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Abstract
Understanding the development of cortical interneuron phenotypic diversity is critical because
interneuron dysfunction has been implicated in several neurodevelopmental disorders. Here, tyrosine
hydroxylase (TH)-immunoreactive neurons in the developing and adult rat cortex were characterized
in light of findings regarding interneuron neurochemistry and development. Cortical TH-
immunoreactive neurons were first observed two weeks postnatally and peaked in number three
weeks after birth. At subsequent ages, the number of these cell profiles was gradually reduced, and
they were seen less frequently in adults. No DNA fragmentation or active caspase 3 was observed
in cortical TH cells at any age examined, eliminating cell death as an explanation for the decrease in
cell number. Although cortical TH cells reportedly fail to produce subsequent catecholaminergic
enzymes, we found that the majority of these cells at all ages contained phosphorylated TH,
suggesting that the enzyme may be active and producing L-DOPA as an end-product. Morphological
criteria and colocalization of some TH cells with glutamic acid decarboxylase suggests that these
cells are interneurons. Previously, parvalbumin, somatostatin, and calretinin were demonstrated in
nonoverlapping subsets of interneurons. Cortical TH neurons colocalized with calretinin but not with
parvalbumin or somatostatin. These findings suggest that the transitory increase in TH cell number
is not due to cell death but possibly due to alterations in the amount of detectable TH present in these
cells, and that at least some cortical TH-producing interneurons belong to the calretinin-containing
subset of interneurons that originate developmentally in the caudal ganglionic eminence.
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1. Introduction
Although interneurons comprise approximately 25% of total mammalian cerebral cortical
neurons, they play a significant role in cortical processing (DeFelipe, 2002; Markram et al.,
2004). The heterogeneity of cortical interneuron morphology and neurochemistry presents a
complex, incompletely understood picture of neural development (Wonders and Anderson,
2006). Moreover, cortical interneuron dysfunction has been implicated in several neurological
disorders with developmental origins (Levitt et al., 2004; Di Cristo, 2007), including epilepsy
(Powell et al., 2003; Garbelli et al., 2006), schizophrenia (Reynolds et al., 2002; Lewis et al.,
2005; Daskalakis et al., 2007), and depression (Rajkowska et al., 2007). The current study
examined a subpopulation of rat cortical interneurons that produced tyrosine hydroxylase (TH),
the first, rate-limiting catecholaminergic enzyme. Little is known about this subset of cortical
cells. A more complete understanding of the phenotype and development of cortical TH-
producing neurons is warranted because of the potential relevance of these cells to cortical
circuitry across species (Benavides-Piccione and DeFelipe, 2007). Degeneration of TH-
immunoreactive (IR) neurons in the human cortex, for example, is seen in Parkinson’s disease
(Fukuda et al., 1999) and dementia (Marui et al., 2003).

Unlike projection neurons, cortical interneurons arise in subcortical forebrain sites, the medial
and caudal ganglionic eminences (MGE and CGE, respectively), and then migrate tangentially
into the developing cortex (Anderson et al., 1997; Wichterle et al., 2001; Nery et al., 2002;
Flames and Marin, 2005; Wonders and Anderson, 2006). In addition to gamma aminobutyric
acid (GABA), the calcium-binding proteins parvalbumin and calretinin and the peptide
somatostatin are present in three non-overlapping subsets of inhibitory interneurons (Kubota
et al., 1994; Gonchar and Burkhalter, 1997; Xu et al., 2004). Interneurons that express
parvalbumin and somatostatin migrate from the MGE, whereas those producing calretinin arise
in the CGE (Wichterle et al., 2001; Nery et al., 2002; Xu et al., 2004).

