi, 1873) and for the first time neurons
could be fully visualized in a histological preparation.
Furthermore, only a small portion of the neurons were
stained, permitting individual neurons to be examined
with the utmost morphological detail. Thus, it became
possible to characterize and classify neurons, and to study
their possible connections (DeFelipe, 2002a).

Golgi was the first to suggest that, in general, there
were two morphologically and physiologically different
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types of neurons: motor (type I) and sensory (type Il). Motor
neurons had long axons that generated collaterals although
the main axon left the grey matter (projection neurons). These
cells would have a motor function as their axons were con-
sidered to be in contact with the motor roots. Sensory neurons
had short axons that branched near the parent cell but
that did not leave the grey matter (intrinsic neurons). These
neurons were considered to be sensory because their axonal
branches were linked with afferent fibres.

Thanks to this new method, Cajal embarked on the
detailed study of the cerebral cortex. Indeed, he was the
first to achieve a comprehensive analysis of the microanat-
omy of the cerebral cortex using the Golgi method, giving
rise to the first diagrams of cortical circuits (DeFelipe,
2002a,b). According to Cajal (1892), it was not physiologic-
ally possible to maintain the distinction between the two
cell types proposed by Golgi (for instance, there were a
large number of cells with long axons in the retina). Thus,
Cajal designated Golgi's two types as cells with a long axon
and cells with a short axon, avoiding any consideration of
their possible physiological roles (Cajal, 1891, 1892). Since
then, the term short-axon cell has commonly been consid-
ered to be synonymous with interneuron. This term
includes short axon cells that are excitatory (glutamater-
gic) and are typically located in the middle layers (spiny
interneurons) and short-axon cells with smooth dendrites
or dendrites that have only sparse spines (smooth
interneurons). These latter cells are GABAergic and are
found in all layers. They represent the vast majority of
short-axon cells and 15-30% of the total population of
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neurons (DeFelipe, 2002a). For simplicity, here we will refer
to smooth interneurons as inteneurons.

Cajal was not persuaded by the common opinion of
many researchers that the quantitative differences between
different cortical regions and species were solely respons-
ible for the functional characteristics they displayed. He
felt that with the new and powerful method of Golgi to
visualize neurons, he could try to elucidate what is special
about human cortical circuits:

‘... the generally accepted idea that the differences
between the brain of [non-human] mammals (cat, dog,
monkey, etc.) and that of man are only quantitative,
seemed to me unlikely and even a little offensive to
human dignity [ ... ] language, the capability of abstrac-
tion, the ability to create concepts and finally, the art of
inventing ingenious instruments [ ... ] do [these facets]
not seem to indicate (even admitting fundamental
structural correspondences with the animals) the exist-
ence of original resources, of something qualitatively
new which justifies the psychological nobility of Homo
sapiens? Microscope at the ready, | then launched with
my usual ardor to conquer the supposed anatomical
characteristic of the king of Creation, to reveal these
enigmatic, strictly human neurons upon which our
zoological superiority is founded.’ (Cajal, 1917)

For a number of years Cajal was immersed in the detailed
examination of the cerebral cortex of small mammals (rat,
rabbit, cat, among others) and that of the human. Having
described many morphological types of neurons (DeFelipe
& Jones, 1988), he reached the following conclusion:

‘My investigations showed that the functional excel-
lence of the human brain is intimately linked to the
prodigious abundance and unwonted wealth of forms
of the so-called neurons with short axon.’ (Cajal, 1897)

In spite of the influence of Cajal’s studies, most researchers,
including his disciple Lorente de N6, maintained the idea
that the same types of neurons could be found in the mouse
and humans (Lorente de N6, 1922) and, therefore, the conclu-
sion of Cajal was not further verified (DeFelipe et al. 2007).

