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The locus coeruleus (LC)-norepinephrine (NE) system modulates a range of salient
brain functions, including memory and response to stress. The LC-NE system is
regulated by neurochemically diverse inputs, including a range of neuropeptides
such as arginine-vasopressin (AVP). Whilst the origins of many of these LC inputs,
their synaptic connectivity with LC neurons, and their contribution to LC-mediated
brain functions, have been well characterized, this is not the case for the AVP-
LC system. Therefore, our aims were to define the types of synapses formed by
AVP+ fibers with LC neurons using immunohistochemistry together with confocal and
transmission electron microscopy (TEM), the origins of such inputs, using retrograde
tracers, and the plasticity of the LC AVP system in response to stress and spatial
learning, using the maternal separation (MS) and Morris water maze (MWM) paradigms,
respectively, in rat. Confocal microscopy revealed that AVP+ fibers contacting tyrosine
hydroxylase (TH)+ LC neurons were also immunopositive for vesicular glutamate
transporter 2, a marker of presynaptic glutamatergic axons. TEM confirmed that AVP+
axons formed Gray type I (asymmetric) synapses with TH+ dendrites thus confirming
excitatory synaptic connections between these systems. Retrograde tracing revealed
that these LC AVP+ fibers originate from hypothalamic vasopressinergic magnocellular
neurosecretory neurons (AVPMNNs). MS induced a significant increase in the density
of LC AVP+ fibers. Finally, AVPMNN circuit upregulation by water-deprivation improved
MWM performance while increased Fos expression was found in LC and efferent regions
such as hippocampus and prefrontal cortex, suggesting that AVPMMN projections to
LC could integrate homeostatic responses modifying neuroplasticity.
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INTRODUCTION

Converging pharmacological, physiological and behavioral data
indicate that the neurohormone arginine vasopressin (AVP)
system is principally linked to the homeostatic regulation of
fluid balance (Armstrong, 2004), yet ascending vasopressinergic
projections that connect the physiology of water regulation with
emotional context and adaptive behaviors have been reported (de
Wied et al., 1993; Hernandez et al., 2012; Zhang et al., 2012, 2016,
2018; Zhang and Eiden, 2018). Historically, the actions of AVP
within the brain were considered to primarily occur in a paracrine
manner, for example, via dendritic release from hypothalamic
neurons and further diffusion to target brain regions via the
cerebrospinal or interstitial fluids (Leng et al., 1992; Landgraf
and Neumann, 2004; Ludwig and Leng, 2006). However, we
and others have since demonstrated direct synaptic connections
between vasopressinergic magnocellular neurosecretory neurons
(AVPMNNs) of the hypothalamus and other brain regions
including hippocampus (Cui et al., 2013; Zhang and Hernandez,
2013), amygdala (Hernandez et al., 2016), and lateral habenula
(Zhang et al., 2016, 2018) via dual AVPMNN projections to these
regions and to the neurohypophysis (Hernandez et al., 2015).
This raises the possibility of direct AVPMNN projections to
additional brain nuclei that participate in integrating homeostatic
with behavioral regulation (Zhang and Eiden, 2018). AVP-
immunopositive (AVP+) axons have indeed been identified in a
myriad of brain regions involved in such functions, including the
pontine nucleus locus coeruleus (LC) (Buijs, 1978; Rood and De
Vries, 2011). However, the source of these inputs, and therefore
the putative regulatory circuits in which they participate, have not
been identified.

The LC (also called nucleus pigmentosus ponti) are bilateral
dense groups of cells located in the pontine tegmentum,
specifically in the lateral-rostral part of the floor of the 4th
ventricle. LC neurons are identified by their expression of the
norepinephrine synthesizing enzymes tyrosine hydroxylase
(TH) and dopamine-beta-hydroxylase (DBH), but not
phenylethanolamine N-methyltransferase, thereby confirming
their principal neurochemical signature of norepinephrine
(NE) (Kobayashi et al., 1974; Swanson, 1976; Levitt and Moore,
1979). LC neurons provide the major source of NE throughout
most of the brain (Robertson et al., 2013; Schwarz and Luo,
2015). The LC-NE system modulates some of the most salient
brain functions, such as arousal, learning and memory and the
cognitive response to stress (Berridge and Waterhouse, 2003;
Atzori et al., 2016). At the synaptic level, NE facilitates synaptic
plasticity by recruiting and modifying multiple molecular
elements of synaptic signaling, including specific transmitter
receptors, intracellular protein kinases, and translation initiation
(Maity et al., 2015; Nguyen and Gelinas, 2018). All such LC-NE
functions are strongly aligned with the levels of LC neuronal
activity. While LC neurons are spontaneously active, their
firing rates are strongly influenced by their afferent inputs,
many of which contain an array of neuropeptides (Palkovits
and Brownstein, 1983), including corticotropin-releasing factor
(CRF) (Swinny and Valentino, 2006; Swinny et al., 2010) and
AVP (Buijs, 1978). Regarding the former, there is consensus that

CRF fibers in LC are of hypothalamic (PVN parvocellular) origin
(Valentino and Van Bockstaele, 2008). While a large body of data
demonstrate the origins of CRF and other LC afferents (Schwarz
and Luo, 2015), the precise source of AVP+ axons in the LC has
yet to be identified, even though hypothalamic paraventricular
and supraoptic regions are known sources for afferents to LC
(Schwarz et al., 2015). Furthermore, conclusive evidence for
AVP+ fibers making synaptic contact with LC neurons has
yet to be reported.