A subset of cortical neurons also expresses TH in the rodent (Berger et al., 1985; Kosaka et
al., 1987a; 1987b; Satoh and Suzuki, 1990), non-human primate (Weihe et al., 2006), and
human (Gaspar et al., 1987; Hornung et al., 1989; Kuljis et al., 1989; Trottier et al., 1989;
Fukuda et al., 1999; Ikemoto et al., 1999; Benavides-Piccione and DeFelipe, 2003; Marui et
al., 2003; Benavides-Piccione and DeFelipe, 2007). Based on their size, morphology, and
partial colocalization with GABA, cortical TH-IR cells were hypothesized to be interneurons.
These TH cells, however, remain enigmatic because of their species-specific laminar
distribution, lack of additional catecholaminergic traits, and developmental characteristics. In
the rat cortex, TH-IR neurons were observed mainly in layer II/III (Berger et al., 1985; Kosaka
et al., 1987a; 1987b), whereas in the mouse (Satoh and Suzuki, 1990) and human (Gaspar et
al., 1987; Hornung et al., 1989; Kuljis et al., 1989; Trottier et al., 1989; Ikemoto et al., 1999;
Benavides-Piccione and DeFelipe, 2003; Marui et al., 2003; Benavides-Piccione and DeFelipe,
2007), TH-IR neurons were seen predominantly in layers V and VI. Not only are these TH
neurons outside the classically-defined catecholaminergic cell groups (Hokfelt et al., 1984),
but their final transmitter phenotype is also uncertain. In all species examined, cortical TH-IR
cells failed to express any catecholaminergic enzymes subsequent to TH, including aromatic
amino acid decarboxylase (AADC), which synthesizes dopamine (Berger et al., 1985; Gaspar
et al., 1987; Ikemoto et al., 1999; Weihe et al., 2006). Although very few TH-IR cells were
noted in the adult rat cortex in classical TH distribution studies (Hokfelt et al., 1984), later
reports described a population of cortical TH-IR cells that were observed transiently during
postnatal development in the rat (Berger et al., 1985) and mouse (Satoh and Suzuki, 1990).
Other reports, in contrast, demonstrated TH-IR cells in the adult rat cortex (Kosaka et al.,
1987a; 1987b).
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The current study characterized TH-IR neurons in the rat cortex with the goal of addressing
several unresolved questions. To confirm previous reports describing transitory TH
immunoreactivity in the developing rat cortex (Berger et al., 1985), we analyzed the number
of cortical TH-IR cells over a range of postnatal ages and found a transient peak followed by
a sharp decline in the number of TH-IR cells. One explanation for this decline in TH neuron
number is that these cells undergo programmed cell death. Previous studies demonstrated DNA
fragmentation, an indicator of apoptosis, in cortical cells at ages partially overlapping those
during which the number of TH-IR neurons decreased (Ferrer et al., 1994; Spreafico et al.,
1995; Thomaidou et al, 1997). Our assays revealed no DNA fragmentation in cortical TH-IR
neurons. Because DNA fragmentation is a relatively late event during apoptosis, we double-
labeled for TH and active caspase 3, a key effector enzyme activated during the apoptotic
caspase-cascade (Danial and Korsmeyer, 2004). No immunoreactivity for active caspase 3 was
observed in cortical TH cells. Because phosphorylation regulates TH enzyme activity (Xu et
al., 1998; Lew et al., 1999; Witkovsky et al., 2004; Bobrovskaya et al., 2004), we assessed TH
activity and the possibility of L-3,4-dihydroxyphenylalanine (L-DOPA) production in these
cells by immunostaining for one of the phosphorylated forms of TH. The majority of cortical
TH-IR cells were colabeled by an antibody against phosphorylated TH. Some cortical TH-IR
cells coexpressed the GABA-synthetic enzyme glutamic acid decarboxylase (GAD). Finally,
to categorize TH neurons into one or more of the three distinct subsets of cortical interneurons,
which concomitantly addressed their embryonic origin, we colocalized TH with parvalbumin,
somatostatin, and calretinin. A subset of cortical TH-IR neurons colocalized with calretinin
but not with parvalbumin or somatostatin, supporting the hypothesis that at least some of these
cells originated in the CGE.

2. Results
At all ages examined, TH immunostaining revealed classical catecholaminergic cell bodies
and/or fibers in every brain section, providing an internal positive control for immunostaining
of cortical neurons. The shape, distribution and transient developmental appearance of TH-IR
neurons in the cerebral cortex were similar to characteristics of cells previously reported in the
developing rodent cortex (Berger et al., 1985; Satoh and Suzuki, 1990). In brains of all ages
studied, cortical TH-IR somata profiles were typically less than 15 µm across their long axis,
primarily fusiform and bipolar, occasionally multipolar, but not pyramidal (Fig. 1). These
neurons were scattered throughout the neocortex, concentrated predominantly in cortical areas
dorsal and dorsolateral to the striatum and anterior hippocampus. Isolated TH-IR cells were
also present in the cingulate cortex. To examine cytoarchitectural distribution, occasional
sections were double-labeled for TH and the neuron-specific protein NeuN (Mullen et al.,
1992). Neurons positive for TH were colabeled with NeuN (data not shown) and were observed
predominantly in layer II/III, with occasional cells present in deeper layers.