With the introduction and exploitation of immunocyto-
chemical techniques by a number of authors in the 1970s
and 1980s, it became clear that most interneurons expressed
the inhibitory neurotransmiter GABA or its synthesizing
enzyme GAD. Thus, it became possible to obtain an accur-
ate picture of the proportion of these interneurons. Using
these approaches, it was found that GABAergic cells rep-
resent no more than 15% of the total neuron population
in all cortical areas and in layers II-VI of the rat. By contrast,
they constitute 20% of the population in the visual cortex
of the macaque monkey and up to 25% in other cortical
areas. Indeed, they can even reach up to 34-44% of the
population in supragranular layers of certain areas of the
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macaque and human (reviewed in DeFelipe et al. 2007).
However, in spite of the many comparative studies per-
formed since the studies of Cajal, it is somewhat surprising
that we have not yet obtained a clear answer to the ques-
tion of whether there is a higher proportion of all types of
interneurons in primates or simply an increase in the
number of certain neuronal types, and/or the addition of
new cell types. At present it is known that interneurons
are characterized by their particular synaptic connectivity,
physiological properties and the expression of a variety of
neurotransmitters, neuroactive peptides and other mole-
cules [reviewed in DeFelipe (1993), Kawaguchi & Kubota
(1997), Somogyi et al. (1998), Gupta et al. (2000), Markram
et al. (2004) and DeFelipe et al. (2006)]. There are a number
of studies that support the theory of morphological or
neurochemical interneuron diversity across evolution (e.qg.
Lewis & Lund, 1990; Glezer et al. 1993; del Rio & DeFelipe,
1997; Hof et al. 2000; Preuss & Coleman, 2002; see also
Benavides-Piccione & DeFelipe, 2003 Ballesteros-Yainez
et al. 2005). These authors hold that distinct cell types may
only be found in particular cortical areas and species. For
example, double bouquet cells, which are thought to con-
stitute a key element of the minicolumnar organization of
the primate cortex (DeFelipe et al. 1990; del Rio & DeFelipe,
1997; Peters & Sethares, 1997; reviewed in DeFelipe, 1997,
2002a; Jones, 2000), are highly modified or less abundant
and even absent in the neocortex of other species (e.g.
Ballesteros et al. 2005; DeFelipe et al. 2007). Conversely,
other studies emphasize the similarities of cortical circuits,
supporting the idea of basic uniformity within the cortex.
In this case, the differences in function among different
cortical areas and/or species are believed to be due to dif-
ferences in the inputs they receive rather than to intrinsic
differences in cortical processing. Accordingly, the same basic
organization of neuronal cell types would be valid through-
out the neocortex (reviewed in Douglas & Martin, 2004).

Therefore, it is necessary to investigate further the dif-
ferent types of interneurons present in different species
and cortical areas in order to determine which are the
common types and which are specific to a given cortical
area or species. In the present study, we have focused on
a type of cortical neuron that is immunoreactive (-ir) for
tyrosine hydroxylase (TH). While these interneurons are
only present in certain species they are particularly wide-
spread in the human neocortex. Additionally, we have
examined the distribution and the density of TH-ir neurons
in various cytoarchitectonic areas of the human cerebral
cortex that are involved in different functions.

General aspects of the catecholaminergic
system

Catecholamines are a group of molecules that appear
to act as neurotransmitters or neuromodulators in a variety
of processes, including higher cognitive functions and

Journal compilation © 2007 Anatomical Society of Great Britain and Ireland



pathologies such as Alzheimer’s disease and schizophrenia
(Palmer, 1996; Goldman-Rakic, 1998; Lidow et al. 1998; Benes
et al. 2000; Lewis & Lieberman, 2000; Akil et al. 2003).
These molecules are synthesized from L-tyrosine using the
rate-limiting catecholamine-synthesizing enzyme TH. The
catecholaminergic system arises mainly from the major
catecholaminergic cell groups in the upper brainstem (sus-
tancia nigra, ventral tegmental area and locus coeruleus).
Moreover, it constitutes one of the main subcortical non-
thalamic afferent systems to the neocortex, whose fibres
are widely distributed throughout the nervous system
(Hokfelt et al. 1976, 1977; Lindvall et al. 1983; reviewed in
Smeets & Gonzalez, 2000). In the neocortex, the axons from
these neurons give rise to a plexus that displays different
laminar and regional distributions depending on the
species and the cortical area. In general, cortical layers |-
of primates are the most densely innervated, followed by
layer V-VI (Fig. 1), whereas in rodents the densest innerva-
tion is found in layers V-VI (reviewed in Berger et al. 1991;
Berger & Gaspar, 1994). Catecholaminergic axons are
particularly prominent in the motor and anterior cingulate
areas of humans, in the motor cortex of the macaque with
a relatively high density in the cingulate cortex, and in the
cingulate, frontal and entorhinal cortex of the rat, in which
the motor cortex is poorly innervated (Berger et al. 1985,
1988, 1991; Lewis et al. 1987; Gaspar et al. 1989). Furthermore,
certain species also present an intrinsic cortical catecho-
laminergic system constituted by the presence of TH-ir cortical
neurons. This system results in an additional source of TH-ir
fibres in the cerebral cortex of these species.

