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ABSTRACT
In rodents, noradrenergic (NE) locus coeruleus (LC) neurons are well

known to express tyrosine hydroxylase (TH) immunoreactivity. However,
due to its very low enzyme activity, NE cortical fibers do not typically
express TH immunoreactivity, thus dopamine-b-hydroxylase (DBH) im-
munoreactivity is commonly utilized as a marker for NE cortical fibers.
In this study, we performed double and/or triple immunofluorescent stain-
ing using antibodies against TH, DBH, and/or norepinephrine transporter
(NET) to investigate the altered NE TH expression of cortical fibers in cit-
alopram (CTM)-exposed rats and monoamine oxidase (MAO) A knock out
(KO) mice. We have noted the following novel findings: (1) neonatal expo-
sure to the selective serotonin reuptake inhibitor (SSRI) CTM enhanced
NE TH immunoreactive fibers throughout the entire neocortex, and a few
of them appeared to be hypertrophic; (2) slightly enhanced NE cortical
TH immunoreactive fibers were also noted in MAO A KO mice, and many
of them revealed varicosities compared with the rather smooth NE corti-
cal TH immunoreactive fibers in wild-type (WT) mice; (3) LC dendrites of
MAO A KO mice exhibited beaded morphology compared with the smooth
LC dendrites in WT mice. Our findings suggest that both genetic and
environmental factors during early development may play a critical role
in the regulation and proper function of NE TH expression in the neocor-
tex. Anat Rec, 294:1685–1697, 2011. VVC 2011 Wiley-Liss, Inc.
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To visualize catecholamine neurons and their axons,
earlier studies utilized the Falck-Hillarp method to
reveal catecholamines in tissue sections by histofluores-
cence (Falck et al., 1962; Fuxe et al., 1968). These origi-
nal studies were able to describe the extent of the
noradrenergic (NE) cell bodies in the brainstem and
extensive terminal fields throughout the neuraxis. More
recently, immunohistochemical methods, based on the im-
munostaining of antibodies against either tyrosine
hydroxylase (TH; the rate-limiting enzyme in catechol-
amine biosynthesis) and/or dopamine-b-hydroxylase
(DBH; the final enzyme in norepinephrine biosynthesis),
were introduced to reveal the expression of these markers
not only within the locus coeruleus (LC) neurons but also
the widespread NE fibers/axons nearly throughout the
entire neuraxis (Hartman et al., 1972; Pickel et al., 1975;
Hokfelt et al., 1976). More specifically, DBH is a widely
used specific biomarker for NE cortical fibers. On the
other hand, since TH is the first enzyme in the synthetic
pathways of catecholamines, it has been commonly uti-
lized to identify both the NE LC and dopaminergic (DA)
substantia nigra and ventral tegmental area neurons.

Interestingly, previous studies in rats have found that
TH immunoreactivity can be detected only in LC somata
and their dendritic processes but not in NE LC axons;
however, it can be expressed in both DA neurons and their
axons (Pickel et al., 1975; Hokfelt et al., 1977). The lack of
TH immunoreactivity in the NE nerve terminals, espe-
cially in the neocortex, has been suggested to be a conse-
quence of rather low TH enzyme concentration in NE
terminals compared to the much higher TH activity in DA
axon terminals. Furthermore, the TH immunoreactive
cortical fibers arising from DA neurons have been well
documented to be restricted to cortical areas including
four typical DA mesocortical regions: the medial frontal
cortex, anterior cingulate cortex, entorhinal cortex, and
perirhinal cortex (Hokfelt et al., 1977). Interestingly, TH
immunoreactive fibers have been noted in neocortical
areas of primates (Lewis et al., 1987). As their labeling
pattern differed from the NE DBH immunoreactive fibers,
the authors have inferred that such TH immunoreactive
fibers were DA projections to the primate neocortex.

The locus coeruleus NE (LC-NE) system develops quite
early and plays a regulatory role in brain development
(Levitt and Moore, 1979). With respect to early develop-
ment, several recent studies have reported that brain
regions other than the LC, such as the neocortex, contain
TH immunoreactive neurons (Satoh and Suzuki, 1990;
Asmus et al., 2008). Further, Asmus et al., (2008) sug-
gested that these transient TH expressing neurons were
interneurons, because they can be double labeled with par-
valbumin and calretinin antibodies. Unfortunately, the
precise functional significance of these transiently TH
expressing neurons in the neocortex remains to be
elucidated.

Most of the previous studies have studied the LC-NE
system by stressing adult animals (see review: Sabban
and Kvetnansky, 2001), and very few, if any, have inves-
tigated this in neonates. The general conclusion derived
from these studies is that the key event in response to
stress is the persistent activation of TH expression in
LC neurons. Moreover, this activation of TH expression
in LC neurons depends on the duration and repetition of
the stress. Interestingly, the changes of LC cortical fiber
density may depend on the intensity of the stress. For

example, repeated mild stress caused LC axonal sprout-
ing (Nakamura, 1989, 1991; Sakaguchi et al., 1990)
whereas severe stress triggered LC fiber’s degeneration
(Sakaguchi et al., 1990; Kitayama et al., 1994, 1997). In
contrast, chronic exposure to antidepressants in adult
rats tends to exert an opposite effect, that is, LC neu-
rons are less excitable and with decreased expression of
TH mRNA and protein (Nestler et al., 1990, 1999). Up to
now, the effect of perinatal exposure to antidepressants
on the TH expression in LC neurons, and their axon ter-
minals is largely unknown.