We recently reported on the molecular and physiological
correlates of the AVP-receptor system in the mouse LC (Campos-
Lira et al., 2018). In the current study, we expand upon these
data to demonstrate that AVP+ axons make excitatory synaptic
contact with TH neurons, at the ultrastructural level, and
that these axons originate from discrete hypothalamic nuclei,
thereby identifying specific AVP hypothalamic-LC circuits. We
further demonstrate the potential engagement of these circuits
in response to life experiences which require the homeostatic
properties of both the LC and the hypothalamus.

MATERIALS AND METHODS

Animals
Wistar rats from a local animal breeding facility were used
throughout this study. All procedures were approved
by the Research and Ethics Committee of the Faculty of
Medicine, Universidad Nacional Autónoma de México (CIEFM
062/2016). Animals were housed three per cage under controlled
temperature (22◦C) and illumination (12 h), with water and
food ad libitum. After surgery, animals were kept warm until
fully recovered from anesthesia and then kept individually under
the above-mentioned conditions for 1 week and returned to the
original housing conditions.

Immunohistochemistry (IHC) for Light
and Transmission Electron Microscopy
(LM and TEM)
Male rats of 270 ± 30 g were deeply anesthetized with an
overdose of sodium pentobarbital (63 mg/kg, Sedalpharma,
Mexico) and perfused transaortically with 0.9% saline followed by
cold fixative containing 4% of paraformaldehyde in 0.1 M sodium
phosphate buffer (PB, pH 7.4) plus 15% v/v saturated picric
acid for 15 min (0.05% of glutaraldehyde was added to fixative
for the samples intended for TEM). Brains were immediately
removed, blocked, then thoroughly rinsed with 0.1 M PB until
they were clear of fixative. The brains were then sectioned
using a Leica VT 1000S vibratome, at 70 µm thickness in the
horizontal plane.

For LM IHC, non-specific binding of the secondary antibodies
was minimized by incubating sections containing LC with 20%
normal donkey serum (NDS) in Tris-buffered (0.05 M, pH
7.4) saline (0.9%) plus 0.3% of Triton X-100 (TBST) for 1 h
at room temperature (RT). The sections were then incubated
with the following primary antibodies: rabbit anti-AVP antibody
(kind gift of Dr. Ruud M. Buijs; Buijs et al., 1989), mouse
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anti-AVP antibody (kind gift of Dr. Hal Gainer; Alstein et al.,
1988), rabbit anti-AVP (Abcam, ab39363, for Figure 1B) sheep
anti-tyrosine hydroxylase (TH) [Abcam, ab113; guinea pig anti-
VGLUT2 (Frontier Institute, VGLUT2, GP-Af810)]. The next
day, the sections were washed with TBST for 30 min after

which they were incubated at RT in a cocktail of an appropriate
mixture of secondary antibodies, conjugated with Alexa Fluor
488, Alexa 594 and indocarbocyanine (Cy5), all provided by
Jackson ImmunoResearch, for 2 h. The sections were washed
in TBST and were mounted on glass slides, air dried and

FIGURE 1 | AVP–VGLUT2 immunopositive (AVP+/VGLUT2+) fibers establish Gray type I (asymmetric) synapses onto tyrosine hydroxylase immunopositive (TH+)
dendrites within the LC. (A,B) Confocal photomicrographs showing AVP+ fibers making contacts with TH+ dendrites (A) and the co-localization of AVP+/VGLUT2+
segments (B, two Herring body-like bodies were indicated by arrow heads). (A) AVP reaction was made using the antibody gifted from H. Gainer laboratory and
image was taken at 0.5 AU (Airy Units, using Leica SP5 confocal system) optical section thickness of around 0.596 µm. This measure helps to improve the optical
resolution to visualize the contact points in a strongly labeled tissue. The panel B was from mouse LC tissue using a different antibody (Abcam ab39363) and taken
at 1 AU (optical section thickness was around 0.892 µm). (C) Photomicrograph taken from a pre-embedding immunoreaction of trimmed resin capsule surface (the
“pyramid,” osmicated losing the purple color under LM), containing LC prepared for electron microcopy (EM), using DAB/VIP (Very Intense Purple) double
peroxidase-chromogen immunostaining for electron microscopy. AVP+ fibers were evidently making contact with TH+ dendritic segments indicated by arrowheads.
The inserts are TEM micrographs from serial samples of the region indicated by rectangle area in C. The image shows an AVP+ axon with a terminal (depicted in
four serial sections) containing AVP+ dense-core vesicles (dcv, indicated with green arrowhead), establishing a Gray-type I synapse onto a TH+ dendrite (TH is
demonstrated by granular labeling produced by VIP reagent at electron microscopy level, yellow arrowheads). Postsynaptic density (PSD), a TEM feature of a Gray
type I synapse, which is generally indicative of a glutamatergic synapse, are indicated by green arrows. (D) TEM micrograph showing one segment of the same
AVP+ profile (DAB-nickel labeling) coursing in parallel with two TH+ (VIP labeling) dendrites. Note that the VIP labeling for dendrite (white arrowhead) was weaker
than for axonal segment (black arrowhead). (E) An Herring body-like body (large axonal varicosity), an anatomical feature of the vasopressinergic magnocellular
neurosecretory neurons (white asterisks of panel B,E) examined under EM. Scale bars: 400 nm unless stated otherwise.
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coverslipped using Vectashield mounting medium (H-1000,
Vector Laboratories Inc.).