As reported previously (Berger et al., 1985), we observed very few cortical TH-IR neurons
prior to postnatal day (P) 12. The analysis of ages from P16 to P40 (adult) revealed a bell-
shaped distribution of the number of cortical TH-IR cell profiles, with a peak in cell profile
number at P18 and P20 and a subsequent decline through P40 (Fig. 2). Although fewer in
number, TH-IR cell profiles were still observed in the adult cortex. Statistical analysis showed
significant differences in the relative number of cortical TH-IR cell profiles over time (1-way
ANOVA; F(6,27) = 4.85, P = 0.0018). Post-hoc analysis (Tukey's) demonstrated a significant
increase in the relative number of TH-IR cell profiles between P16 and P18 and a significant
decrease in cell profile number between P18 and P34. To amplify staining intensity, brain
sections from two adult rats were immunostained for TH using biotinylated secondary
antibodies visualized with fluorochrome-conjugated streptavidin (data not shown). The
number of cortical TH-IR cell profiles per section was identical to that observed using
secondaries directly conjugated to fluorochrome.
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To test the hypothesis that the apparent transience of cortical TH-IR neurons is due to
programmed cell death, brain sections were labeled for TH and for two markers indicative of
cell death, DNA fragmentation and the active form of the proapoptotic enzyme caspase 3
(Danial and Korsmeyer, 2004). DNA fragmentation was assayed using terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL), and active caspase
3 was identified immunohistochemically. Control experiments using Chinese hamster ovary
(CHO) cells and sections of developing rat paw confirmed that the detection methods used
here labeled dying cells in vitro and in situ, respectively (data not shown). Two to four hours
after UV light exposure, which induced apoptosis, many CHO cells were TUNEL-positive and
immunoreactive for active caspase 3. In sections of rat paw at embryonic day (E) 16.5, the age
at which cell death was previously observed in this tissue (Lee et al., 1993), TUNEL-positive
and active caspase 3-IR cells were seen in the interdigital mesenchyme where cell death
normally occurs.

The developing cortex contained scattered TUNEL-positive and active caspase 3-IR cells. As
reported previously (Ferrer et al., 1994; Spreafico et al., 1995; Thomaidou et al, 1997),
apoptotic cells were still present three weeks after birth, decreasing in frequency with
increasing age. However, double-labeling for TH and TUNEL at P14, P16, P20, and P24 failed
to demonstrate DNA fragmentation in cortical TH-IR neurons (data not shown). Likewise, no
cortical TH-IR neurons contained active caspase 3 immunoreactivity at any age examined in
the current study (Fig. 3 and Table 1). The complete absence of cell death markers suggests
that cortical TH-IR neurons are not a transient population of cells.

To characterize the phenotype of these cells, we used a variety of markers to identify functional
and neurochemical features. Because TH activity is regulated by phosphorylation, we
examined whether the TH in cortical neurons was phosphorylated by using an antibody against
TH phosphorylated at Ser19 (TH phosphoserine19), one of three serine residues, including
Ser31 and Ser40, whose phosphorylation is regulated physiologically (Xu et al., 1998; Lew et
al., 1999; Witkovsky et al., 2004; Bobrovskaya et al., 2004). Brains from P16 to P40 rats were
examined: P16 (n=3 brains), P18 (n=2), P20 (n=1), P24 (n=2), P34 (n=3) and P40 (n=1). Out
of 225 total neurons immunostained with the phosphorylation-independent TH antibody, 173
(77%) were copositive for TH phosphoserine19 (Fig. 4). The percentage of double-labeled cell
profiles was similar at all ages examined, suggesting that at ages during which both maximal
(P18-20) and minimal (P40) numbers of TH-IR neurons were detected, cortical TH-IR cell
profiles contained TH phosphorylated at Ser19.

The small size, nonpyramidal morphology, and colocalization with GABA and/or GAD in TH-
IR cells in the adult rat cortex suggests that these cells are interneurons (Kosaka et al.,
1987a; 1987b). To confirm this phenotype in developing TH-IR neurons, we examined the
coproduction of GAD by double-labeled for TH and GAD67, the isoform of GAD prevalent
in somata of cortical neurons (Erlander et al., 1991; Feldblum et al., 1993; Esclapez et al.,
1994). Neurons and fibers immunoreactive for GAD67 were distributed throughout the cortex
as expected. Some cortical TH-IR neurons also contained GAD67 immunoreactivity at all ages
studied (Fig. 5 and Table 2). The percentage of cell profiles containing both TH and GAD67
ranged from 13 – 29%. In many colabeled cell profiles, GAD67 immunostaining intensity was
faint, suggesting that we were at the threshold of detection. Taken together with morphological
criteria, these data suggest that many, if not all, developing and adult cortical TH-IR cells are
interneurons.