Laminar distribution and morphology of TH-ir neurons

Cortical TH-ir neurons have been described in a number of
species and they have consistently been described as smooth,
mainly bipolar interneurons. For example, in the human
cortex, 63% of the TH-ir population are bipolar and bitufted,
with vertically orientated dendrites. The remaining TH-ir
neurons are either tripolar (19%) or multipolar (12%:
Benavides-Piccione & DeFelipe, 2003; Fig. 2). In addition,
some TH-ir neurons have been identified as neurons with
ascending axons (Martinotti cells). Conversely, the typical
bundles of long, tight, vertically orientated axonal col-
laterals of double bouquet cells are not stained for TH,
nor are the short, vertically orientated rows of boutons
in chandelier cell axon terminals and the perisomatic
terminals originating from basket cells (DeFelipe, 20023;
Benavides-Piccione & DeFelipe, 2003). Thus, the populations
of TH-ir neurons may include Martinotti cells but they do not
contain double bouquet cells, chandelier cells or basket cells.

The laminar distribution of TH-ir neurons is markedly
different across species (Fig. 3). For example, in the neo-
cortex of certain cetaceans TH-ir neurons are mainly con-
fined to layer | (Hof et al. 1995), whereas in the rat they are
found in all cortical layers, even though they are relatively
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Fig. 1 Left: low-power photomicrograph from a biopsy of the human
temporal cortex (Brodmann'’s area 20) showing TH immunostaining
throughout layer | to the white matter. Note the labelling of neurons in
layers V-VI. Arrows indicate vertically orientated fibres. n, a TH-ir neuron
in the white matter. Right: Camera lucida drawing of the section on the
left showing the laminar distribution of TH-ir neurons and fibres. Scale
bar = 120 um. Taken from Benavides-Piccione & DeFelipe (2003).

more abundant in layers lI-lll (Kosaka et al. 1987a). TH-
positive cells are found scattered in the deeper cortical
layers of the hamster (Vincent, 1988) and they are rarely
observed in the gerbil and the rabbit (DeFelipe et al. 2007;
our unpublished observations). In the macaque monkey,
TH-ir neurons are only occasionally found. Indeed, while
they exist in deeper layers of the prefrontal or entorhinal
cortex and in the superficial layers of the piriform cortex,
they have not been observed in other cortical regions such
as the temporal cortex (Koéhler et al. 1983; Lewis et al. 1988;
Dubach, 1994; DeFelipe et al. 2007, unpublished results).
In the human neocortex, TH-ir neurons are present in all
cortical regions analysed to date, including primary and
secondary sensory and motor areas, temporal and frontal
association areas, and paralimbic regions. Moreover, they
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Fig. 3 Low-power photomicrographs of TH
immunostaining in the human temporal cortex "
(Brodmann's area 20) (A), macaque temporal

cortex (area TE) (B), gerbil somatosensory cortex

(C), and rat somatosensory cortex (D), -
extending from the lower part of layer V to the ¢ i
white matter. Some TH-ir neurons are indicated .

by arrows. E-G, high-power magnification of

TH-ir neurons indicated (n) in A, C, and D, | P v

respectively. Scale bar = 160 um for A-D and - / / ¢ 3
40 um for E-G. Taken from DeFelipe et al. e ‘o

(2006). B e mo . F G o

have predominantly been found in layers V-VI of the
cortex and in the underlying white matter (Gaspar et al. 1987;
Hornung et al. 1989; Kuljis et al. 1989; Lewis, 1992; Benavides- There have been relatively few neurochemical studies of
Piccione & DeFelipe, 2003). The lack of expression of TH-ir TH-ir neurons. However, it has been shown that the majority
neurons in certain cortical regions/species may reflect the of TH-ir neurons in the rat cortex co-express GABA or GAD,
absence of a particular type of interneuron. Alternatively, whereas in the human neocortex only 50% contain GABA
it may indicate that although the same cell type exists in (Kosaka et al. 1987b; Trottier et al. 1989). This observation
these regions it does not express TH. is striking because it is thought that most interneurons are