Finally, several attempts have been made previously
to use mutant mice to study pathophysiology during
early development. For example, Levitt and Noebels
(1981) reported that the mutant mouse ‘‘tottering’’ (tg)
exhibited a twofold to threefold increase in the number
of NE axons in nearly all the LC terminal fields com-
pared with wild-type (WT) mice. This finding provided
the first indication that gene-linked alteration of devel-
opmental events affects the NE system. In a subsequent
study, Levitt (1988) further reported that such hyperin-
nervation in the ‘‘tottering’’ mouse was due to a direct
genetic alteration of axon growth by LC neurons, rather
than to selective shrinkage of targets in the presence of
normal terminal arbors, because there was no obvious
increase on the number of LC neurons between the
mutants and WT mice. Monoamine oxidase A (MAO A)
is a key enzyme to degrade serotonin and norepineph-
rine (Shih et al., 1999; Bortolato et al., 2008). Recently, a
novel line monoamine oxidase A knock out (MAO A KO)
mice was generated (Scott et al., 2008). These KO mice
lack MAO A enzyme activity with increased level of se-
rotonin and norepinephrine in the brain, and exhibit
enhanced aggression toward intruder mice. At present,
the consequence of such genetic manipulation on the NE
system has yet to be explored.

In this report, we described altered TH expression in
the NE system following perinatal exposure to selective
serotonin reuptake inhibitor (SSRI) citalopram (CTM) in
rat pups and in gene-linked (MAO A KO) mice. Specifi-
cally, double and/or triple immunohistochemical methods
were conducted to characterize the abnormal distribu-
tion and their pathology of TH and DBH, as well as nor-
epinephrine transporter (NET) expression in the LC,
and their neocortical terminal fields from either CTM
neonatally exposed rats or MAO A KO mice. A portion of
these findings have been presented in preliminary form
(Zhang et al., 2009).

MATERIALS AND METHODS

All procedures were approved by the University of
Mississippi Medical Center Animal Care and Use Com-
mittee and complied with AAALAC and NIH guidelines.
Rats were weaned at postnatal day (PN) 8 and housed
in groups of 2–3/cage under standard laboratory condi-
tions with ad lib access to food and water. After drug
administration, rats were studied for a variety of behav-
ioral tests and then sacrificed when they reached adult-
hood. As for the MAO A KO mice, they were generated
in our laboratory (Jean C. Shih, University of Southern
California) (Scott et al., 2008). All procedures were
approved by the University of Southern California Ani-
mal Care and Use Committee and complied with AAA-
LAC and NIH guidelines.
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Treatment, Dosing, and Experimental Subsets

Shortly after the delivery of timed-pregnant Long
Evans rats, the offspring were cross fostered to produce
litters of 10–12 pups. The pups were tattooed for identi-
fication on PN6. Beginning on PN8, the pups were
weighed and injected subcutaneously with CTM (10 mg/
kg, Tocris, Ellisville, MO) or saline in a volume of 0.1
mL twice daily (total CTM dose of 20 mg/kg/day or sa-
line volume of 0.2 mL/day) for 14 days (PN8-21). Addi-
tionally, a nontreatment subgroup (handled, but no drug
injection was made) was also included as a group in our
experimental study.

The CTM dose was selected to approximate the upper
range of maternal and placental serum reported in clini-
cal reports of maternal antidepressant treatment. This
was more fully discussed in our previous reports (Maciag
et al., 2006; Weaver et al., 2010). Subjects from each
treatment group were then assigned to an experimental
subset. One of the reasons for such case pairings was to
permit simultaneous side by side evaluations of TH-im-
munostaining patterns. This allowed us to establish neu-
rochemical differences among treatment groups. Tissue
from one experimental subset (nontreatment, saline and
CTM exposed), for example, was processed simultane-
ously (even in the same reaction chamber) and exposed to
the same antiserum solutions to minimize staining vari-
ability. In current study, the comparison of TH immuno-
reactive fiber patterns in the rat was based on five male
experimental subsets (totally 15 rats). As for the MAO A
KO mice, a total of 22 male mice were used, among them,
WT (n ¼ 4 at day 30, and n ¼ 7 at day 150), and MAO A
KO (n ¼ 4 at day 30, and n ¼ 7 at day 150) mice.

Animal Sacrifice

After deeply anesthetized with Nembutal (75 mg/kg;
i.p.), animals were perfused through the ascending aorta
with saline first, followed by 3.5% paraformaldehyde in
0.1 M phosphate-buffered saline (PBS). The brains were
removed and placed in the same fixative containing 25%
sucrose overnight at 4�C. Brains were marked using
small cut with a #10 blade. This procedure allowed us to
later distinguish one animal from another.