For double peroxidase-chromogen immunostaining and
electron microscopy (TEM), brain sections containing LC, were
cryoprotected with 10% and then 20% sucrose in PB (under
gentle agitation until the sections sank). Permeability of the
tissue was then enhanced by rapidly freezing and thawing
sections using liquid nitrogen. Sections were then thoroughly
rinsed with PB 0.1 M and non-specific secondary antibody
binding was minimized with 20% NDS in TBS for 1 h at RT. The
sections were then incubated with rabbit anti-AVP and sheep
anti-TH antibodies (see above) in TBS plus 1% NDS for 48 h
at 4◦C with gentle agitation. After rinsing in TBS, incubation
was continued with first secondary antibody swine anti-rabbit
IgG conjugated with horseradish peroxidase (HRP) (1:100, Dako
P021702, Copenhagen, Denmark), in TBS containing 1% of
NDS, overnight at 4◦C. Sections were then rinsed and peroxidase
enzyme reaction was carried out using the chromogen 3,3′-
diaminobenzidine (DAB, 0.05%, Electron Microscopy Sciences)
and hydrogen peroxide (H2O2, 0.01%) as the substrate.
The reaction end product in some sections was intensified
with nickel. Subsequently, sections were incubated with 2nd
secondary antibody, biotinylated goat anti sheep antibody
(Jackson ImmunoResearch Laboratories) and then incubated
with Vectastain standard ABC kit [VECTASTAIN R©Elite R©ABC
HRP Kit (Peroxidase, Standard), Cat. No: PK-6100, Vector
Laboratories, Burlingame, CA, United States]. The TH
immunoreactivity was then visualized by using a Vector-VIP
(very intense purple) peroxidase substrate kit [VECTOR R©VIP
Peroxidase (HRP) Substrate Kit; Vector Laboratories]. This
procedure yields a reaction product that appears purple in the
light microscope and granular or particulate in the electron
microscope. Sections were then post-fixed with 1% osmium
tetroxide in 0.1 M PB for 1 h and dehydrated through a series of
graded alcohols (including 45 min of incubation in 1% uranyl
acetate in 70% ethanol), then transferred to propylene oxide,
followed by Durcupan ACM epoxy resin (Cat. No. 100503-434,
Electron Microscopy Sciences). Sections were flat embedded
on glass microscope slides, and the resin was polymerized at
60◦C for 2 days. After removing the coverslip, LC containing
regions, identified by TH immunoreactivity, were sectioned and
carefully re-embedded in capsules in Durcupan resin. Ultrathin
serial sections (70 nm) were prepared with an ultramicrotome,
collected on pioloform-coated single slot grids and examined
with a Philips CM100 transmission electron microscope. Digital
electron micrographs were obtained with a digital micrograph
3.4 camera (Gatan Inc., Pleasanton, CA, United States).

RNAscope ISH Assays
Rats were deeply anesthetized and decapitated using a small
animal guillotine (Kent Scientific corp.). Brains were removed
and rapidly frozen using dry-ice powder. The fresh-frozen tissue
was sectioned (12 µm thick) using a cryostat (Leica CM-1520)
and mounted on positively charged glass slides (Fisher Scientific,
Pittsburgh, PA, United States). The RNA probes for in situ
hybridization used in this study to identify the genes of tyrosine
hydroxylase (TH), V1a (Avpr1a), and V1b (Avpr1b) receptors

were designed and provided by Advanced Cell Diagnostics
(Hayward, CA, United States). All staining steps were performed
following RNAscope R©2.5 HD Duplex Assay protocol for fresh
frozen sections.

Fluoro-Gold Retrograde Tracing
The FG retrograde injection method was according to previously
described protocols (Schmued and Fallon, 1986; Morales and
Wang, 2002; Yamaguchi et al., 2011; Zhang and Hernandez,
2013). A total of twenty 300g Wistar male rats were used
in this experiment. Rats were anesthetized with xylazine
(Procin, Mexico) (20 mg/ml) and ketamine (Inoketam, Virbac,
Mexico) (100 mg/ml) in a 1:1 volume ratio and administered
intraperitoneally (i.p.) at a dose of 1 ml/kg of body weight.
Deeply anesthetized rats were placed in a stereotaxic apparatus
and the retrograde tracer Fluoro-Gold (FG, Fluorochrome, LLC,
Denver, Colorado 80218, United States), dissolved 1% in 0.1 M
cacodylate buffer (pH 7.5), was delivered iontophoretically (Value
Kation Sci VAB-500) at the following coordinates: Bregma
−9.48 mm, lateral 1.20 mm, and dorso-ventral 7.30 mm, via a
glass micropipette (inner tip diameter of approximately 20 µm,
current pulses of 0.1 µA, at 0.2 Hz, with a 50% duty cycle) for
20 min. The micropipette was left in place for an additional
10 min to prevent backflow of the tracer up the injection track
after each injection. Upon recovery, the rats were administered
0.4 mg/kg i.p. Ketorolac (Apotex, Mexico) and 50 mg/kg i.p.
ceftriaxone (Kendric, Mexico) as analgesic/anti-inflammatory
and antibiotic agents, respectively. One week after the FG
injections, the rats were perfused and brains sectioned in the
coronal plane. Injection sites were evaluated and the inclusion
criteria include: (1) the center of the injection was within the
300 µm of the core of LC and (2) there was no visible cerebro-
spinal-fluid (CSF) leaking of FG, evidenced by diffused and
bilateral signals. The selected cases were further processed for
IHC against TH in the brain stem and AVP in the anterior
hypothalamus sections.