Neurochemical profiles
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Table 1 Density of TH-ir neurons in different areas of the human neocortex. TH-ir cell density (no. of cells mm™) was estimated in layers -Vl in different
cortical areas of primary visual, secondary motor, associative lateral temporal, associative orbital frontal, associative dorsolateral frontal and limbic
cingulate cortex of two individuals (M1 and M7)

Primary Secondary Associative Associative Associative Limbic
visual motor temporal orbital frontal dorsolateral frontal cingulate
Case area 17 area 6 area 20 area 21 area 11 area 12 area 9 area 10 area46 area24
M1 0.437 1.131 0.592 2.145 0.937 1.669 1.957 1.898 2.052 3.045
M7 0.862 0.945 1.859 2.046 2.100 1.117 1.793 1.920 2.436 5.034
Mean £ SEM  0.650 + 1.038 £ 1.225+ 2.096 £ 1519+ 1.393 + 1.875+ 1.909 + 2.24 + 4.0397 +
0.212 0.093 0.633 0.05 0.587 0.276 0.082 0.011 0.192 0.995

GABAergic and thus inhibitory (Houser et al. 1984). Further-
more, it has been shown that 26% of TH neurons in the
human temporal cortex co-express the nitric oxide synthase
(nNOS; Benavides-Piccione & DeFelipe, 2003). Nitrergic neu-
rons have been chemically defined as a subpopulation of
GABAergic cells that contain the peptides somatostatin and
neuropeptide Y. Furthermore, these cells frequently contain
the calcium binding protein calbindin, but not parvalbumin
or calretinin. Given that they do not appear to co-express
other peptides (Gonzalez-Albo et al. 2001), it seems likely that
the population of TH-nNOS-ir neurons also express GABA, and
they possibly contain calbindin, somatostatin and neuropeptide
Y, but not other calcium-binding proteins or peptides. In
addition, the population of TH-ir neurons that do not contain
nNOS probably also includes those TH-ir neurons that lack
GABA. In conclusion, chemical subtypes of TH-ir neurons
may be recognized based on their GABA and nNOS content:
TH-nNOS-GABA-positive, TH-GABA-positive/nNOS-negative
and TH-positive/GABA-nNOS-negative.

The catecholaminergic end-product of human cortical
TH-ir neurons is still unknown. Previous immunocytochem-
ical studies have shown that these neurons appear to syn-
thesize only DOPA. Indeed, they do not express the aromatic
amino acid decarboxylase and dopamine-B-hydroxylase
enzymes necessary for the synthesis of dopamine and
noradrenaline, respectively (Gaspar et al. 1987; Lewis, 1992;
lkemoto et al. 1999). However, it cannot be excluded that
the levels of one or both of these enzymes in these cells
may be below the sensitivity of the currently available
immunocytochemical techniques. Alternatively, although
TH is present it might be inactive in cortical neurons.
Hence, further studies will be necessary to elucidate the
neurochemical characteristics of intrinsic TH-ir neurons.

Heterogeneity of TH-ir human cortical neurons

Inter-areal variations

We present here the estimated density and distribution of
TH-ir cortical neurons in different areas of the neocortex