Immunohistochemistry

To examine the effects of neonatal CTM exposure and
genetic manipulation on TH expression in the neocortex,
double and/or triple fluorescent immunohistochemical
techniques were used. Brains were cut with an AO freez-
ing microtome at 40 lm. The tissue was sectioned in the
coronal plane, and permitted to freely float in small,
individual wells with PBS. Sections were selected from
tissue samples that were collected for each experimental
subset. Areas of interest were identified in each case
and a series of sections were chosen (typically three in
every six sections). Keeping all tissue from an experi-
mental subset together, sections were processed using
anti-rabbit TH antibody (1:1000, Millipore, Temecula,
CA) for 48 hr (24 hr at room temperature and then 24
hr at 4�C), followed by several rinses in PBS, and then
incubated with a biotinylated anti-rabbit IgG (BA1000,
ABC kit, Vector Laboratories, Burlingame, CA) for 1 hr
at room temperature. Neuronal profiles were then
visualized using Cy3-conjugated streptavidin (red, 1:200,

Jackson Immunoresearch Laboratories, West Grove, PA)
for 1 hr at room temperature in the dark. For double im-
munostaining, brain tissues were typically first proc-
essed for either anti-mouse DBH (1:1000, Millipore,
Temecula, CA) or anti-mouse NET (1:1000, Mab, Stone
Mountain, GA) for 48 hr. After several rinses in PBS,
sections were then linked with a biotinylated anti-mouse
IgG (BA9200, ABC kit, Vector Laboratories, Burlingame,
CA) for 1 hr at room temperature. Neuronal profiles
were then visualized using Cy2-conjugated streptavidin
(green, 1:200, Jackson Immunoresearch Laboratories,
West Grove, PA) for 1 hr at room temperature in the
dark. After DBH or NET immunostaining, sections were
rinsed and then incubated in anti-rabbit TH antibody
(1:1000, Millipore, Temecula, CA) for 24 hr at 4�C fol-
lowed by Cy3-conjugated anti-rabbit IgG (red, 1:200,
Jackson Immunoresearch Laboratories, West Grove, PA)
for 1 hr at room temperature in the dark. Furthermore,
to assure that TH immunoreactive fibers in the rat and
mouse brain tissues were not artifact from one source of
antibody, several other sources of TH antibodies (e.g.,
anti-sheep TH or anti-mouse TH, Millipore, Temecula,
CA) were also included. The immunostained patterns in
our experimental brain tissues were rather identical
across these antisera. To further assure that TH immu-
noreactive cortical axons were indeed NE, in some
instances, a triple labeling strategy was conducted.
Thus, anti-rabbit DBH, anti-mouse NET, and anti-sheep
TH antibodies were utilized and then linked with their
specific IgG and fluorescent tags (Cy5, Cy2, and Cy3,
respectively). Finally, sections from the different cases/
treatment groups were reassembled and mounted on gel-
atin-coated slides and then covered with DPX.

To control for nonspecific labeling, we conducted a set
of experiments where sections were processed according
to the protocol, except that the primary TH antiserum
was omitted. Following this procedure, no immunoreac-
tivity was detected. Further control studies, where an
inappropriate secondary antibody was used for linkage,
yielded the same (negative) result.

Data Analysis

To semiquantitatively analyze alterations in TH and/
or DBH immunoreactivity density and intensity that
were attributable to CTM treatment or genetic manipu-
lation, digital photomicrographs of desired sections con-
taining LC neurons and the neocortex were taken at a
magnification of �10 and �20, respectively, using a
Nikon E800 epifluorescent microscope. The �20 magnifi-
cation yielded 344 � 437 lm2 terminal field area of the
neocortex. For a given case, tissue sections from both
sides of the LC and the neocortex (Paxinos and Watson,
1986; bregma at �3.3 mm) were photographed through
each target area. Three images (for rats) and two images
(for mice) were acquired from pia surface down to layer
V as a cortical column, and four columns were photo-
graphed and analyzed from each hemisphere and both
hemispheres were examined. As for the LC region, a
�10 objective was used and two to three sections at mid-
dle level of the LC were photographed and then ana-
lyzed. As for the pathological neuronal profiles, a �40
objective was utilized.

To quantify the density of NE TH and/or DBH fibers
in the neocortex, typically, the images were first

NORADRENERGIC TH FIBERS IN RODENT NEOCORTEX 1687



‘‘flattened/skeletonized’’ to more readily distinguishable
objects of interest from background distortions. A
‘‘thresholding’’ overlay was then applied to each image
to delineate objects of interest (i.e., TH immunoreactive
fibers). This utility specifies which information is to be
extracted for measurement consideration. In the analy-
sis of density, the ‘‘percentage of threshold area’’ was
determined for each image. This measurement refers to
the proportion of the entire digital image that was
threshold.

As for the intensity measurement, the exposure time
of each image was kept constant. The images were ana-
lyzed with MetaMorph Imaging software (Molecular
Devices). These black and white images, that were
pseudo-colored, encode intensity information pixel by
pixel over a range (0–4095) of grayscale values. The
stained intensity and density of a labeled profile was
then measured using ‘‘show region statistics’’ tool. In
this assay, stronger fluorescent signals (higher averaged
gray values) point to higher level of protein expression.
After thresholding the pictures, values of LC intensity
as well as density were obtained. Values from each
image were tabulated across sections and recorded as an
average value for that region in that case.

The blocked analysis of covariance (ANCOVA) test and
Post Hoc Bonferroni test were used for both rats and
mice. P value less than 0.05 was considered to be
significant.

