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Abstract
Stress-related psychiatric disorders, such as depression and anxiety, affect a disproportionate
number of women. We previously demonstrated that the major brain norepinephrine (NE)-
containing nucleus, locus coeruleus (LC) is more sensitive to stressors and to the stress-related
neuropeptide, corticotropin-releasing factor (CRF) in female compared to male rats. Because the
LC-NE system is a stress-responsive system that is thought to be dysregulated in affective
disorders, sex differences in LC structure or function could play a role in female vulnerability to
these diseases. The present study used different approaches to compare LC dendritic
characteristics between male and female rats. Immunofluorescence labeling of tyrosine
hydroxylase, the norepinephrine synthetic enzyme, revealed that LC dendrites of female rats
extend further into the peri-LC region, covering a significantly greater area than those of males.
Optical density measurements of dendrites in the peri-LC revealed increased dendritic density in
females compared to their male counterparts. Additionally, immunoreactivity for synaptophysin, a
synaptic vesicle protein, was significantly greater in the LC in female rats, suggesting an increased
number of synaptic contacts onto LC processes. Individual LC neurons were juxtacellularly
labeled with neurobiotin in vivo for morphological analysis. LC dendritic trees of females were
longer and had more branch points and ends. Consistent with this, Sholl analysis determined that,
compared to males, LC dendrites of females had a more complex pattern of branching. The greater
dendritic extension and complexity seen in females predicts a higher probability of communication
with diverse afferents that terminate in the peri-LC. This may be a structural basis for heightened
arousal in females, an effect which may, in part, account for the sex bias in incidence of stress-
related psychiatric disorders.
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1. Introduction
Stress-related psychiatric disorders such as depression, anxiety and post-traumatic stress
disorder (PTSD) are more prevalent in women compared to men, and this has been
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attributed to greater sensitivity of stress-responsive systems [1–7]. One stress-response
system that could account for sex differences in the prevalence of stress-related psychiatric
disorders is the locus coeruleus (LC)-norepinephrine (NE) system. The nucleus LC is a
major source of NE in the brain and the sole source of NE in hippocampus and cortex [8, 9].
The LC-NE system mediates arousal, attention, and vigilance in response to salient stimuli
[10–12]. Additionally, LC neurons are activated by stressors, resulting in NE release
throughout the forebrain [13–15]. This is thought to mediate an emotional arousal limb of
the stress response that is coordinated with behavioral, autonomic and endocrine
components of the stress response [16, 17]. Although the LC response to acute stress is
adaptive, if it extends beyond the duration of the stressor or if it occurs in the absence of
stress this could be expressed as pathological hyperarousal or anxiety. LC dysregulation has
been hypothesized to occur in conditions of chronic stress and has been implicated in
melancholic depression and the hyperarousal and re-experiencing symptoms of PTSD [18–
22]. Because these disorders occur more frequently in women than in men, it is possible that
sex differences in the structure or activity of the LC-NE system, may predispose women to
stress-related disorders.

One previously documented sex difference in LC structure was a larger LC composed of
more neurons in female Wistar rats compared to males [23, 24]. This sex difference resulted
from an increase in postpubertal proliferation of LC neurons in females and was dependent
on gonadal hormones [25]. Females require a lifelong presence of estradiol for a feminized
LC, whereas males require a perinatal testosterone surge for LC masculinization [23, 25–
27]. However, the finding of sex differences in LC volume did not generalize to all strains or
species [28–31].

More recently, we demonstrated sex differences in LC neurons at a functional level [32, 33].
Stress produced a greater activation of LC neurons in female rats and these neurons were
more sensitive to the stress-related neuropeptide, corticotropin-releasing factor (CRF),
which is thought to mediate activation of the LC-NE system during stress [17, 32–34]. In
addition to increasing LC neuronal activity, CRF affects dendritic architecture, increasing
dendritic length of LC neurons in slice cultures and promoting neurite outgrowth in LC-like
CATHa cells [35, 36]. This structural effect could further influence stress vulnerability by
increasing the probability of communication with brainstem and limbic afferents conveying
autonomic and emotionally-related information to the LC.

The present study was designed to compare different characteristics of LC dendrites
between adult male and female rats. The majority of LC inputs innervate dendrites that
extend into the pericoerulear region (peri-LC) [37]. Therefore, we first determined the extent
and density of LC dendrites in the peri-LC using immunofluorescence labeling for tyrosine
hydroxylase (TH), the norepinephrine synthetic enzyme. To compare dendritic morphology
in more detail, individual LC neurons of male and female rats were juxtacellularly labeled
with neurobiotin and dendritic architecture was analyzed and compared between groups.