To classify cortical TH-IR neurons into one or more of the three nonoverlapping subsets of
interneurons as well as to provide indirect evidence for the embryonic origin of TH-IR cells,
we examined the colocalization of TH with parvalbumin, somatostatin, or calretinin (Kubota
et al., 1994; Gonchar and Burkhalter, 1997; Xu et al., 2004), the expression of which is unique
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to their site of origin (Wichterle et al., 2001; Nery et al., 2002; Flames and Marin, 2005;
Wonders and Anderson, 2006). Parvalbumin-, somatostatin- and calretinin-IR cell profiles
were observed in the cortex (Fig. 6B and Fig.7B) as described previously. Very few TH-IR
neurons contained immunoreactivity for parvalbumin (0.3-5%; Fig. 6 and Table 3) or
somatostatin (0-6%; Table 4). In contrast, a substantial subset of TH-IR neurons (36-53%)
colocalized with calretinin at all ages examined (Fig. 7 and Table 5).

3. Discussion
Here, we describe a subpopulation of cortical nonpyramidal neurons that produce TH outside
the classical catecholaminergic cell groups (Hokfelt et al., 1984). The number of
immunohistochemically-detectable cortical TH cell profiles peaks then declines during
postnatal development, with no evidence for cell death in these cells. The majority of these
TH-IR neurons contain phosphorylated TH, some of these cells coexpress GAD, and this
subpopulation displays partial overlap with the calretinin-containing subset of interneurons.

One potential explanation for the decline in the number of cortical TH-IR neurons observed
developmentally is that some of these cells undergo programmed cell death. Although overlap
existed between the ages at which we observed the maximal number of cortical TH-IR cell
profiles and ages previously reported to contain TUNEL-positive cells (Ferrer et al., 1994;
Spreafico et al., 1995; Thomaidou et al, 1997), we found no evidence for the death of these
TH-IR cells. In a previous study using chromatin condensation and electrophoretic laddering
of DNA as criteria to identify cell death, apoptosis was concluded to be the probable
explanation for transient expression of neuropeptide Y in the developing hamster
paraventricular area (Botchkina et al., 1996). In other reports that utilized TUNEL, cell death
was rejected as the cause of transient histamine immunoreactivity in the developing rat raphe
nucleus (Kinnunen et al., 1998) and as an explanation for transient TH immunostaining in
developing rat primary auditory neurons (Trigueiros-Cunha et al., 2003). We observed neither
DNA fragmentation detected with TUNEL nor active caspase 3 immunostaining in cortical
TH-IR neurons at any age, making cell death an unlikely explanation for the reduction in TH-
IR cell profile number seen during postnatal development.

Previous studies presented a conflicting picture regarding the transient nature of TH production
in cortical neurons of the rat. Some reports described cortical TH-IR neurons as
developmentally transient and rarely observed in adults (Berger et al., 1985), whereas others
reported a higher number of TH-IR cells in the adult cortex (Kosaka et al., 1987a; 1987b). The
greater number of TH-IR neurons observed by Kosaka and coworkers (1987a; 1987b) may be
explained by protocol differences, including the use of glutaraldehyde in the fixative,
colchicine administration in some rats, and the use of amplification detection systems such as
the avidin-biotin complex. However, we found no differences in the number of TH-IR cell
profiles observed in the adult cortex using biotinylated secondary antibodies detected with
fluorochrome-conjugated streptavidin for amplification compared to visualization with
fluorochromes directly conjugated to secondary antibodies. In contrast to detection sensitivity,
strain differences provide another plausible explanation for the different findings. Kosaka et
al. (1987a; 1987b) used Wistar-Imamichi rats, whereas Sprague-Dawley rats were used here.
Physiologically-relevant differences between these two rat strains have been reported
(Shimada et al., 2002; Imamura and Shimada, 2005). The developmental increase in brain
volume and maturation-induced changes in antibody penetration of tissue sections could, at
least in part, potentially explain the observed decrease in TH-IR cell profile number.

Our observation that the number of cortical TH-IR cell profiles varied over time is not
unprecedented in light of reports showing that TH production may change dramatically in some
developing cells. In the developing rat autonomic nervous system, for example, sympathetic
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neurons that innervate sweat glands (Landis and Keefe, 1983; Francis and Landis, 1999) and
periosteum (Asmus et al., 2000) down-regulate catecholaminergic traits, including TH
production, in response to cholinergic-inducing signals derived from the target tissue. In rat
primary auditory neurons, transient TH production is concurrent with the development of
hearing (Trigueiros-Cunha et al., 2003). When grown in culture, embryonic rat and human
cerebral cortical cells, which do not produce TH in vivo, are capable of TH expression (Iacovitti
et al., 1987; Theofilopoulos et al., 2001). Cells transiently immunoreactive for TH are present
in the developing rodent CNS in a variety of areas in addition to the cerebral cortex, including
the inferior colliculus (Jaeger and Joh, 1983), medial geniculate nucleus (Nagatsu et al.,
1996), cerebellar Purkinje cells (Hess and Wilson, 1991), limbic forebrain (Verney et al.,
1988), and anterior olfactory nucleus (Nagatsu et al., 1990). Thus, developmental plasticity in
TH production is not uncommon and may be the explanation for the transitory increase in cell
number that we note here. Moreover, developing cortical interneurons display plasticity in their
peptide and calcium-binding protein content (Del Rio et al., 1991; Wahle, 1993; Alcantara et
al., 1996; Schierle et al., 1997). Recent work has begun to elucidate the factors involved in the
development of the diverse array of cortical interneuron phenotypes (Carl and Wonders, 2006).