RESULTS
Altered NE TH Immunoreactivity in the LC and
Neocortex of Neonatal CTM Exposed Rats

In our earlier reports, we noted that perinatal expo-
sure to CTM not only induced a dramatic reduction of
enzymatic expression within the serotonergic raphe nu-
clear complex but also their axon density in the cortical
target sites such as the medial prefrontal cortex, the
somatosensory cortex and the hippocampus (Maciag
et al., 2006; Weaver et al., 2010). Because CTM is con-
sidered one of highly SSRIs (Butler and Meegan, 2008),
it is very likely that such treatment only selectively
affects the serotonergic system. However, it is also
known that biogenic amines neurochemically and ana-
tomically interact among each other (Devau et al., 1987;
Simpson and Lin, 2008). Thus, it is conceivable that
such perinatal exposure to CTM may also affect other
systems such as the NE circuitry.

The TH expression of LC neurons among three experi-
mental groups (nontreatment, saline, and CTM exposed)
were easily identified (Fig. 1A1–C1). Based on our semi-
quantitative analysis, there was no obvious difference
(Fig. 1A2–C2) among the three groups in terms of their
intensity (Fig. 2A; F ¼ 0.158, P ¼ 0.857) and density (Fig.
2B; F ¼ 0.554, P ¼ 0.602). As for the dendritic morphol-
ogy of individual TH immunoreactive LC neurons, most
of them exhibited rather smooth processes (Fig. 1A3–C3),
and this characteristic can also be demonstrated as a con-
tinuous band utilizing the ‘‘intensity profile’’ function of
MetaMorph software program (Fig. 1A4–C4).

As for the TH immunoreactive fiber distribution in the
neocortex, a consistent finding is that very few, if any,
TH immunoreactive fibers were noted in nontreatment
animals (Fig. 3A1), providing further support for the
lack of TH immunoreactive fibers in the normal adult

rodent neocortex reported previously. In contrast, a
slight increased density of TH immunoreactive fibers
was found in saline-exposed animals, and such increased
expression of TH immunoreactive fibers in the neocortex
was very noticeable in CTM exposed animals (Fig. 3B1
and C1). To assure that these TH immunoreactive fibers
in the neocortex are indeed NE in origin, double immu-
nofluorescent method utilizing both TH and DBH anti-
bodies were conducted (Fig. 3A2–C2). The merged
photos (Fig. 3A3–C3) clearly revealed such coexpression
in all three experimental groups, suggesting the NE LC
origin rather than the DA origin. The semiquantitative
data revealed that the average threshold TH immunore-
active area (Mean � SD) in nontreatment animals was
0.5% � 0.3%, the saline-exposed animals was 0.8% �
0.4%, and CTM-exposed animals was 1.9% � 0.9% (Fig.
4A). Statistical analysis revealed that there was no sig-
nificant difference between nontreatment and saline-
exposed rats as for the density of NE TH immunoreac-
tive fibers (P ¼ 0.774); however, the density of NE TH
immunoreactive fibers was more significantly increased
in CTM-exposed rats compared with saline-exposed rats
(P ¼ 0.023) or nontreatment rats (P ¼ 0.004). Thus, a
�twofold increase of the NE TH immunoreactive fibers
was found in saline-exposed animals, and a nearly four-
fold increase was observed in CTM-exposed animals
compared with nontreatment animals.

Additionally, very few, if any, thick TH immunoreac-
tive fibers were noted in nontreatment rats (Fig. 5A1
and C1). A slightly increased density of thick TH immu-
noreactive fibers was noted in saline-exposed rats (Fig.
5C2). Moreover, more thick TH immunoreactive fibers
were noted in the neocortex of CTM-exposed rats com-
pared with saline-exposed rats (Fig. 5C3). Interestingly,
a few NE TH immunoreactive fibers showed beaded mor-
phology in some CTM-exposed rats (Fig. 5B1). Again,
these altered TH immunoreactive axons coexpressed
DBH immunoreactivity (Fig. 5A2 and B2), confirming
their NE LC origin (Fig. 5A3 and B3). The schematic
diagrams illustrating the relative increased density and
morphological changes among the three experimental
groups were shown in Fig. 5.

To further understand the difference between the den-
sity of TH and DBH immunoreactive fibers in the neo-
cortex, we also semiquantitatively analyzed the density
of DBH immunoreactive fibers in nontreatment, saline-
exposed rats, and CTM-exposed rats. Our data revealed
that the density of DBH immunoreactive fibers (Mean �
SD) was: 5.6% � 0.9% in nontreatment group, 5.2% �
0.6% in saline-exposed group, and 5.6% � 0.6% in CTM-
exposed group (Fig. 4B). Statistical analysis did not
show significant difference among three groups (F ¼
0.326, P ¼ 0.732). These data suggest that early drug ex-
posure does not appear to affect the overall DBH immu-
noreactive NE cortical fiber density.