Maternal Separation (MS) Protocol
The MS (3 h daily, MS 3 h) procedure is described in detail
elsewhere (Zhang et al., 2012). Briefly, female and male adult
rats were mated for 2 days. During the last week of gestation,
female rats were single-housed in standard rat Plexiglas cages
and maintained under standard laboratory conditions. On the
day after parturition, postnatal day (PND) 2, each litter was
culled to 7–8 pups, of which 5–6 were males. During the period
from PND 2–PND 16, the pups were separated daily from their
dams, and placed into an incubator at 29◦C ± 1◦C, between
09:00 and 12:00 h. After this period rats were returned to their
home cages. After ending the MS protocol, animals were left
undisturbed until the weaning at PND 28, when male and female
rats were separated. Bedding was changed twice a week, with
minimum disturbance. At PND 75, male rats of 270 ± 30 g
were not allowed access to water for 24 h (WD24h) before
perfusion-fixation, according to the above-mentioned protocols,
in order to minimize variability in basal AVP immunoreactivity,
as demonstrated previously (Verney, 1947; Fitzsimons and
O’Connor, 1976; Robertson et al., 1976; Zhang et al., 2010),
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thereby enhancing comparability of subjects. Following fixation,
tissue sections were prepared and immunoreactivity for AVP
within the LC was carried out as above described.

Optical Density Analysis
For optical density analysis of IHC, the area occupied by the
signal was calculated in 10 fields in control and MS animals
using a modification of the protocol described elsewhere (Ying
et al., 2017). Briefly, all images were acquired under identical
conditions. Using ImageJ, images were converted to grayscale.
Thresholds were manually set until the majority of the area
occupied by the labeled fibers was highlighted and maximally
separated from the background noise. Images were converted
to binary format and the threshold areas were measured. The
results were expressed as mean± SEM percentage of control and
compared with a Student t-test.

Morris Water Maze Test
The Morris water maze (MWM) (Morris, 1984) assesses spatial
learning and memory retention. The experimental design we
used consisted of a black circular pool (diameter: 156 cm; height:
80 cm) filled with water to a height of 30 cm and temperature
of 25 ± 1◦C, with visual cues placed on the wall of the pool.
Four virtual quadrants were named I, II, III, IV (see Figure 5,
panes C and D for a graphical description). A circular black
escape platform (diameter 12 cm) was submerged 1 cm below
the water surface to serve as an escape platform. The tests were
video recorded under dim red light. This setting has proved to be
useful for spatial learning and memory retention assessments as
previously described (Zhang et al., 2008; Hernandez et al., 2012).

Ten rats participated in this test. Animals were kept in a light-
dark cycle 12:12, with light on at 7:00 am of solar time, which is
denominated as the zeitgeber time 0, i.e., circadian time 0 (CT0)
and were separated in two groups: control with food and water
ad libitum and water deprivation 24 h group (WD24h). The test
was performed during rat inactivity period aiming to avoid the
spontaneous high Fos expression in LC during the early activity
period. Two assessments were made sequentially: the “morning”
test (MT: performed between CT3–CT5) and the “afternoon” test
(AT: performed between CT8–CT10). Before the MT, a pre-test
habituation was done, which consisted in placing subjects from
one group into the pool for 2 min to allow them to habituate the
water. Rats are natural swimmers. Hence, this procedure reduces
the possible stress of being immersed into water during the tests
as well as to activate the innate swimming ability while making
them acquainted to the environment.

The MT of MWM started by placing the escape platform in
the quadrant II. Each subject was carefully introduced into the
pool starting at quadrant I. Time elapsed between this event and
subject arrival at the escape platform was recorded. In the first
trial, subjects were allowed to explore the entire pool for 60 s,
then the experimenter guided them to the platform, allowing
them to climb onto the platform and to observe the location and
environment for 5 s (see Figure 5, panels C and D, symbolized
with dashed lines for a graphical description).

Six trials were completed for each subject, with intervals of
5 min between each of them. The rats were returned to the resting
room with water and food ad libitum for 3 h. Then the AT started

at CT8 repeating the same procedure modifying the location of
the escape platform to the quadrant I and the starting point to
the quadrant III.