The end-product of TH in cortical interneurons is not known. No catecholamine-synthesizing
enzymes subsequent to TH, including AADC, have been observed in TH-IR neurons in the
developing or adult rodent or primate cortex, calling into question the catecholaminergic status
of these cells (Berger et al., 1985; Gaspar et al., 1987; Satoh and Suzuki, 1990; Ikemoto et al.,
1999; Weihe et al., 2006). Additionally, in the developing rat, labeling of the cortical TH-IR
neurons was insensitive to 6-hydroxydopamine toxicity, and no endogenous catecholamines
were detected in cortical somata (Berger et al., 1985). To address whether or not TH in cortical
neurons is active, we examined the phosphorylation of TH at Ser19 because a variety of
physiological stimuli induce TH phosphorylation at this residue and at Ser31 and/or Ser40
(Lew et al., 1999; Bobrovskaya et al., 2004; Witkovsky et al., 2004). The majority of cortical
interneurons identified by the phosphorylation-independent TH antibody also contained TH
phosphorylated at Ser19 in the postnatal and adult rat. Some reports suggest that Ser40
phosphorylation has a greater direct effect on enzyme activity compared to phosphorylation at
Ser19 or Ser31 (Haycock et al., 1998; Bobrovskaya et al., 2007). Phosphorylation at Ser40
activates TH by decreasing dopamine feedback inhibition (Daubner et al., 1992), but cortical
TH neurons likely do not produce dopamine. Phosphorylation of TH at Ser19 in cortical
neurons may increase enzyme stability (Royo et al., 2005).

If cortical TH-IR neurons contain active TH but lack AADC, as previous reports indicate, then
these cells may be classified as “postclassical” catecholaminergic cells that are dopaergic based
on the description proposed by Weihe and coworkers (2006). Dopaergic cells appear to be
capable of synthesizing L-DOPA as an end-product but lack any known transmitter secretory
mechanism. Dopaergic cells are seen in the adult primate and rat cortex. As postulated by
Weihe et al. (2006), cortical TH-IR (dopaergic) neurons may supply L-DOPA to neighboring
AADC-containing, TH-negative neurons, which then may be capable of synthesizing
dopamine. Dopamine production by monoenzymatic cells was reported in the hypothalamic
arcuate nucleus of developing rats (Ugrumov et al., 2004). On the other hand, L-DOPA may
function as a transmitter, as posited by Misu and colleagues (2003). Cortical dopaergic cells
may be more common in the developing nervous system because they play a role in establishing
cortical circuitry and/or because they represent immature cells en route to their mature
phenotype.

The small size and mainly bipolar, nonpyramidal morphology suggest that many, if not all,
cortical TH-IR cells are interneurons. Furthermore, some cortical TH-IR neurons colocalized
with GAD67, the isoform of the GABA-synthesizing enzyme most common in cortical neuron
somata (Erlander et al., 1991; Feldblum et al., 1993; Esclapez et al., 1994). The intensity of
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GAD67 immunoreactivity in many double-labeled cell profiles was faint, suggesting that the
number of cell profiles scored for TH and GAD colocalization was an underestimate. Previous
studies showed that some developing GABAergic interneurons lack detectable GAD67
immunoreactivity (Dayer et al., 2005). The lack of GAD67 immunostaining in some cortical
TH-IR neurons may also be due to the loss of detectable TH prior to the onset of GAD67
production. Finally, it is possible that a subset of these TH-IR neurons does not acquire a
GABAergic phenotype.

The current report is the first to classify cortical TH-IR neurons into one of the three
nonoverlapping subsets of cortical interneurons that are defined by their production of
parvalbumin, somatostatin, or calretinin (Kubota et al., 1994; Gonchar and Burkhalter, 1997;
Xu et al., 2004). The finding that approximately one-third to one-half of cortical TH-IR cell
profiles were colocalized with calretinin, whereas very few TH cell profiles were colabeled
with parvalbumin or somatostatin, suggests that many of these TH-IR neurons belong to the
calretinin-containing subset. Colocalization with calretinin provides indirect evidence that at
least some cortical TH-IR cells migrate from the CGE during development (Wichterle et al.,
2001; Nery et al., 2002; Xu et al., 2004; Flames and Marin, 2005; Wonders and Anderson,
2006).