Altered NE TH Immunoreactivity in the LC and
Neocortex of MAO A KO Mice

Because MAO A KO mice contain extreme high levels
of both serotonin and norepinephrine (Cases et al., 1995;
Scott et al., 2008), it is conceivable that such a long-last-
ing high concentration of norepinephrine during early
brain development may alter the expression of NE fibers
in MAO A KO mice. Therefore, our goal, here, was to
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examine the morphological changes of NE neocortical
fibers labeling patterns at day 30 and 150. An example
of TH expression in LC neurons was shown in Fig. 6.
First, there were no obvious changes both in the inten-
sity (Fig. 7A, F ¼ 0.171, P ¼ 0.72) and density (Fig. 7B,
F ¼ 0.044, P ¼ 0.853) of TH expression between WT and
MAO A KO mice at day 30, and also there were no
obvious changes both in the intensity (Fig. 7A, F ¼
0.625, P ¼ 0.487) and density (Fig. 7B, F ¼ 1.846, P ¼
0.267) of TH expression between WT and MAO A KO
mice at day 150. However, on further examination of the
TH-labeled LC dendrites in MAO A KO mice, we noted
that many LC neurons exhibited beaded dendrites, espe-
cially at day 30 (Fig. 6B3) compared with day 150 (Fig.
6C3). In contrast, LC neurons in WT mice exhibited

rather smooth dendrites (Fig. 6A3). More specifically,
MetaMorph software morphological analysis revealed
rather segregated immunoreactivity in segments of LC
dendrites in MAO A KO mice at day 30 (Fig. 6B4) and
day 150 (Fig. 6C4), compared with the almost even
(smooth) TH immunoreactivity in WT LC dendrites (Fig.
6A4).

As LC neurons revealed abnormal dendritic morphol-
ogy, it is very likely that axons of their target sites such
as the neocortex may also exhibit altered morphology. To
test this, we utilized antibodies against TH and NET to
examine the axonal terminal morphology and their den-
sity in the neocortex. Based on our semiquantitative
analysis of TH immunoreactive fiber density in the neo-
cortex, our data revealed that the average threshold TH

Fig. 1. Expression profiles of TH immunoreactivity in the LC of non-
treatment (NT), saline (SAL), and CTM exposed rats. Intensity profiles
of TH immunostained LC are shown in A2 (NT), B2 (SAL), and C2
(CTM). Note no apparent staining intensity (white represents highest
intensity; purple represents lowest intensity) differences among the
three groups of animals. High power view of individual TH immunore-
active LC neurons and their dendrites are shown in A3, B3, and C3.

The dendritic TH intensity profile and its spatial distribution are shown
in A4, B4, and C4. Note the expanded view (pointed by two arrows in
A3, B3, and C3) of TH immunostained dendrite reveals a continuous
band of activity and also exhibits rather similar intensity. Scale bar in
C1 applies to A1 and A2 rows. Scale bar in C3 applies to A3 row.
Scale bar in C4 applies to A4 row.
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Fig. 2. Histograms demonstrating the intensity (A) and density (B) of TH immunoreactivity in the LC. All
three experimental groups showed a rather similar intensity and density.

Fig. 3. The immunostaining patterns of NE TH immunoreactive neo-
cortical fibers in rats. Note the increase of NE TH immunoreactive
cortical fiber density (linked to Cy3: red) in SAL (B1) and CTM (C1)
exposed animals compared to NT (A1) animals. The same tissues
were also processed for DBH immunorectivity (A2, B2, and C2; linked

to Cy2: green). Notice the TH immunoreactive fibers coexpress DBH
immunoreactivity (pointed by white arrows). The merged images are
shown in A3, B3, and C3. Numerous TH/DBH double labeled fibers
are observed in CTM-exposed animals (C3) compared with NT (A3).
Scale bar in C3 applies to all images.
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Fig. 4. Histograms demonstrating alterations of TH (A) and DBH (B) immunoreactive fiber density in rat
neocortex among the three experimental groups. (*P < 0.05, **P < 0.01).

Fig. 5. Representative extra-thick (hypertrophy) NE TH immunore-
active fibers and the overall distribution of NE TH immunoreactive
fibers in rat neocortex. A few extra-thick TH immunoreactive fibers
(linked to Cy3; pointed by thick white arrow in A1) in all rats especially
CTM-exposed rats are noted to coexpress DBH immunoreactivity
(linked to Cy2, see A2). The merged image is shown in A3. For com-
parison, thin white arrows point to regular fine NE TH immunoreactive

fibers. Interestingly, clusters of fine caliber NE TH immunoreactive
fibers exhibit beaded appearance in some CTM-exposed animals
(pointed by yellow arrows). The merged image is shown in B3. Sche-
matic diagrams illustrating the overall distributions of NE TH immuno-
reactive fibers among the three groups are shown in C1, C2, and C3.
Note especially, the clustering of NE TH immunoreactive fibers in the
CTM-exposed animals. Scale bar in B3 applies to all the color photos.



immunoreactive cortical fiber area in WT mice (Mean �
SD) was 1.4% � 0.2% compared to 1.9% � 0.5% in MAO
A KO mice at day 30 (Fig. 7C, F ¼ 2.28, P ¼ 0.228). As
for day 150 old mice, we noted that the average thresh-
old area (Mean � SD) was 3.4% � 0.6% in WT mice com-
pared to 3.1% � 0.5% in MAO A KO mice (Fig. 7C, F ¼
0.411, P ¼ 0.55). These data demonstrate a slight
increase of TH immunoreactive cortical fiber density in
MAO A KO mice compared with WT mice at younger
age but appears to subside when the animals reached
adulthood. Furthermore, NE TH immunoreactive corti-
cal fibers in WT mice are double labeled with NET im-
munoreactivity, and they are rather smooth, suggesting
the LC as their cell origin (Fig. 8A1–A4). Interestingly,
the TH/NET double-labeled neocortical axonal terminals

were found to be rather beaded in MAO A KO mice at
day 30 (Fig. 8B1–B4), and slightly beaded at day 150
(Fig. 8C1–C4) compared to smooth axons in WT mice. In
addition, such alteration/beading appeared to be more
obvious in TH expressing axons (Fig. 8B2), especially at
day 30, compared with NET expressing axons (Fig. 8B4).