(Table 1, Figs 4 and 5) from two normal human males (see
Materials and Methods for details). According to Brod-
man'’s cytoarchitectonic subdivisions (Garey, 1994), we
have analysed the primary visual area 17, secondary motor
area 6, associative lateral temporal areas 20 and 21, orbital
frontal areas 11 and 12, dorsolateral frontal areas 9, 10
and 46, and anterior limbic cingulate areas 24 and 32. As
shown in Fig. 4, TH-ir neurons presented similar laminar
distribution in the different cortical areas of the human
neocortex, concentrating mainly in the deep layers of the
cortex and the underlying white matter. However, in some
areas (9, 46, 24 and 32) TH-ir neurons were found more
frequently in the superficial layers than in the rest of the
cortical areas examined. The density of TH-ir neurons in
the primary sensory area was the lowest, followed by the
secondary motor area and then the temporal, orbital and
dorsolateral frontal areas. The highest density of TH-ir
neurons was observed in the limbic cingulate cortex
(Table 1 and Fig. 5A). These results confirm and extend
previous findings on the regional distribution of TH-ir neu-
rons in the human neocortex (Gaspar et al. 1987; Hornung
et al. 1989; Lewis et al. 1992). Furthermore, the lowest and
highest density of TH-ir neurons found in area 17 and 24,
respectively, coincides with the relatively low and high
density of TH-ir fibres found in these regions (Fig. 6; see
also Gaspar et al. 1987, 1989; Berger & Gaspar, 1994).
Nevertheless, TH-ir fibres and neurons do not necessarily
correlate given that in other regions such as the motor cortex,
a very rich plexus of TH-ir fibres is associated with a rela-
tively low number of TH-ir neurons (Fig. 6; see also Gaspar
et al. 1987, 1989; Berger & Gaspar, 1994). Hence, the regional
distributions in the cortical and subcortical catecholami-
nergic system are not necessarily correlated in the human
neocortex. The high density of TH-ir neurons and fibres in
the anterior cingulate cortex suggests that this limbic
region is a primary target for both cortical and subcortical
catecholaminergic systems.

We also studied the distribution of the TH-ir neuron
population by analysing the closest neighbour distance
(defined as the distance between the closest pair of neurons).
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( A) Human M1 (B) Human M7
Area 17 Area 6 Area 20 Area 17

Area 21 Area 11 Area 12 Area 21

Area 10

Area 24 Area 32

Fig. 4 Camera lucida drawings showing the laminar distribution along layers I-VI (in grey) and underlying white matter (in white) of TH-ir neurons (red dots) in different cortical regions of the human M1
(A) and M7 (B). These regions correspond to the following Brodman's cytoarchitectonic subdivisions: primary visual area 17, secondary motor area 6, associative lateral temporal areas 20 and 21, associative
orbital frontal areas 11 and 12, associative dorsolateral frontal areas 9, 10 and 46, and anterior limbic cingulate areas 24 and 32. Note the relative scarcity of TH-ir neurons in layers V-VI of area 17 and the
high cell density in cingulate areas compared with other areas. Scale bar =2 mm.
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Fig. 5 Plots showing the density of TH-ir neurons (A), nearest TH-ir cell
neighbour analysis (B) and correlation analysis of these variables (C) from
the primary visual cortex area 17, secondary motor area 6, associative
lateral temporal cortex (areas 20 and 21), associative orbital prefrontal
cortex (area 11 and 12), dorsolateral frontal cortex (area 9, 10 and 46)
and anterior limbic cingulate cortex (areas 24 and 32). Data are
expressed as the mean + SEM. Statistical analysis showed that the
differences in the TH-ir neuron density were significant (Kruskal-Wallis
test H=14.63, d.f. =5, P < 0.05) between primary visual and limbic
cingulate areas (post-hoc analyses, Dunn’s multiple comparisons test,
P < 0.05). Regarding TH-ir cell neighbour analysis, the distance between
the closest pair of neurons in both dorsolateral frontal and cingulate
cortex was significantly smaller than that in the orbital cortex (Kruskal—
Wallis test H=17.30, d.f. = 5, P < 0.005; post-hoc analyses, Dunn’s
multiple comparisons test, P < 0.05).

We found that the cells in dorsolateral frontal and cingul-
ate cortex are closer to each other than in any other cortical
area analysed (Fig. 5B). Furthermore, these neurons seem
to occupy the space within a given region of the cortex
uniformly, as there was a negative correlation (correlation
coefficient =—0.73) between the minimum distance among
TH-ir neurons and the estimated cell density in each cortical
region (Fig. 5C). Hence, the less dense the cell packing, the
further away the cells are from one another.
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Functional implications