Fos IHC and Assessment
To evaluate the neuronal activity of LC, hippocampus and
prefrontal cortex, the protein product of the proto-oncogene Fos
was used. Since Fos is best detected in the interval between 60
and 120 min after a neuron is activated (Kovacs, 1998, 2008), we
perfused the rats 90 min post-AT (MWM). For IHC, every third
section containing the brain nuclei was blocked with 10% NDS in
Tris-buffered (0.05M, pH 7.4) saline (0.9%) plus 0.3% of Triton
X-100 (TBST) for 1 h at RT and then immunoreacted overnight
with rabbit anti-Fos primary antibody (SC52, 1:1000, Santa Cruz
Biotechnology, Santa Cruz, CA, United States) in TBST + 1%
NDS at 4◦C with gentle shaking. Afterward, sections were rinsed
three times for 10 min with TBST and then incubated for 2 h at
RT with biotinylated goat anti-rabbit secondary antibody (1:200;
Vector Labs, Burlingame, CA, United States). Finally, sections
were incubated in avidin-biotin-peroxidase complex (Elite ABC
Kit, Vector Labs) for 1 h at RT. Peroxidase was detected using
diaminobenzidine 0.05% as chromogen. Sections were rinsed
and permanently mounted with Permount mounting medium
(Electron Microscopy Sciences, Hatfield, PA, United States). Fos
immunoreactive nuclei per 0.0346 mm2 (area of a visual field: VF
through the 100× objective) were counted using a Nikon Eclipse
50i microscope. The results were expressed as mean ± SEM
nuclei/VF and compared with a Student t-test.

RESULTS

Synaptic Connectivity Between AVP+
Axons and LC Neurons
In mouse, sparse AVP+ axons have been reported in the region
occupied by LC, using single labeling light microscopy (Rood
and De Vries, 2011). We recently expanded upon these data to
demonstrate that AVP+ axons in the mouse LC are located in
close apposition to inhibitory and excitatory synaptic marker
proteins (Campos-Lira et al., 2018). However, it is unclear
whether the same association of AVP with synaptic molecular
machinery exists in other species such as the rat, and whether
the signal is located within synaptic junctions, or on neighboring
compartments. We therefore began by examining the association
of AVP+ profiles with such molecular signatures of synaptic
transmission, in rat LC at the light microscopical level.

Using widely validated AVP antibodies (rabbit and mouse
anti AVP), generous gifts from Ruud Buijs and Harold Gainer,
respectively, we detected sparse AVP+ fibers in the LC which
were closely apposed to tyrosine hydrolase (TH) immunoreactive
dendrites (Figure 1A) and somata (Figure 1B). In contrast to
previously reported (Aston-Jones and Waterhouse, 2016), no
AVP+ cell bodies were detected in the LC. This suggests that
there was no local source of AVP within the LC and these AVP+
axons originate from other brain regions. AVP+ varicosities
were also immunopositive for the vesicular glutamate transporter
2 (VGLUT2) (Figure 1B), a protein expressed exclusively in
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glutamatergic axon terminals. This suggests that AVP+ axons
could form excitatory synapses with LC neurons.

To confirm this, we performed double peroxidase-chromogen
immunostaining and TEM, using V – VIP (VECTOR R©VIP
Peroxidase (HRP) Substrate Kit; Vector Laboratories) and DAB
as chromogens (see the “Materials and Methods” Section for
details). It is worth noting that in EM preparations, the
VIP reaction product was granular in appearance and easily
distinguishable from the diffuse reaction product of DAB
(Zhou and Grofova, 1995; Smiley et al., 1997; Muller et al.,
2006, 2011). Visualization of the DAB reaction product at
the light microscopical level revealed several AVP+ profiles
(Figure 1C arrowheads and Figure 1D labeled as “AVP+ ax”).
An AVP+ Herring body-like large varicose (Figure 1B white
arrow and asterisk in Figures 1C,E), which is an anatomical
feature of AVP-containing magnocell’s axons, was also evident
(Figure 1C, asterisk). Within this field of view, two AVP+
bouton closely apposed to a TH+ dendrite (Figure 1C, boxed
area). Examination of serial EM sections taken from the
boxed area revealed that one of these AVP+ boutons formed
an asymmetric (Gray type I) synapse with a TH+ dendrite
(Figure 1C, insert). The presynaptic button contained abundant
DAB precipitate and labeled dense core vesicles (dcv, AVP+,
green arrowhead), characteristic of neuropeptide-containing
axon terminals. Collectively, this demonstrates that AVP is
contained in a set of LC afferents, which make excitatory synaptic
connections with noradrenergic profiles of the LC.

LC-NE Neurons Co-express mRNA for
AVP V1a and V1b Receptors
We recently demonstrated, using immunohistochemistry, that in
the mouse, V1a and V1b, but not V2 receptors are expressed
in the LC (Campos-Lira et al., 2018). Whilst the V1b was
expressed by both noradrenergic and non-noradrenergic LC
neurons, the V1a was exclusively expressed by LC noradrenergic
neurons. We used a high resolution double in situ hybridization
technique (RNAscope R©2.5 HD Duplex Assay) to assess the
comparative AVP receptor expression profile in rat LC. LC
noradrenergic neurons, identified by mRNA signal for TH
(Figure 2D) co-expressed signal for both the V1a (Figure 2A)
and V1b (Figure 2B) receptors. This indicates that AVP, released
at excitatory synapses, uses both V1a and V1b receptors for
postsynaptic signaling within LC neurons. Figures 2C,D shows
neurons located in the dorsal raphe nucleus and LC, respectively,
which expressed either V1b mRNA but not TH mRNA
(Figure 2C) or TH mRNA but not V1b mRNA (Figure 2D), from
the same samples as experimental controls.

AVP+ Axons in the LC Originate From
the Magnocellular Neurosecretory
Neurons of the PVN and SON
Our LM analysis revealed that the rat LC is devoid of AVP+
somata. This indicates that all AVP+ axons originate from
regions beyond the LC. The presentation of LC AVP+ axons as
large diameter profiles, with frequent-varicosities and Herring
body-like structures which co-expressed the glutamatergic
synaptic marker protein VGLUT2 is typical of hypothalamic

AVPMNNs (Ziegler et al., 2002; Hrabovszky and Liposits, 2007),
thus making this brain region the likely source of these afferents.