DISCUSSION

The results of the present investigation reveal that
neonatal exposure to one of the most selective SSRIs,
CTM, increases NE TH expression in rat neocortex. In
particular, we conducted double and/or triple immunoflu-
orescent techniques to assure that these TH expressing
fibers/axons in the cortical hemispheres are indeed NE.

Fig. 6. Expression profiles of TH immunoreactivity in the LC of
MAO A KO (day 30 and 150) and WT (day 30) mice. Note the rather
similar intensity profiles of TH immunreactivity among the three groups
of animals in A2, B2, and C2. High power views of individual TH im-
munoreactive LC neurons are shown in A3, B3, and C3. The intensity
and spatial distribution profiles of TH immunoreactive dendrites
(pointed by two white arrows in A3, B3, and C3) are shown in A4, B4,

and C4. Yellow arrows represent the ‘‘beaded appearance’’ profiles in
B3, C3, B4, and C4. Notice especially the beaded appearance of den-
drites in MAO A KO mice at day 30 (B4) compared with day 150 (C4).
In contrast, rather smooth dendrites are often found in WT (A4). Scale
bar in C1 applies to A1 and A2 rows. Scale bar in C3 applies to A3
row. Scale bar in C4 applies to A4 row.
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Furthermore, MAO A KO mice exhibited TH expressing
beaded dendrites of LC neurons compared with the
smooth LC dendrites in WT mice. A slightly increased
density of NE TH expressing cortical fibers with varicos-
ities was also observed in MAO A KO mice compared
with the rather smooth TH expressing NE axons in WT
mice. Taken together, our present findings suggest that
enhanced NE TH expression in rodent neocortex can be
induced by manipulating the levels of biogenic amines,
most notably serotonin, either through drug exposure
during early development or genetic means.

Technical Considerations

In the current experiments, double and/or triple fluo-
rescent immunohistochemical techniques were conducted
to reveal the altered NE TH expressing fibers in rodent
neocortical hemispheres. As it is well known that speci-
ficity of the antibodies may slightly differ from one anti-
body to another, we have addressed this issue by
utilizing three different sources of TH antibodies. Our
data revealed a consistent pattern of enhanced NE TH
expressing fibers in the neocortex regardless of the type
of antibody used following either drug exposure during
early development or genetic manipulation.

Furthermore, immunohistochemical staining pattern
may vary slightly from one animal to another depending
on the conditions in which it is performed. To avoid such
variation, animals were perfused on the same day, sec-
tioned also on the same day, and then the brain sections
from three experimental groups were processed simulta-
neously together as a set in the same well/container.

With such approach, comparison between cases in the
same set revealed consistently, for example, an increased
density of NE TH expressing fibers in the neocortex fol-
lowing CTM exposure compared with either nontreat-
ment or saline-exposed animals.

Changes in the density of NE TH expressing cortical
fibers were analyzed using semiquantitative immunoflu-
orescent technique. More specifically, MetaMorph soft-
ware program allows us to optimally sample the labeled
fibers within the selected area. To avoid sampling bias,
four columns of each cortical hemisphere (two hemi-
spheres per animal) were conducted. This allows us to
perform a rather detailed analysis among different ex-
perimental groups. Most importantly, semiquantitative
analysis of immunostained fiber density has been
recently utilized by several laboratories including ours
(Dreyer et al., 2004; Maciag et al., 2006; Weaver et al.,
2010). One of the major advantages with this approach
is that changes on the immunostained profiles within a
subzone/subregion of a given area/nucleus can be ana-
lyzed. Such approach cannot be easily achieved with
Western blot analysis.

Comparison With Other Studies

Previous studies have suggested that very few, if any,
TH expressing fibers were found in the normal adult
rodent (especially the rat) neocortex (Pickel et al., 1975;
Hokfelt et al., 1977). In our TH-immunostained materi-
als obtained from nontreatment or WT groups, a consist-
ent finding was that there were only a few TH
immunoreactive fibers in rodent neocortex, supporting