2. Methods
2.1 Subjects

Adult (65–85 days old) male and female Sprague-Dawley rats (Charles River, Wilmington,
MA) were used. All rats had ad libitum access to food and water, were maintained on a 12 h
light/dark cycle, and housed in same sex groups (2–3 rats/cage). For cycling females,
vaginal cytology was used to track the estrous cycle as previously described [38]. For the
initial study, which examined TH and synaptophysin immunoreactivity, half of the females
were perfused in diestrus (characterized by low estrogen levels) while the other half were
perfused in proestrus (characterized by high estrogen levels) to ensure that both hormonal
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extremes were equally represented. Care and use of animals was approved by the Children’s
Hospital of Philadelphia’s Institutional Animal Care and Use Committee and in accordance
with the NIH Guide for the Care and Use of Laboratory Animals.

2.2 Immunohistochemistry for densitometry
Rats were transcardially perfused with saline 0.9% followed by 4% paraformaldehyde in 0.1
M phosphate buffer (PB). After perfusion, brains were removed, post-fixed for at least 1 h,
and then stored in a 20% sucrose solution in PB with 0.1% sodium azide at 4°C for at least
48 h. Frozen coronal sections (30 µm) were cut through the LC on a cryostat and stored in
either PBS for immediate processing or in cryoprotectant for long term storage.

For TH and synaptophysin immunoreactivity, every fourth section was first incubated in
0.75% H2O2 for 20 min and then rinsed in phosphate buffered saline (PBS) containing 0.3%
Triton and 0.04% bovine serum albumin (PBS-TX-BSA) three times for 30 min. Sections
were then incubated in PBS-TX-BSA and 0.1% sodium azide for 48 h at 4°C with either
mouse anti-TH (1:5000, Immunostar) or rabbit anti-TH (1:2000, Millipore) and mouse anti-
synaptophysin (1:75000, clone SY38, Millipore). Specificity of the anti-synaptophysin
antibody has been characterized previously using a preabsorption control [39]. Sections
incubated in anti-TH antibody alone were rinsed (PBS-TX-BSA) three times over 30 min
and incubated in donkey anti-mouse antibody conjugated to Alexa Flour 488 (1:200,
Invitrogen) for 90 min at room temperature. For dual labeling of TH and synaptophysin,
sections were rinsed as described, then incubated with donkey anti-mouse antibody
conjugated to Alexa Flour 594 and donkey anti-rabbit antibody conjugated to Alexa Flour
488 (1:200, Invitrogen) for 90 min at room temperature. Sections were then rinsed in PB,
mounted, and cover-slipped with Fluoromount G (SouthernBiotech, Birmingham, AL,
USA). Immunoreactivity was visualized by fluorescence microscopy using a Leica DMRXA
microscope. Images were captured with a Hamamatsu ORCA-ER digital camera
(Bridgewater, NJ, USA) using Open Laboratory software (Improvision, Coventry, UK).

2.3 Quantification of dendritic area and density
Coronal sections were selected from images of TH staining that corresponded to a rostral
and mid rostrocaudal level of the LC as shown in Figure 1A. These are comparable to the
zones previously described as those in which the majority of LC processes extend [40].
Previous electron microscopic studies demonstrated that nearly all of the labeled processes
in these regions are dendrites [40]. Fluorescent images were taken at the same exposure,
then converted to grayscale and inverted. The Image J Optical Density calibration was used
to determine dendritic density in triangular regions of interest in both ventromedial and
dorsolateral peri-LC regions (Fig. 1A). In addition to the density measurements, the area
covered by LC dendrites in ventromedial peri-LC was outlined using Image J, and
measurements were converted from pixels2 to µm2 for graphical presentation. To evaluate
potential sex differences in TH expression, the optical density of TH in the nuclear core of
the mid LC region, which contains the most cell bodies, was analyzed by outlining the
portion of the LC containing only the cell bodies. For all density measurements, the mean
density of a background region (taken from a portion of the image with little TH staining)
was subtracted from the mean density of the region of interest and the result was multiplied
by the area of the region of interest to yield the integrated density measurement. For rats
with multiple rostral or mid LC sections, the data from the multiple sections were averaged
(2–6 sections per animal) to yield one determination per region per animal.