Although the number of calretinin-IR neurons in the rat cortex increases then decreases during
development (Schierle et al., 1997), the transient calretinin-IR neurons do not appear to overlap
with the TH-IR neurons described in the present report. The number of cortical calretinin-IR
neurons changes most dramatically between P0 and P10, but TH-IR neurons are not seen in
the cortex prior to P12. Furthermore, the laminar distribution and morphology of some of the
neurons transiently immunostained for calretinin do not match those characteristics of cortical
TH-IR neurons. By P20, the age of peak TH immunoreactivity, the number and distribution
of calretinin-IR cells are similar to those in the adult cortex. Most of the calretinin-IR neurons
in layer II/III are bipolar (Gonchar and Burkhalter, 1999), similar to the morphology of TH-
IR neurons. Interestingly, the majority of the calretinin-IR neurons in this layer make synaptic
connections with other GABAergic interneurons (Gonchar and Burkhalter, 1999). One
possible function of the TH- and calretinin-copositive interneurons may be to inhibit other
inhibitory neurons, thereby disinhibiting pyramidal cells (Gonchar and Burkhalter, 1999).

Our results suggest that the subset of cortical interneurons producing TH does not die but may
undergo a change in neurochemical phenotype in which TH production is diminished below
detectable levels as the mature phenotype is acquired. Cortical TH-IR neurons, at least some
of which belong to the calretinin-containing subset of interneurons, may play a dopaergic role
in cortical circuitry. Interneuron-related disorders may arise when cortical development goes
awry (Levitt et al., 2004; Di Cristo, 2007). An aberrant number and/or distribution of specific
subsets of cortical interneurons have been linked to several major neurological disorders,
including epilepsy (Powell et al., 2003; Garbelli et al., 2006), schizophrenia (Reynolds et al.,
2002; Lewis et al., 2005; Daskalakis et al., 2007), and depression (Rajkowska et al., 2007). In
a rat model of fetal alcohol syndrome, one outcome of ethanol exposure during the first
postnatal week is an increase in the number of cortical calretinin-IR neurons in the adult
(Granato, 2006). Furthermore, loss of TH-IR neurons in the human cortex was noted in
dementia (Marui et al., 2003) and Parkinson’s disease (Fukuda et al., 1999). Thus,
characterization of cortical TH-IR neurons may provide insight into the role that these neurons
play in cortical circuitry.
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4. Experimental Procedure
4.1 Animals and Tissue Processing

Timed-pregnant Sprague-Dawley rats and pups (Zivic Laboratories, New Castle, PA) were
maintained and handled according to guidelines set by the authors’ institution and the National
Institutes of Health. Each litter was housed with its mother until weaning at P21. The day of
birth was considered P0. Male and female rats were used at all ages sampled; no sex-related
differences were observed in the properties of cortical neurons examined here. Rats from at
least two different litters were included at all ages studied.

Based on preliminary studies and previous reports (Berger et al., 1985), our analysis focused
on ages P16 through P40, during which maximal cortical TH immunoreactivity and its
subsequent decline were seen. Rats at ages younger than and between those listed below (e.g.
P12, P17 and P19) were analyzed in pilot studies. Three adult rats greater than six months old
also were examined. Rats at P40 were used as adults for quantification studies to control for
possible differences in perfusion efficacy that could result from large body size differences
between two week old rats and rats greater than six months old.

Rats at P16 (n=5), P18 (n=5), P20 (n=5), P24 (n=6), P30 (n=4), P34 (n=5), and P40 (n=4) were
deeply anesthetized and transcardially perfused with 325–450 ml (increasing volume with age)
of 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Brains were removed, post-fixed
at room temperature for one hour, then cryoprotected in 20% sucrose in 0.1 M phosphate buffer
containing 0.1% sodium azide at 4°C for at least 24 hours. Brains were cryosectioned in the
coronal plane at 14 µm, and non-consecutive sections at 70–112 µm intervals (increasing
interval length with age) were mounted onto gelatin-coated slides.