Fig. 7. Histograms demonstrating the alterations of TH expression
intensity and density in the LC as well as TH immunoreactive cortical
fiber density in 30 and 150 days old WT and MAO A KO mice. A: TH
expression intensity of the LC remained unchanged in MAO A KO
mice compared with WT mice at both ages. B: TH expression density

of the LC also remained unchanged in MAO A KO mice compared
with WT mice at both ages. C: The density of NE TH immunoreactive
fibers in MAO A KO mice was slightly higher at day 30 (P ¼ 0.228) but
remained unchanged at day 150 (P ¼ 0.55) compared with WT mice,
respectively.
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the overall conclusions derived from the previous reports
especially the rat. So far, few studies have examined the
altered NE TH expressing cortical fibers following vari-
ous types of manipulation in neonates. In contrast, there
are numerous examples of altered TH expression (both
the protein and mRNA levels), especially in LC neurons,
after stressing the adult animals (Richard et al., 1988;
Watanabe et al., 1995; Chang et al., 2000). Other study
has further shown that not only TH but also the biosyn-
thetic enzyme such as DBH protein and mRNA levels
were also increased in the LC after immobilization stress
(Serova et al., 1999). Furthermore, several reports have
shown that stressful experience can reduce NE axon
density in the cortex (Sakaguchi et al., 1990; Kitayama
et al., 1994, 1997). These two lines of evidence suggest
that stress may lead to an increased expression of TH/
DBH in LC neurons but a corresponding reduction of
NE cortical fiber density. One of the current intriguing

findings is that neonatal exposure to saline slightly
enhanced NE TH immunoreactive cortical fiber density
compared with nontreatment. One possible explanation
is that rat pups may have also responded to stress dur-
ing saline administration, such as maternal separation
or injection discomfort. Further experiments are cer-
tainly needed to properly elucidate such possible
mechanism(s).

So far, most of the antidepressant treatment studies
have been conducted in adult animals and the analysis
was restricted to LC neurons. For example, Nestler
et al., (1990) reported that chronic antidepressant (all
major classes of antidepressant medication) administra-
tion decreased (40%–70%) the expression of TH in rat
LC neurons. The decreased level of TH immunoreactiv-
ity corresponded to the decrease of TH mRNA levels. On
the other hand, Nakamura (1990) reported that infusion
of the antidepressants maprotiline or desipramine into

Fig. 8. The intensity and spatial profiles of NE TH immunoreactive
fibers in WT and MAO A KO mice. Notice especially the beaded
appearance of TH immunoreactive cortical fibers in MAO A KO mice
at day 30 (B1) compared with day 150 (C1). Rather continuous label-
ing patterns are found in WT (A1). The spatial and intensity profiles of
TH immunoreactivity from a segment (pointed by two white arrows in
A1 row) of three groups are shown in A2 row, respectively. Nearly all
TH immunoreactive fibers (linked to Cy3: red) coexpress NET immuno-

reactivity (linked to Cy2: green). The spatial and intensity profiles of
NET immunoreactivity from a segment (pointed by two white arrows in
A3 row) of three groups are shown in A4 row, respectively. Interest-
ingly, segregations of NET immunoreactive fibers (B4) in MAO A KO
mice at day 30 are not as obvious as NE TH immunoreactive fibers
(B2). Yellow arrows point to the ‘‘gap’’ between two ‘‘beaded appear-
ance’’ profiles in B1 column. Scale bar in C1 applies to A1 and A3
rows. Scale bar in C2 applies to A2 and A4 rows.
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the adult rat cortex pretreated with catecholamine neu-
rotoxin 6-hydroxydopamine induced regeneration of NE
cortical axon terminals, suggesting potent norepineph-
rine reuptake inhibitors can alter the distribution of NE
axons in the cerebral hemispheres. Furthermore,
Kitayama et al., (1997) also reported that antidepressant
imipramine promoted the regeneration of NE axons.
Unfortunately, very few, if any, studies have addressed
the effect of NE axons in the neocortex after neonatal
exposure to antidepressants such as SSRIs. Nonetheless,
it seems likely that antidepressant exposure to adults
but not neonates may increase the density of NE axons
in the neocortical hemispheres, whereas antidepressant
exposure to neonates may increase the density and alter
the morphology of NE TH immunureactive fibers in the
neocortex. Furthermore, we have noted also a rather
similar upregulation of NE TH immunoreactive fibers in
animals exposed to CTM from PN1-10 (data not shown).
These lines of evidence imply further that manipulation
of serotonin level during early brain development may
alter the function of the NE system.

It is also intriguing to note that interaction between
serotonergic and NE cortical axons appears to exist (see
brief review: Harley, 2003). For example, Liu et al. (2003)
reported that regeneration of NE axons in adult rat cortex
was impeded by the presence of normal serotonergic
fibers. The authors further demonstrated that regenera-
tion of serotonergic fibers occurred much faster than NE
axons after neurotoxin damage. Because our recent stud-
ies have also demonstrated that neonatal exposure to
CTM decreased the serotonergic (immunostained with se-
rotonin transporter SERT antibody) cortical fiber density
(Maciag et al., 2006; Weaver et al., 2010), our present
data further support the notion of a compensatory inter-
action between serotonergic and NE systems.

A previous study has shown the appearance of abnor-
mally enlarged (hypertrophic) TH immunoreactive fibers
in the hippocampus after a selective norepinephrine neu-
rotoxin DSP-4 exposure (Booze et al., 1988). Interest-
ingly, perinatal CTM exposure also induced the
appearance of a few extra-thick (hypertrophic) NE TH
expressing cortical axons. Needless to say, further inves-
tigations are required to determine whether these abnor-
mally enlarged cortical axons are indeed functionally
normal.