Synaptophysin immunoreactivity was quantified as described above for TH. For the
ventromedial and dorsolateral peri-LC regions, triangular regions of interest were used (Fig.
1A). Synaptophysin immunoreactivity was also quantified in the LC core. To this end, an
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outline of the nucleus based on cell bodies as identified with TH staining was drawn and
superimposed on the corresponding image of the same section that contained synaptophysin
immunoreactivity. The analysis of both TH and synaptophysin immunoreactivity was
performed by an individual blind to the sex of the animal.

2.4 Western blotting
Unanesthetized rats were rapidly decapitated, brains were removed, and placed in a block
from which 2 mm slices containing the LC were microdissected using a trephine. LC
samples were homogenized and protein concentration was determined as previously
described [41]. Samples (15 µg per condition) were subjected to SDS-PAGE gel
electrophoresis and proteins transferred to polyvinylidene fluoride membranes as described
[33]. Probing details were as described [41] with slight modifications. Membranes were
blocked with Odyssey Buffer (diluted in PBS 1:1) and incubated with mouse anti-TH
(1:2000) for 90 min. Following rinsing, membranes were incubated with donkey anti-mouse
IRDye 680CW (1:5000, LiCor, Lincoln, NE) for 1 h. Membranes were scanned and TH was
detected using the Odyssey Infrared Imaging System (LiCor). Following quantification of
the TH, membranes were incubated with rabbit anti-beta-tubulin (1:10,000) for 90 min
followed by rinses and incubation with donkey anti-rabbit IRDye 800CW (1:5000, LiCor).
After scanning, Odyssey Infrared Imaging software quantified the integrated intensity of
each band and determined molecular weights based on Biorad Precision Plus Protein
Standards. The ratio of TH to tubulin was calculated and analyzed using the Student’s t-test
for independent samples. For the Figures, each channel of the image was adjusted for
brightness and contrast individually using the Odyssey Infrared Imaging Software.

2.5 Surgery, Electrophysiological Recording and Juxtacellular Labeling of LC Neurons
For juxtacellular labeling of individual LC neurons, rats were anesthetized with a 2%
isoflurane-air mixture, positioned in a stereotaxic instrument and surgically prepared for
recording extracellular single unit activity from LC neurons as previously described [33].
Neuronal activity was recorded using glass micropipettes (< 1.0 µm diameter, 10–20
MOhm) filled with neurobiotin (1.5% in sodium acetate), as previously described [42, 43].
LC neurons were tentatively identified during recording by their spontaneous discharge rates
(0.5–5 Hz), entirely positive, notched waveforms (2–3 msec duration) and biphasic
excitation-inhibition responses to contralateral hindpaw or tail pinch. Once activity of a
putative LC neuron appeared to be stable, pulses of anodal current (200 ms, 50% duty cycle)
were delivered in order to juxtacellularly label the cell [44]. The current amplitude was
increased incrementally (in 0.1 nA steps) to a maximum of 10 nA until cell firing became
entrained. Current intensity was adjusted to maintain entrainment without damaging the cell
and the duration of labeling ranged from 15–60 s. Rats remained anesthetized for at least 1 h
after labeling before transcardial perfusion.

Horizontal sections (30 µm) were cut from brains in which LC neurons were juxtacellularly
labeled. Sections were incubated with mouse anti-TH as described. Then they were
incubated with either rhodamine-conjugated streptavidin and fluorescein-conjugated donkey
anti-mouse antiserum, or fluorescein-conjugated streptavidin and rhodamine-conjugated
donkey anti-mouse antiserum (1:200, Jackson Laboratories) for 90 min at room temperature.
This was followed by rinses and mounting as described above.

Filled cells and dendrites were visualized using an Olympus Fluoview FV1000 confocal
microscope (Olympus, Center Valley, PA) along with Fluoview confocal software (FV10-
ASW v1.7, Olympus). Neurons were imaged using a 20× objective lens and optical z-slices
of 0.8 µm thick were taken to capture the entire extent of the dendritic tree.
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2.6 Morphological analysis
Neurobiotin labeled LC dendrites were reconstructed and analyzed using Neurolucida (MBF
Bioscience Inc., Williston, VT). Cell somas and dendrites were traced with the autoneuron
feature. Dendrites were then manually edited if necessary to ensure accurate tracing. The
Neurolucida Explorer program obtained measurements of the somatic volume and surface
area. The dendritic parameters analyzed included the number of nodes (i.e., branch points),
the number of ends, the length of the average and longest dendritic tree, and the length of the
average and longest segment (i.e., distance from soma-to-node/end or node-to-node/end)
(Fig. 1B). Branch order was assigned using centrifugal branch order and the number of
branches and total length of branches according to branch order (i.e., primary, secondary,
tertiary, etc.) was analyzed. Sholl analysis was performed by counting the number of
dendrites that intersected with sholls or concentric circles that radiated from the cell body in
20 µm increments [45]. Sholls ranged from 40 µm – 280 µm, and although some dendrites
exceeded 280 µm in length; 280 µm was chosen as the last Sholl because <50% of cells had
dendrites that extended beyond that distance. Dendrite tracing and analysis was performed
by an individual blind to the sex of the rat.