To assess this hypothesis, the retrograde tracer FG was
stereotaxically injected in LC, and the transported signal then
evaluated in target regions. A total of four animals were
confirmed to have FG injections within the core of the LC,
confirmed with TH IHC (see the “Materials and Methods”
Section for detailed description) (Figure 3A). Inspection of AVP
immunofluorescence in conjunction with FG signal, in regions of
the anterior hypothalamus confirmed the co-expression of AVP-
FG in the hypothalamic paraventricular (PVN) and supraoptic
(SON) nuclei (Figure 3, panels C–H). This confirms that
AVPMNNs provide AVP-immunopositive innervation of LC-NE
neurons. Further interpretations and discussion of this finding
are developed in the Section of “Technical Considerations” at the
end of this paper.

Table 1 describes the semi-quantitative analysis of the
four cases matching the inclusion criteria. Interestingly,
AVP/FG double labeled neurons were not found inside the
suprachiasmatic nucleus.

Early Life Stress (ELS) Increases the
Expression of AVP in the LC in Adulthood
We recently reported in mouse that acute stress significantly
alters the expression of AVP terminals and AVP receptor
expression in the mouse LC (Campos-Lira et al., 2018). The
question therefore arises whether such stress-induced plasticity
in the LC AVP system is enduring following exposure to chronic
stress. One type of stress which induces long lasting molecular,
physiological and structural plasticity in different brain regions
(Caldji et al., 2003) including the LC (Swinny et al., 2010) is early
life stress (ELS). Given the above data which indicate that LC
AVP axons originate from, in part, the same center that integrates
the stress response, i.e., the PVN, we assessed whether prior ELS
alters the expression profile of AVP+ axons in the LC, using the
maternal separation as a model of ELS. As previously reported
for other brain regions (Zhang et al., 2012; Hernandez et al.,
2016), MS resulted in a noticeable increase in the intensity of
AVP immunoreactivity in the LC, in adulthood (Figures 4A,B).
Quantification of AVP immunofluorescence intensity revealed
a significant increase in MS samples (Figure 4C), p < 0.001,
unpaired Student’s t-test; n = 5 animals.

Water Deprivation 24 h (WD24h) Subtly
Enhances Improvement in Spatial
Learning and Memory Retention,
Accompanied by a Significant Increase
in Fos Expression in LC, Hippocampus
and Prefrontal Cortex, After MWM
Assessment
To answer our question whether the hypothalamic AVPMNN
system’s sub-chronic upregulation exerts modulatory effects on
the LC-NE neurons activation and subsequent projection regions,
which could be reflected in their behavioral modifications, we
devised an experiment to assess the spatial learning and memory
retention in water-maze-naive rats using water deprivation (WD)
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FIGURE 2 | Confirmation of the expression of V1a and V1b receptor mRNA in noradrenergic LC neurons using a high resolution in situ hybridization method
(RNAscope R©2.5 HD Duplex Assay). (A,B) Horizontal sections of rat LC with inserts showing the co-localization (double arrowheads) of V1a/TH (A) and V1b/TH (B).
The TH mRNA signal was amplified using RNAscope channel 2 related probes and alkaline phosphatase (AP) – based Fast Red chromogen to result in a strongly
detectable red signal and either V1a and V1b signals were amplified using RNAscope channel 1 related probes and horseradish peroxidase (HRP) – based green
chromogen (the green punctuated signal). This newly developed technology allows a same-day ISH for two mRNAs detection with cellular resolution and being
permanently mounted and examined under conventional light microcopy. Panels (C,D) are controls showing the labeling with V1b only, in the dorsal raphe nucleus
and TH only in LC respectively. Scale bars: A,B: 0.5 mm; rest, 10 µm.

as our experimental variable. From 12 h of water deprivation, the
plasma AVP concentration in rat reaches to its maximum level
and continues for the next 12 h (Zhang et al., 2010). Hence, this
physiological model could up-regulate the AVP afference to LC.

As shown in Figure 5A, in the morning test, the WD group
already showed a subtle improvement of spatial learning with a
smoother learning course and a significant reduction of time to
reach the escape-platform in the 2nd trial compared to control.
This improvement is further confirmed in the afternoon session
with significant reduction of time to reach the escape-platform

in the 2nd and 3rd trials compared to control (Figure 5B).
An interesting phenomenon was observed in the first trial of
the afternoon test, in which the WD subjects spent more time
swimming in the quadrant II where the escape-platform was
located in the morning test, while the control rats did not show
this preference (Figures 5C,D).