4.2 Immunohistochemistry and DNA Fragmentation (TUNEL) Assay
Sections were double-labeled by preparing cocktails of primary antibodies raised in different
species and diluted in 0.01 M phosphate buffer, 2.9% NaCl, 0.3% Triton, 0.1% sodium azide,
and 2% bovine serum albumin. Overnight incubation with primary antibodies was followed
by incubation for 1–2 hours with a cocktail of species-specific secondary antibodies conjugated
to distinct fluorochromes. Each incubation step was followed by rinses in potassium phosphate-
buffered saline (KPBS), and all incubations were conducted at room temperature. Finally,
sections were coverslipped with glycerol/KPBS (1:1).

One of two TH antibodies (rabbit polyclonal anti-TH, 1:200, Pel-Freez Biologicals, Rogers,
AR, or mouse monoclonal anti-TH, 1:200, ImmunoStar, Hudson, WI) was used in combination
with one of the following antibodies: rabbit polyclonal anti-active caspase 3 (1:1,000, R&D
Systems, Minneapolis, MN), mouse monoclonal anti-calretinin (1:1,000, Chemicon/Millipore,
Burlington, MA), mouse monoclonal anti-GAD67 (1:2,000, Chemicon), rabbit polyclonal anti-
somatostatin (1:200, ImmunoStar), mouse monoclonal anti-neuronal nuclei (NeuN, 1:1,000,
Chemicon), mouse monoclonal anti-parvalbumin (1:1,000, Chemicon), rabbit polyclonal anti-
TH phosphoserine 19 (1:750, Chemicon). The secondary antibodies used were Cy2- or
Rhodamine Red-X-conjugated donkey anti-rabbit and Rhodamine Red-X-conjugated donkey
anti-mouse (all at 1:50, Jackson ImmunoResearch, West Grove, PA). Control experiments
confirmed that secondary antibodies bound only to the appropriate primary antibodies.

To identify TH-IR neurons undergoing DNA fragmentation, some sections were sequentially
double-labeled by immunostaining with rabbit anti-TH visualized with Rhodamine Red-X-
conjugated secondary antibody followed by TUNEL using an in situ apoptosis detection kit
according to the manufacturer’s protocol (TACS TdT Kit, R&D Systems). Immediately
following the final immunostaining rinse, sections were equilibrated in labeling buffer for 10
minutes at room temperature and then incubated in the TUNEL staining solution containing
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biotinylated deoxynucleotides, terminal transferase, and Mn++ in labeling buffer for one hour
at 37°C. The reaction was terminated in stop buffer. To visualize the biotinylated nucleotides,
sections were incubated in streptavidin conjugated to either FITC (1:100, Jackson
ImmunoResearch) or Alexa Fluor 488 (1:200, Molecular Probes, Eugene, OR).

To confirm that both the TUNEL assay and the active caspase 3 antibody labeled cells
undergoing programmed cell death in vitro and in situ, respectively, control experiments were
performed using CHO cells (National Cell Culture Center, Minneapolis, MN) and embryonic
rat paw (Zivic Laboratories). Cultured CHO cells were grown in a 1:1 mixture of Dulbecco’s
Modified Eagle Medium (DMEM) and F12 (Invitrogen Gibco, Carlsbad, CA) supplemented
with 5% newborn calf serum and antibiotics. Some cells were exposed to ultraviolet (UV) light
for 20 minutes to induce apoptosis. After two to four hours, UV-treated and untreated cells
were fixed in 4% paraformaldehyde then sequentially labeled for DNA fragmentation using
TUNEL and for active caspase-3 by immunofluorescence staining as described above.
Paraformaldehyde-fixed rat paws at E16.5 were cryosectioned and stained using TUNEL or
anti-caspase 3 immunostaining as above.

4.3 Data collection and analysis
Sections were analyzed and images captured and annotated using a Zeiss Axioskop 2 Plus
fluorescence microscope equipped with an AxioCam MRc5 CCD digital camera operated with
AxioVision software (Carl Zeiss, Thornwood, NY). Photomicrographic images were cropped
and lettered using Adobe Photoshop CS software (Adobe Systems, Seattle, WA). The images
were not otherwise altered.