2.7 Statistical analysis
For TH and synaptophysin immunohistochemistry, an Analysis of Variance (ANOVA) was
conducted that compared region (mid vs. rostral LC) and sex (i.e., 2 × 2 ANOVA). Most of
the morphological characteristics were analyzed with independent samples t-tests. For
analysis of dendrite order and Sholl analysis, mixed factors ANOVAs were used: the within
subject factors were either branch order or Sholl length, respectively, and a between subjects
factor was sex. Values that exceeded 2 SDs above or below the group mean were considered
outliers and dropped from the analysis. This resulted in dropping one male and one female
subject from the analysis of synaptophysin density in the dorsolateral and core regions,
respectively, and one female subject from the TH westerns.

3. Results
3.1. Sex differences in the area and density of the LC dendritic field

Females were sacrificed in either diestrus or proestrus and compared to evaluate the
potential contribution of circulating gonadal hormones. There was no significant difference
in the LC dendritic field area between diestrus (M=154,285 µm2 ± 22,678), and proestrus
(M=170,217 µm2 ± 23,443) females [t(6)=0.59,p>0.05]. Similarly, there was no significant
sex difference in dendritic density in the ventromedial peri-LC between females in diestrus
(M = 1,743 ± 264) and proestrus (M = 1,546 ± 433) [t(6)= −0.39, p>0.05]. In the
dorsolateral peri-LC, dendritic density was also comparable between diestrus (M = 231 ±
19) and proestrus (M = 209 ± 24) females [t(6)= 0.70, p>0.05]. Therefore, data for both
hormonal conditions were collapsed into one combined female group for graphical
presentation and data analysis.

Figure 2 shows the LC dendritic fields in a representative male and female subject at a
rostral and a mid rostrocaudal LC level comparable to levels depicted in Figure 1A. The LC
dendritic field was more extensive at the mid LC level compared to the rostral LC,
irrespective of the sex of the animal [F(1,25)=10.1, p<0.05, n=7–8 rats] (Figs. 2, 3A). At
both rostral and mid levels, the dendritic field was larger in females compared to males
[F(1,25)=10.3, p<0.05] (Fig. 3A). There was no significant interaction between LC region
and sex [F(1,25)=1.2, p>0.05].

Densitometry revealed that LC dendrites in the ventromedial peri-LC were more
concentrated in the mid LC versus rostral LC region, irrespective of sex [F(1,25)=52.9,
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p<0.05, n=7–8 rats] (Fig. 3B). However, there was no regional difference in LC dendrites in
the dorsolateral region [F(1,25)=2.8, p>0.05] (Fig. 3C). In both the ventromedial and
dorsolateral peri-LC regions the density of dendrites was greater in females compared to
males [F(1,25)=8.5, p<0.05, F(1,25)=34.6, p<0.05, ventromedial and dorsolateral,
respectively] (Fig. 3B,C). There were no significant interactions between LC region and sex
[F(1,25)= 2.4, p>0.05, F(1,25)= 0.3, p>0.05, ventromedial and dorsolateral, respectively].

In the same sections in which the LC dendritic area and density were quantified above, the
optical density of TH in nuclear portion of the LC at a mid rostrocaudal level was found to
be comparable between sexes [t(11)=0.28, p>0.05] (Fig. 3D). Additionally, Western blotting
indicated that there was no sex difference in the ratio of TH:tubulin [t(22)=0.91, p>0.05,
n=12] (Fig. E,F). Together these results suggest that the observed sex differences in
dendritic area and density were not attributable to sex differences in TH expression.