Catecholaminergic transmission in the cortex has been
shown mainly to modulate excitatory inputs to pyramidal
neurons, although GABAergic neurons are also innervated
by these terminals (Cepeda et al. 1992; Sesack et al. 1995a;
Williams & Goldman-Rakic, 1995; Jedema & Moghddam,
1996; Gao et al. 2001; Tseng & O'Donnell, 2004). In fact, it
has been shown that the dendrites of pyramidal cells are
the main targets for catecholaminergic axon terminals
(Goldman-Rakic et al. 1989; Smiley et al. 1992; Smiley &
Goldman-Rakic, 1993; Cowan et al. 1994; Sesack et al. 1995b,
2003; Carr & Sesack, 1996; Krimer et al. 1997; Carr et al. 1999;
Erickson et al. 2000; Benavides-Piccione & DeFelipe, 2003).
In particular, it has been estimated in the human temporal
cortex that only 6% and 5% of the TH-ir axonal boutons
are in contact with the soma of NeuN-ir neurons in layers
Il and VI, respectively (Benavides-Piccione & DeFelipe, 2003).
Through intracellular injections of Lucifer Yellow com-
bined with immunostaining for TH, the distribution of
TH-ir axons on pyramidal cells has been demonstrated in
different layers of the macaque (Krimer et al. 1997) and
human cortex (Benavides-Piccione et al. 2005; Fig. 7). These
studies showed that the density of catecholaminergic
inputs to the dendrites of pyramidal cells varies from layer
to layer. Nevertheless, in both species the highest numbers
of appositions corresponded to the layers with the highest
density of TH-ir fibres. This is important when considering
that pyramidal cells represent the most common type of
cortical neuron, and that the different circuits in which
they participate depend on the layer in which they are
located (Jones, 1984; White, 1989; Felleman & Van Essen,
1991; Morrison et al. 1998). Furthermore, the distribution
of these inputs was structured in a rather regular pattern
throughout the apical and basal dendritic arbors of
pyramidal neurons in all cortical layers. This would suggest
that, in principle, catecholaminergic inputs may influence
many afferent systems involving pyramidal neurons, thereby
modifying the activity of a large variety of circuits.

As a result, it is hard to believe that there is any specifi-
city among the inputs other than at the laminar level. Never-
theless, variability has been observed in the innervation
of individual pyramidal neurons in the human temporal
cortex, such that some pyramidal neurons are preferentially
innervated (Benavides-Piccione et al. 2005). This feature
appears not to occur in the monkey as a relatively low
variance in the innervation of individual pyramidal neurons
in the prefrontal cortex has been reported (Krimer et al.
1997). One possible source of the differential targeting in
the human neocortex could involve the axons of TH-ir
intrinsic neurons throughout the cortex. Although these
neurons are preferentially found in deep layers of the cor-
tex, superficial layers of the cortex could also be the target
of these cortical neurons, as some of them have been iden-
tified as Martinotti cells or neurons that have an ascending

© 2007 The Authors

Journal compilation © 2007 Anatomical Society of Great Britain and Ireland



Human tyrosine hydroxylase cortical neurons, R. Benavides-Piccione & J. DeFelipe 219

Area 17

3 Wh
!
i ety i |“_
Y Futh
v '
s <
? £
A wu B
LArea 6 Y
b
R Y
‘} v
L 7 |
i
C o I
M i i k|
Area 24 d
Vi / w i
Fig. 6 Photomicrographs showing TH-ir . i I ¢
neurons (some indicated by arrows) and fibres i
in the deeper layers of areas 17 (A), 6 (C) and 24 | K
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Fig. 7 Confocal microscopy stack of 64 serial images showing an

intracellularly injected pyramidal neuron (red) with Lucifer Yellow (LY) in
the human temporal cortex, as well as the TH-ir fibres (green) in order to
illustrate the relative location of TH-ir axons in the neuropil with respect
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axon in addition to local axonal plexus (Benavides-Piccione
& DeFelipe, 2003).

Furthermore, the more widespread distribution and
higher density of TH-ir neurons in the human cortex when
compared with other species (including monkeys) is clearly
indicative of differences in cortical circuits between spe-
cies. Particularly, the intrinsic catecholaminergic system in
the human neocortex is probably involved in a larger vari-
ety of cortical circuits than that in any other species exam-
ined so far. In addition, TH-ir neurons display a particular
distribution within different neocortical regions. As TH-ir
neurons are not yet well defined neurochemically it is
difficult to ascertain the functional significance of these
variations. Nevertheless, the remarkable differences between
different areas of the human neocortex further highlight
the regional specialization of cortical circuits.

to the pyramidal cell. The section was double-stained using a rabbit and
mouse antiserum against LY and TH, respectively. The antibodies were

visualized with biotinylated horse anti-mouse IgG and a mixture of Alexa
fluor 594-conjugated goat anti-rabbit and streptavidin-conjugated Alexa
fluor 488. Unpublished material from Benavides-Piccione et al. (2005).