The expression of c-Fos, a marker of neuronal plasticity,
assessed 90 min after the end point of MWM, revealed significant
increase in the LC, as well as in the granule cell layer (gcl) of
the dentate gyrus (DG) of dorsal hippocampus and prefrontal
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FIGURE 3 | Fluoro-Gold (FG) retrograde tracing identifies the SON and PVN nuclei as the sources of LC AVP afferents. (A) Coronal section of pontine tegmentum,
Bregma –9.84 mm; red TH+ IHC showing LC and blue FG labeling site of about 300 µm of diameter. (B) Within the suprachiasmatic nucleus (SCN), the FG labeled
cells were found immuno-negative for AVP. In both SON (C–E) and the lateral magnocellular division of PVN (PVNlmd, F–H), around 20–60% of AVP+ neurons were
positively labeled. (C,F) Photomicrographs from freshly vibratome sectioned coronal hypothalamic slices indicate the sparse FG labeled magnocellular neurons
(perinuclear lysosome labeling pattern). FG and AVP immunohistochemistry were co-localized (filled arrows) in a population of the magnocellular neurons in SON
(D,E) and PVNlmd (G,H). White hollow arrows indicate AVP+ cells without FG and green hollow arrows show the FG+ cells without AVP. See “Technical
Considerations” Section in the “Discussion” for further considerations. Scale bars: 20 µm for E,H; rest 300 µm.

cortex. The panel E of Figure 5 shows a higher number of Fos+
nuclei in all regions evaluated comparing control vs. WD24h rats,
i.e., LC: 9.62 ± 0.9 vs. 13.14 ± 1.2, p < 0.05; DG: 6.0 ± 0.7 vs.
11.62 ± 1.3, p < 0.001; and PFC: 12.45 ± 0.5 vs. 19.73 ± 1.5,
p < 0.001. It is worth noting that both of the latter regions receive
abundant NE innervations from LC (Schwarz et al., 2015) but
no AVP direct innervations have been reported (Rood and De
Vries, 2011; Zhang and Hernandez, 2013). Hence, it is coherent
to interpret that these c-Fos expression increases are secondary to
the potentiation of LC-NE afference to those regions.

DISCUSSION

In the current study, we provide the first demonstration that
AVP-containing axons make synaptic connections with LC
neurons. Furthermore, we provide evidence that these AVP
afferents originate from magnocellular neurosecretory neurons

(AVPMNNs) of the hypothalamic PVN and SON. Finally,
our data suggest the recruitment of this AVPMNN circuit
during periods of psychological and physiological challenges.
Collectively, the study identifies the anatomical substrates linking
two different neural systems with a common responsibility for
ensuring homeostasis in complex environments.

The Molecular and Structural
Components of AVP-LC Communication
In contrast to its well-characterized role as a hormone in
the periphery, within the brain, AVP has been shown to also
exhibit the features of a neuromodulator by directly altering
neuronal excitability (Zhang and Eiden, 2018). Axons containing
such neuropeptide modulators generally adopt a range of
release mechanisms, thereby increasing the versatility of their
communication patterns. For example, volume transmission
(VT) is a key feature of such hypothalamic neuropeptide
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neurotransmitters and facilitates the modulation of large
ensembles of neurons (Alpar et al., 2018). The sparsity of AVP+
axons throughout the LC, in comparison to the vast expression
of AVP receptors in virtually all LC neurons, suggests that the
LC AVP system relies heavily on VT as a means of influencing
LC neuronal excitability. However, our ultrastructural data
indicate that AVP+ axons also employ the wired form of
transmission in terms of forming conventional synapses with LC
profiles. This suggests that AVP afferents impart highly directed,
synaptic modulation of a sub-population of LC neurons, whilst
maintaining a more general influence over the entire nucleus
via VT. Since synaptic connectivity imparts speed and precision
in neuronal network signaling, this raises the question whether
the synaptically connected AVP-LC neurons represent a group
of cells essential for mediating specific aspects of AVP-mediated
brain functions, in a strict temporally constrained manner.
This could result in the parcellation of the LC into different
populations of neurons within AVP-LC pathways. Evidence for
this heterogeneity of the LC AVP system stems from our recent
report which demonstrated that the pharmacological activation
of LC neurons resulted in contrasting effects on spontaneous
firing rates (Campos-Lira et al., 2018). If so, identifying the
anatomical and molecular signatures of this sub-populations
of LC neurons, together with the source/s of such synapse
innervating AVP+ axons, will be the crucial in furthering our
understanding of the contribution of neurochemical systems to
overall LC function.

The Source of LC AVP+ Afferents
There are at least five major brain AVP centers, and therefore
likely sources of the AVP+ axons innervating LC neurons,
namely, the PVN, suprachiasmatic nucleus, supraoptic nucleus,
bed nucleus of the stria terminalis (BNST), and medial amygdala
(Goodson and Bass, 2001). AVP+ inputs to the LC have been
reported since the late 1970s in both the core and pericoeruleus
sub-regions (Buijs, 1978). These axons were considered to
originate from parvocellular vasopressinergic neurons located
within the caudal paraventricular nucleus and the BNST (Urban
et al., 1999). However, the retrograde tracing data in this current
studies point to magnocellular neurons of the PVN (AVPMNNs)
being the major source. Our ancillary molecular data, in the
form of VGLUT2-AVP co-expression, a signature of AVPMNNs,
further supports the notion that these axons originate from this
region of the brain. Further arguments to support the notion
that these axons most likely arise from the hypothalamus rather
than from extra-hypothalamic AVP-positive neurons include (i)
AVPMNNs are known to be glutamatergic (Ziegler et al., 2002;
Hrabovszky and Liposits, 2007); (ii) most, if not all, of the AVP-
parvocellular populations, in hypothalamic suprachiasmatic
nucleus (SCN), central (CeA) and medial (MeA) amygdala,
bed nucleus of stria terminalis, intra-amygdala (BNSTIA) and
medial posterior internal (BNSTmpi) divisions have been found
to express VGAT hence to be GABAergic (Zhang and Eiden,
unpublished; Zhang and Eiden, 2018). As such, the data reveal
a synaptically connected circuit between PVN AVP+ neurons
and the LC. Future studies focused on dissecting the roles
of other PVN-LC pathways, such as those using CRF as a
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FIGURE 4 | Early life stress in the form of neonatal maternal separation (MS) increases LC AVP immunoreactivity. Photomicrographs of rat brain horizontal sections
(around dorso-ventral 7.30 mm), showing immunoreactivity for TH and AVP in the LC of control (As) and MS (Bs) subjects, treated as described in Materials and
Methods, Maternal Separation (MS) Protocol. Note that all tissue was processed and imaged under identical conditions. (C) Quantification of AVP immunoreactivity.
The columns represent the means and the errors represent the SEM; (n = 5); ∗∗∗p < 0.001. Scale bar: 100 µm.