3.2 Sex differences in synaptophysin immunoreactivity in the LC
In order to determine whether the increased LC dendritic density in female rats was
accompanied by an increase in synaptic contacts onto LC dendrites, immunoreactivity for
synaptophysin, a synaptic vesicle protein, was quantified. Figure 4 shows synaptophysin
immunolabeling in the mid LC region in representative sections from male and female rats.
Synaptophysin labeling in the ventromedial and dorsolateral peri-LC regions was
comparable between mid and rostral levels [F(1,24)=0.3, p>0.05, F(1,24)=0.2, p>0.05,
ventromedial and dorsolateral, respectively, n=6–8 rats] (Fig. 5A,B). However, there was
more synaptophysin labeling in the mid than rostral LC core [F(1,25)=11.9, p<0.05, n=7–8
rats] (Fig. 5C). In the ventromedial peri-LC there was a trend for increased synaptophysin
immunoreactivity in females compared to males [F(1,24)=3.9, p=0.059] (Fig. 5A). Females
had significantly more synaptophysin labeling in the dorsolateral peri-LC than males
[F(1,24)=6.2, p<0.05] (Fig. 5B). Because it is possible that the synaptophysin expression in
the peri-LC regions represented synapses on dendrites from both LC neuron and non-LC
neurons, synaptophysin expression was also assessed in the core of the LC where the
majority of dendrites are from LC neurons. Within the nuclear core of the LC,
synaptophysin immunoreactivity was greater in females than males [F(1,25)=7.8, p<0.05]
(Fig. 5C). There were no significant interactions between LC region and sex [ F(1,24)=0.34,
p>0.05, F(1,24)=2.4, p>0.05, F(1,25)=1.0, p>0.05, ventromedial, dorsolateral and core,
respectively].

3.3 Sex differences in soma size and dendritic arborizations
A total of 52 neurons were juxtacellularly labeled with neurobiotin and included 20 cells
from 9 male rats and 32 cells from 12 female rats. Figure 6 shows representative examples
of neurobiotin-filled TH-immunoreactive LC neurons in a male and female rat along with
their Neurolucida tracings. Neurolucida analysis of the filled neurons indicated a greater
somatic surface area [t(49)=2.9, p<0.05] and volume [t(49)=2.5, p<0.05] of LC neurons in
males than in females (Fig. 7A).

Neurolucida analysis of LC dendrites indicated significantly more branch points (i.e., nodes)
and more ends in females compared to males [t(50)=2.7, p<0.05, t(50)=2.2, p<0.05, nodes
and ends, respectively] (Fig. 7B). The average length of the dendritic tree was longer in
females [t(50)=2.2, p<0.05], and the size of the longest dendritic tree was greater in females
than in males [t(50)=2.1, p<0.05] (Fig. 7C). Interestingly, length of the mean segment (i.e.,
distance from soma-to-node/end and node-to-node/end) and the length of the longest
segment were comparable between males and females [t(50)=1.1, p>0.05, t(50)=1.2, p>0.05,
mean and longest, respectively] (Fig. 7D). Dendrites were categorized and assessed by
branch order (i.e., 1st,2nd, 3rd,4th, or 5th). A mixed factor ANOVA revealed that neurons of
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females had more branches overall [F(1,50)=5.4, p<0.05] (Fig. 7E). There were fewer higher
order branches, regardless of sex [F(4,200)=20.6, p<0.05] and there was no branch order by
sex interaction [F(4,200)=2.0, p>0.05]. Chi-Squared tests were used to analyze the
proportion of 3rd and 4th order dendrites. While 69% of female LC neurons had 3rd order
branches, only about half (55%) of male LC neurons had 3rd order branches, but the Chi-
Squared analyses was not significant [χ2 (1, N = 52) = 1.0, p>0.05]. However, LC neurons
of females had a significantly greater proportion of 4th order branches (53%) than those of
males (25%) [χ2 (1, N = 52) = 4.0, p<0.05]. A similar pattern emerged when assessing the
total length of the branches broken down from primary to quinary. Overall, females had
longer branches than males [F(1,50)=6.2, p<0.05] (Fig. 7F). Total branch length decreased
as branch order increased [F(4,200)=83.0, p<0.05] and there was no branch order by sex
interaction [F(4,200)=0.6, p>0.05].

Sholl analysis was performed to assess dendritic complexity (Fig. 8A). Dendrites of females
had more intersections with the Sholl circles than those of males [F(1,50)=6.7, p<0.05] (Fig.
8B). Intersections between dendrites and Sholl circles decreased further away from the cell
body [F(12,600)= 61.8, p<0.05]. There was no sex by Sholl interaction [F(12,600)=0.2,
p>0.05]. This analysis confirmed that females had a more complex dendritic tree than males.