Cortical neurons were scored for TH immunoreactivity if they were above background staining
compared to labeling of classical catecholaminergic cell and fiber groups in the same section
and if at least one extension off a clearly defined cell body could be seen. Colocalization of
TH with other markers was deemed by the overlap of cell body immunofluorescence in the
same focal plane. Cell profiles immunoreactive for TH alone or double-labeled were counted
at 400X magnification in nonadjacent sections through the neocortex. The analysis included
the cingulate cortex medially to the rhinal fissure laterally. Data from both hemispheres were
pooled in each section. An average of 768 µm (approximately 55 sections) per brain were
analyzed to compare the average relative number of profiles of TH-IR neurons per section in
brains of different ages. A non-stereological approach was taken because averages of relative,
not absolute, numbers of cell profiles were compared at different ages. For each brain, the
number of profiles of single- and double-labeled cortical TH-IR neurons per section was
averaged. Statistical analysis (1-way ANOVA and post-hoc comparisons) was conducted using
R version 2.4.1 The average number of profiles of cortical TH-IR neurons at different ages
was analyzed by 1-way ANOVA, and confidence intervals for the difference between means
were constructed using Tukey's Honest Significant Difference method. P-values <0.05 were
considered significant.
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Figure 1.
Photomicrograph of nonpyramidal cortical TH-IR neurons in a P16 rat, illustrating their small
size (less than 15 µm) and typically fusiform morphology. Scale bar = 20 µm.
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Figure 2.
Graph representing the average number of TH-IR cell profiles per section at each postnatal
age. Each bar (with SEM) represents the average number of cortical TH-IR neurons per section
per animal at that age. The relative number of cortical TH-IR cell profiles varied significantly
over time during postnatal development (1-way ANOVA; F(6,27) = 4.85, P = 0.0018). Post-
hoc analysis (Tukey's) showed significant differences between P16 and P18-20, between P18
and P34-40, and between P20 and P40.
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Figure 3.
No colocalization of TH and active caspase 3 was observed. Photomicrographs of the same
field of cortex at P34 illustrating a TH-IR neuron (A; arrow) that did not contain active caspase
3 immunoreactivity (B). The edge of the cortex can be seen in the upper right corner of each
photomicrograph. This photomicrograph shows a section with a relatively higher density of
active caspase 3-IR cell profiles than the density seen in other sections of the cortex. Scale bar
= 20 µm.
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Figure 4.
Cortical TH-IR neurons contained phosphorylated TH. Photomicrographs of the same field of
cortex at P24 showing a neuron (arrow) immunoreactive for both phosphorylation-independent
TH (A) and TH phosphoserine19 (B). Scale bar = 20 µm.
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Figure 5.
Colocalization of TH and GAD. Photomicrographs of the same field of cortex at P20 showing
a neuron double-labeled for TH (A) and GAD (B). Scale bar = 20 µm.
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Figure 6.
Colocalization of TH and parvalbumin was rarely observed. Photomicrographs of the same
field of cortex at P34 showing TH-IR neurons (A; arrows) that did not contain parvalbumin
(B). Parvalbumin-IR, TH-negative neurons were visible in this field. Scale bar = 20 µm.
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Figure 7.
Colocalization of TH and calretinin. Photomicrographs of the same field of cortex at P18
showing a neuron (arrow) double-labeled for TH (A) and calretinin (B). Several calretinin-IR,
TH-negative cell profiles were visible in this field. Scale bar = 20 µm.
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Table 1
Cortical TH-IR neurons were not double-labeled for active caspase 3 at any age studied.

Age Brain Examined # TH-IR and active
caspase 3-IR Cells

Total # TH-IR
Cells

% double-labeled

P16 5 0 325 0
P18 4 0 618 0
P20 3 2 1,078 0.2
P24 4 0 254 0
P30 3 0 193 0
P34 3 0 337 0
P40 2 0 51 0
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Table 2
Some cortical TH-IR neurons were double-labeled for GAD.

Age Brain Examined # TH-IR and GAD-IR
Cells

Total # TH-IR Cells % double-labeled

P16 5 124 960 13
P18 5 448 2424 18
P20 5 342 2188 16
P24 6 191 1207 16
P30 4 171 607 28
P34 5 189 899 21
P40 3 47 165 29
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Table 3
Few cortical TH-IR neurons were double-labeled for parvalbumin (Parv) at any age studied.

Age Brain Examined # TH-IR and Parv-IR
Cells

Total # TH-IR Cells % double-labeled

P16 4 21 603 4
P18 3 29 1806 2
P20 4 8 707 1
P24 3 34 783 4
P30 4 2 635 0.3
P34 5 30 857 4
P40 3 4 78 5
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Table 4
Few cortical TH-IR neurons were double-labeled for somatostatin (SOM) at any age studied.

Age Brain Examined # TH-IR and SOM-IR
Cells

Total # TH-IR Cells % double-labeled

P18 2 8 316 3
P20 2 9 141 6
P24 5 1 195 0.5
P34 3 3 155 2
P40 3 0 59 0
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Table 5
Many cortical TH-IR neurons were double-labeled for calretinin (CAL).

Age Brain Examined # TH-IR and CAL-IR
Cells

Total # TH-IR Cells % double-labeled

P16 3 238 617 39
P18 5 920 2387 39
P20 3 318 892 36
P24 4 447 972 46
P30 4 301 677 45
P34 5 436 910 48
P40 3 117 219 53
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