Given the fact that ‘‘tottering’’ mutant mice exhibited
a pronounced hyperinnervation of NE axons in the cor-
tex (Levitt, 1988), it is not surprising for us to note that
genetic manipulation of MAO A also induces a slightly
enhanced density of NE TH expressing axons in MAO A
KO mice compared with WT mice. However, our data
also revealed that dendrites of LC neurons in MAO A
KO mice are rather beaded, suggesting a sign of partial
degeneration. In addition, we have also noted that NE
TH expressing cortical axons exhibited varicosities/bead-
ing in MAO A KO mice compared with the rather
smooth axons in WT mice. The current findings also
lead us to believe that the altered NE system in MAO A
KO mice may not function properly, because previous
studies have demonstrated that mild transient ischemic
insult induces dendritic beading of hippocampal pyrami-
dal cells (Lin et al., 1997; Simpson and Lin, 2002).

It is worth pointing out that despite a few rather thick
or beaded looking NE TH immunoreactive fibers in the
neocortex of CTM-exposed rats, the majority of these NE

TH immunoreactive fibers are still smooth. In previous
reports, we also found that there are some thick or
beaded looking serotonergic fibers in CTM-exposed rats
(Maciag et al., 2006; Weaver et al., 2010). These two
lines of data appear to support the notion that thick or
beaded looking fibers may be the result of pathological
changes of axon terminals.

Functional Significance

Perhaps, the most intriguing point of the current
study is the upregulation of NE TH expressing fibers in
the neocortex after perinatal manipulation either via
drug exposure or gene mutation. For example, about
0.5%, 0.8%, and 1.9% of NE TH immunoreactive fibers
were found in nontreatment, saline- and CTM-exposed
animals, respectively. Interestingly, the density of DBH
immunoreactive cortical fibers was not changed among
the three groups (5.6% in nontreatment group). This
data confirmed an early report of about 5.5% regarding
the density of DBH immunoreactive cortical fibers in
normal rats (Kitayama et al., 1994). To estimate the per-
centage of these NE TH immunoreactive fibers out of
DBH immunoreactive fibers in the three experimental
groups, we recalculated our data, thus, in the normal
condition about 8.7% of the NE cortical fibers expressed
TH immunoreactiviy, whereas almost 33% of NE cortical
fibers expressed TH immunoreactiviy in CTM-exposed
animals. At present, it remains to be elucidated why
only about one-third of the NE system appears to be up-
regulated in CTM-exposed animals.

It is interesting to note that previous studies have
suggested a raphe-derived inhibitory action of serotonin
on TH activity in LC neurons (Lewis et al., 1976;
McRae-Degueurce et al., 1982; Devau et al., 1987). For
example, Sturtz et al., (1994) noticed an increased TH
activity and TH mRNA of the LC after administration of
5,6-dihydroxytryptamine, a neurotoxin known to selec-
tively destroy serotonergic neurons. Haddjeri et al.,
(1997) also reported that lesion of serotonin neurons
resulted in enhanced LC firing rate. Recently, it was
reported that the tryptophan hydroxylase immunoreac-
tivity, the rate-limiting enzyme of serotonin biosynthesis,
was reduced in neonatal CTM-exposed rats (Maciag
et al., 2006). Hence, SSRI exposure during development
may produce a serotonergic lesion-type effect, resulting
in increased expression of TH in the LC-NE system.

As increased LC activity, which results in increased
extracellular norepinephrine level, was noted under fear
or anxiety condition (Mason and Fibiger, 1979; Redmond
and Huang, 1979; Weiss et al., 2005), it is possible that
enhanced TH expression in LC axons, which results in
enhanced synthesis of norepinephrine in LC axons, may
also contribute to the anxiety-like behaviors of perinatal
SSRIs-exposed animals (Ansorge et al., 2004, 2008).

Finally, there are numerous lines of evidence that im-
plicate the heterogeneous uptake among biogenic amines
(Feuerstein et al., 1986; Descarries et al., 1987; Vizi
et al., 2004; Zhou et al., 2005). Utilizing NET KO mice
as their experimental model, Vizi et al., (2004) reported
that norepinephrine can be taken up and released by se-
rotonin varicosities. The authors further suggested that
the diffusion of norepinephrine may be spatially limited
by SERTs. Unfortunately, the coexpression of norepi-
nephrine and serotonin within the same axons in these
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NET KO mice was not addressed. Under the same sce-
nario, the CTM (despite its selectivity) may, thus,
enhance not only serotonergic but also NE neurotrans-
mission. We have, in fact, explored such a possibility in
our experimental model. Our data (data not shown) sug-
gested that none of the SERT immunoreactive cortical
fibers coexpress TH and/or DBH immunoreactivity, sug-
gesting an unlikely release of norepinephrine from
SERT immunoreactive cortical axons in our experimen-
tal model. Finally, our current data revealed an
enhanced NE TH expression following perinatal expo-
sure to CTM, suggesting strongly the intimate interac-
tion between the two systems, regardless of the
selectivity of SSRIs during early brain development.

At present, SSRIs are the first-line drug choice dealing
with major depressive disorders especially during preg-
nancy and lactation. Our finding suggests that perinatal
SSRIs exposure may have the potential to alter the LC-
NE neuronal circuitry later in life. Hence, clinicians
should weigh the pros and cons of prescribing SSRIs to
pregnant and nursing mothers.
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