4. Discussion
The present study used convergent approaches to compare LC dendritic morphology in male
and female rats. TH immunoreactivity revealed that the LC dendritic field was larger and
denser in females than in males. Increased synaptophysin expression in females suggested
increased synapse formation with afferents in the nuclear core and dorsolateral peri-LC.
Finally, morphological analysis of individually labeled LC neurons confirmed the increased
complexity of LC dendrites in females compared to males. The extent of dendrites and
synaptophysin expression should be related to the magnitude of afferent input processed by
LC neurons. Thus, the present results suggest that LC neurons of female rats may be
structured to receive and process greater amounts information. Particularly, enhanced
extension into the peri-LC would increase the probability for communication with limbic
afferents relaying emotionally-related information and could translate to increased
expression of emotional arousal in females.

4.1 Technical considerations
A consideration in using TH-immunoreactivity as a marker of LC dendrites is the potential
for sex differences in TH expression. A previous study reported a transient increase in TH
expression in the LC of young adult (60 day) female C57BL/6J mice [46]. However, in the
present study we found no sex difference in the density of TH immunoreactivity in nuclear
core of the LC in Sprague-Dawley rats and this was confirmed in Western blots.
Importantly, the findings from the analysis of TH-immunoreactivity were verified using
neurobiotin labeling of individual LC neurons. Thus, the increased dendritic density
observed in females is not due to sex differences in TH expression, but rather sex
differences in dendritic structure.

4.2 Sex differences in LC neuronal morphology
Previous studies have found sex differences in structural characteristics of the LC. The LC
nucleus is larger in volume and is composed of more neurons with larger somas in female
Wistar rats compared to males [23, 24]. However, sex differences in LC volume and cell
number are not apparent in all strains or species [28–31]. In fact, in Sprague-Dawley rats the
dorsal LC is actually smaller in females compared to males [31]. Consistent with this, the
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present study found that, unlike Wistar rats, LC somas of female Sprague-Dawley rats were
smaller than those of males.

The results of the present study are the first, to our knowledge, to demonstrate sex
differences in LC dendritic characteristics. One major finding was that the density of
dendrites in both the ventromedial and dorsolateral peri-LC regions was greater in females
than males. Because the number of LC neurons in some rat strains is greater in females, it is
possible that this increased dendritic density reflects an increase in the total number of
neurons rather than an increase in the complexity of individual LC dendritic trees [23, 24,
28, 29]. However, morphological analysis of individual juxtacellularly labeled LC neurons
revealed that LC neurons of females had a more complex dendritic morphology, arguing that
this contributes, at least in part, to the higher density of dendrites in a particular region
observed in females.

Interestingly, the length of the individual dendrite segments (i.e., distance from soma-to-
node/end, node-to-node/end) was comparable between males and females, indicating that
the more extensive dendritic tree in females was due to an increased number of branch
points and higher order branching, rather than an increase in the length of individual
segments. This distinction between more branches versus longer segments implicates
specific regulatory mechanisms in establishing this sex difference. For example, certain Rho
GTPases, such as Rac1 and Cdc42, increase dendritic branching, whereas RhoA controls
dendrite length [47]. The present findings would suggest sex differences in the function
Rac1 and/or Cdc42 rather than RhoA.

4.3 Factors that may establish this sex difference
The sex differences in LC dendritic structure could be established by gonadal hormones,
which have been shown to regulate dendritic growth and complexity of other neurons (e.g.,
[48–52]. For example, estrogen promotes dendritic growth of cerebellar cells and branching
of hippocampal dendrites [50, 51]. In this present study, sex differences in LC dendrites
were not related to estrous cycle stages, suggesting that the pubertal estrogen surge, rather
than circulating levels, could establish this difference. Alternatively, testosterone, which
surges in the perinatal and pubertal periods in males, may play a critical role. The pubertal
testosterone surge is associated with dendritic pruning in the medial amygdala, so a similar
mechanism could explain the reduced dendritic tree in LC neurons of males [52]. Finally,
some sex differences arise because of the differential representation of genes on the X and Y
chromosomes in non-gonadal cells [53, 54]. Thus, it is possible that genes on the X and Y
chromosomes, rather than gonadal hormones, mediate the sex difference in LC dendritic
morphology.