Scale bar =40 um.
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Finally, the variations in the density of TH-ir neurons are
in line with other studies performed in our laboratory
on the same human cortical tissue from which significant
differences in the density of other types of interneurons
were identified, including chandelier and double bouquet
cells (Ballesteros et al. 2005; Inda et al. 2006; DeFelipe et al.
2007). Interestingly, regional variations in the density of chan-
delier terminals were similar to those of TH-ir neurons,
whereas there was no such correlation for double bouquet
cell axons. For example, there is a high density of double
bouquet cell axons in the visual cortex, where the density of
chandelier terminals is low and there are few TH-ir neurons.
Therefore, differences in the density, distribution and connec-
tivity of various types of interneurons in different cortical
areas emphasize that cortical regions possess particular
neuronal circuits. It seems likely that this would be related
to the functional characteristics of each cortical region.

Coming back to Cajal’s idea about the structure of the
cerebral cortey, it is amazing that 100 years ago he reached
a similar conclusion using the rudimentary techniques
available at that time:

‘The specific activities of each cortical region depend as
much on the quality of the sensory excitation received,
as upon the peculiar structure of the gray substance.
Such structural particularities probably represent a sec-
ondary phenomenon, an adaptation to function, [and
this] adaptation would progressively lead to the perfec-
tion of the function itself.” (Cajal, 1904)

Methods

Tissue preparation

Human tissue (kindly supplied by Dr R. Alcaraz, Forensic Path-
ology Service, Basque Institute of Legal Medicine, Bilbao,
Spain) was obtained at autopsy (2-3 h post-mortem) from
two normal males, M1 and M7 (aged 23 and 49 years, respec-
tively), who died in traffic accidents. Their brains were
immersed in cold 4% paraformaldehyde in 0.1 m phosphate
buffer, pH 7.4 (PB) and sectioned into 1.5-cm-thick coronal
slices. Small blocks of cortex were then transferred to a
second solution of 4% paraformaldehyde in PB for 24 h at
4 °C. The tissue blocks were then cryoprotected in 25%
sucrose in PB and stored at -20 °C in a solution of glycerol,
ethylene glycol and PB. The neocortex used was from the
following Brodmann'’s cytoarchitectonic subdivitions (Garey,
1994): the primary visual area 17, secondary motor area 6,
associative lateral temporal areas 20 and 21, orbital frontal
areas 11 and 12, dorsolateral frontal areas 9, 10 and 46, and
anterior limbic cingulate areas 24 and 32 of each individual
(M1 and M7). Vibratome sections (100 um) of the tissue
from the selected cytoarchitectonic areas were obtained
and pretreated with a solution of ethanol and hydrogen
peroxide in PB to remove endogenous peroxidase activity.
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Immunocytochemistry

Sections were pre-incubated with 3% normal horse serum
in PB with Triton X-100 (0.25%) for 2 h at room tempera-
ture. The sections were then incubated for 24 h at 4 °Cin
the same solution containing mouse anti-tyrosine hydro-
xylase (1 : 1000; Diasorin, Stillwater, MN, USA). The sections
were then washed in PB and incubated for 1 h at room
temperature in a biotinylated horse anti-mouse antibody
diluted 1 : 200 in PB (Vector, Burlingame, CA, USA). There-
after, the sections were processed using the Vectastain
ABC immunoperoxidase kit (Vector) and the antibody dis-
tribution was detected histochemically with 0.05% 3,3"-
diaminobenzidine tetrahydrochloride (DAB; Sigma) and
0.01% hydrogen peroxide. Finally, the sections were mounted,
dehydrated, cleared with xylene and coverslipped.

Quantitative analyses

The Neurolucida package (MicroBrightField Europe, Magde-
burg, Germany) was used to trace the cortical surface and
white matter contour of each cortical region analysed.
Surface areas of the selected cortical regions ranged from
22.034t097.075 mm? (mean area + SD = 43.728 + 18.438 mm?).
TH-ir neurons observed within these surface areas were
marked and the density of these neurons was determined
as the number of TH-ir neurons divided by the surface
area (including layers I-VI) of each cytoarchitectonic area.
Statistical comparisons between cortical regions were
carried out with the aid of the GraphPad statistical pack-
age (Prism, San Diego, CA, USA).
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