Another potential mediator of sex differences in LC dendritic structure is the stress-related
neuropeptide, CRF. CRF promotes neurite outgrowth in LC-like CATHa cells through a
MAP kinase-dependent process [36]. In organotypic slice cultures, CRF accelerated the
growth of LC dendrites and increased branch length [35]. These effects required activation
of the CRF1 receptor, protein kinase A and Rac1 [35]. In addition to its structural effects on
LC neurons, CRF increases LC neuronal discharge rate and this response also requires CRF1
activation and cyclic AMP/protein kinase A signaling [32, 55, 56]. LC neurons of female
rats are more sensitive to this CRF effect as a result of enhanced CRF1 receptor association
with the GTP-binding protein Gs and subsequent activation of cyclic AMP signaling/ protein
kinase A cascade, the same signaling cascade thought to be involved in the structural effects
of CRF [32, 33]. Because the physiological and structural effects of CRF on LC neurons are
mediated by a common receptor and at least the initial components of the signaling cascade,
increased coupling of CRF1 to Gs in females could account for sexual dimorphism of LC
dendritic structure.
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4.4 Functional implications
The relevance of a more extensive LC dendritic tree in females lies in the topographical
pattern of LC afferent terminations. In contrast to its widespread efferent system, the nuclear
LC receives input that is restricted to the nucleus paragigantoceullaris, the nucleus
prepositus hypoglossi, Barrington’s nucleus and the dorsal cap of the paraventricular
hypothalamic nucleus [37, 57, 58]. However, the LC can receive communication from other
nuclei whose axons terminate in the peri-LC where they can synapse with LC dendrites that
extend for hundreds of microns outside of the nucleus [40]. For example, the LC can receive
autonomic information from axons of the nucleus of the solitary tract that terminate in the
ventromedial peri-LC [37]. Axons from the periaqueductal gray also terminate in the
ventromedial peri-LC, providing a mechanism for relaying nociceptive information [37].
Limbic afferents from central nucleus of the amygdala and bed nucleus of the stria
terminalis terminate within the dorsolateral peri-LC [16, 59]. Their communication with the
LC may coordinate an arousal response with autonomic and behavioral responses to
emotionally-related stimuli. The more LC dendrites extend into the peri-LC, the greater the
probability of synaptic contacts with the unique population of peri-LC afferents. This design
would allow the LC of females to process more diverse and particularly, emotion-related,
information. This could be adaptive for promoting bonding to, caring for and protecting
offspring. Outside of this context however, heightened emotional arousal can be expressed
as pathology, such as, increased stress or pain reactivity in females. Stress-related
psychiatric disorders, which are more prevalent in females, are thought to involve
overactivation of both limbic and LC-NE systems. For example, in patients with PTSD and
depression, heightened amygdala activity is reported [60, 61]. Moreover, activation of the
LC-NE system is thought to contribute to the hyperarousal and re-experiencing symptoms of
PTSD, as well as to the hyperarousal, insomnia, and loss of appetite that characterize
melancholic depression [18–22]. Thus, despite the fact that the greater complexity of LC
dendrites in females is potentially adaptive in some circumstances, this sex difference may
also play a role in the increased incidence of these stress-related psychiatric disorders in
females.

5. Conclusions
Overall the results of the present study demonstrate that LC dendrites of females are longer
and more complex than those of males. This would increase the probability for
communication with the diverse and unique set of afferents that terminate in the peri-LC.
This includes limbic afferents that relay emotionally-related information. Because the LC
mediates arousal and attention in response to stimuli and challenges in a dynamic
environment, this structural sex difference in LC dendrites may translate to a heightened
emotional arousal response that can be adaptive. However, as hyperarousal is a symptom of
stress-related psychiatric disorders, this structural difference also may contribute to the
higher rates of these disorders in women.
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Figure 1.
Diagrams depict endpoints analyzed for densitometry and morphology. (A) Schematics
represent the regions sampled in a level of the rostral LC (left) and a middle level of the
rostrocaudal LC (right). The rostral and mid LC regions are AP −9.30 and −9.80 relative to
Bregma, respectively [62]. The nuclear core (i.e., LC cell bodies) is defined by the dashed
line. The double line demarcates the area of the ventromedial dendrites analyzed. The
shaded triangle represents the region of interest used to assess the density of the
ventromedial dendrites. The striped triangle represents the region of interested used to assess
the density of the dorsolateral dendrites. (B) Shown on the representative trace are examples
of an end, a node, and segments. This neuron also had primary (1st), secondary (2nd), and
tertiary dendrites (3rd). Abbreviations: IVth, fourth ventricle; D, dorsal; DL, dorsolateral; M,
medial; VM, ventromedial
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Figure 2.
Comparison of the TH-immunofluorescence in the LC and peri-LC of a male and female rat.
Photomicrographs of coronal sections at the level of the rostral (top) and mid LC (bottom) of
a male (left) and female (right) rat. Grayscale images of TH-immunofluorescence were
inverted for quantification. Scale bars = 200 µm.
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Figure 3.
The LC dendritic field is more extensive and LC dendrites are denser in female rats. (A)
Bars show the mean total area (µm2) covered by dendrites in the ventromedial peri-LC
region. This area is more extensive in females than in males (n=7–8). (B) Bars show the
mean optical integrated density of LC dendrites the ventromedial region. Compared to
males, the density of dendrites in this area was greater in female rats. (C) Bars show the
mean dendritic density in the dorsolateral peri-LC region, which was greater in females than
in males. (D) Bars show the mean integrated density of TH expression in the cell body
region of the mid LC (n=6–7). There was no sex difference in TH expression in LC cell
bodies. (E) Representative Western blot of TH (top bands, MW = 58) and tubulin (bottom
bands, MW = 51) from a representative male (left) and female (right) rat. Blots have been
inverted and converted to grayscale for presentation. (F) Bars represent the mean amount of
TH protein normalized to a tubulin loading control from LC punches taken from male and
female rats (n=12). There was no sex difference in the level of TH protein. Asterisks
indicate a significant main effect of sex (p<0.05). Number signs indicate a significant main
effect of region (p<0.05). Data are represented as the mean (±s.e.m.).
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Figure 4.
Comparison of synaptophysin immunoreactivity in the LC of male and female rats.
Photomicrographs of coronal mid LC sections showing synaptophysin immunoreactivity
(red, middle) and the merged image of synaptophysin and TH immunoreactivity (green,
right). A representative male is shown in the top row and a representative female is shown
on the bottom row. Scale bars = 200 µm.
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Figure 5.
Quantification of synpatophysin labeling reveals increased density in the LC and peri-LC of
female rats. (A–C) Bars represent the mean integrated density of synaptophysin
immunoreactivity in the ventromedial peri-LC (A), dorsolateral peri-LC (B), and core (C)
(n=6–8). Asterisks indicate a significant main effect of sex (p<0.05). Number signs indicate
a significant main effect of region (p<0.05). Delta indicates a trend for a sex difference
(p=0.06). Data are represented as the mean (±s.e.m.).
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Figure 6.
Comparison of individual neurobiotin labeled LC neurons in a male and female rat.
Fluorescent photomicrograph (left) of a neurobiotin labeled LC cell (green) merged with TH
(red), and the corresponding cell tracing (right). Branches on the tracing are colored
according to branch order (1st is yellow, 2nd is red, 3rd is green, 4th is blue, and 5th is pink).
A representative male is shown in the top row, while a representative female is shown on the
bottom row.
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Figure 7.
Morphological analysis revealed that dendrites of females had more branches than those of
males. (A) The left bars represent the surface area (µm2) of the somas, while the right bars
represent soma volume (µm3). Both measurements indicate that males (black bars, n=19–20
cells from 9 male rats) had larger somas than females (gray bars, n=32 cells from 12 female
rats). (B) The left bars represent the number of nodes (i.e., branch points) on the dendrites,
while the right bars represent the number of ends. Dendrites of females had more nodes and
ends, indicative of increased branching. (C) The left bar shows the length of the average
dendritic tree, while the right bars show the length of the longest dendritic tree. The
dendritic trees of females were significantly longer than those of males. (D) The left bars
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display the length of the average segment, while the right bars display the length of the
longest segment. Segment length was comparable between male and female dendrites. (E)
The graph represents the number of branches broken down by branch order (i.e., 1st, 2nd, 3rd,
4th, and 5th). Dendrites of females had significantly more branches, regardless of branch
order, than males. (F) The graph represents the length of branches broken down by branch
order. Dendrites of females were significantly longer than those of males, regardless of
branch order. Data are represented as the mean (±s.e.m.). Asterisks indicate a significant sex
difference (p<0.05).
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Figure 8.
Sholl analysis revealed increased complexity of LC dendrites in females. (A) This is a
diagram of a Sholl analysis of a representative tracing from a male (left) and female rat
(right). Concentric Sholls were placed so that they radiated in 20 µm increments from
around the cell body. Intersections with these Sholls were counted. (B) This graph displays
the number of intersections with the Sholls at increasing distances from the cell body.
Dendrites of females (n=32 cells from 12 female rats) intersected with more Sholls than
those of males (n=20 cells from 9 male rats), indicating that the female dendritic tree was
more complex.
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