neuromodulator, are crucial in gaining a composite view of the
contributions of such circuits to brain functions mediated by
these respective centers.

The LC-AVP System and Its Role in the
Stress Response
A common feature of the LC and the PVN nuclei are their
involvement in ensuring that the individual is capable of
mediating a coordinated response to a variety of psychological
and physiological stressors (Atzori et al., 2016). CRF has
historically been considered the messenger of choice for both
brain regions (Swinny and Valentino, 2006; Swinny et al., 2010).
The current study, as well as our previous report, identifies
AVP, within the LC, as an additional molecule in the arsenal of
mediators used by these brain regions in times of stress. Our
recent report showed that acute stress, in the form of restraint
for 1 h, significantly increased the density of V1b receptors, while
decreasing the density of AVP immunoreactivity. V1a receptors
were unaffected (Campos-Lira et al., 2018). In the current study,
we show that a more severe form of stress, namely MS, has the
opposite effect on AVP expression, by significantly increasing the
density of immunoreactive axons in the LC. Furthermore, a mild
stress which is known to engage the PVN-AVP system, namely
WD, together with novelty of being subjected to the MWM
test, also appeared to engage the LC (in addition to other brain
regions), based on the expression of the early gene marker Fos

(Figure 5). Therefore, different life experiences have contrasting
effects on LC-AVP plasticity. This stress-induced plasticity of the
AVP in the brain has been replicated in other brain regions. For
example, MS has been shown to potentiate the hypothalamic
AVPMNN system as well as increase the fiber density in amygdala
resulting in stress hyper-responsivity such as hyper-anxiety tested
by Vogel-conflict test and elevated plus maze (Zhang et al.,
2012; Hernandez et al., 2016). Remarkably, post-mortem analysis
of the brains of suicide victims has indicated an increase in
the immunoreactivity for AVP in the LC, in addition to other
brain regions important in regulating emotions (Merali et al.,
2006). Therefore, targeting the AVPMNNs system and the LC,
in mental illnesses could unearth novel therapeutic strategies for
debilitating stress-induced mental illnesses which remain poorly
treated with currently available drug options.

Does the Activation of This Pathway by
24 h Water Deprivation Lead to
Enhancement of Memory and/or
Learning?
Using MWM, we assessed spatial learning in rats after undergoing
24 h water-deprivation (WD), during which time the AVPMNNs
are physiologically hyper-activated with only minimal changes
in blood osmolality (Dunn et al., 1973; Zhang et al., 2010). We
found here the memory retention and learning course were both
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FIGURE 5 | Morris water maze (MWM) test showed that WD24h improved spatial learning and memory retention as well as increasing neuronal activity in LC,
hippocampus (assessed at suprapyramidal branch of granule cell layer (gcl) of dorsal dentate gyrus (DG) and prefrontal cortex [assessed at the layer 5 of prelimbic
cortex (PrL), regions relevant for working memory]. (A) “Morning testing” (MT, see the “Materials and Methods” Section) showed that WD24h rats learned to locate
the hidden platform (quadrant II) faster than control rats, as shown by a reduction in the latency to reach the platform in the second trial. (B) “Afternoon testing” (AT,
see the “Materials and Methods” Section) confirmed the previous observation with a significant reduction of time to reach the escape-platform (quadrant I) in the
second and third trials compared to control. (C) No apparent differences in the swimming strategy were seen as shown in a tracing of the swimming path of the first
trial of MT. (D) A different swimming strategy was observed in the AT, with WD24h rats spending more time swimming in the quadrant where the platform was
located (quadrant II) before finding the new location (quadrant I). In panels (C,D) filled circles symbolize the escape platform; hollow circles symbolize the old platform
location; dots symbolize the rat location when 60 s exploration lapse ends; dashed lines symbolize the route that the experimenter guided the subject to the
platform. (E) Photomicrographs and bar graphs show an increase in the number of Fos+ nuclei in the LC, granule cell layer (gcl) of dorsal dentate gyrus (DG), and
prefrontal cortex assessed at the prelimbic cortex (PrL, layer 5), 90 min post the AT. Immuno-fluorescence images from WD subject’s LC (sagittal section) depict
examples of Fos activation in LC-NE neurons (white arrows) after the MWM test. Note that some LC-NE neurons are not activated (yellow arrows). Scale bars
500 µm for the low amplifications photomicrographs and 50 µm for the high amplification; ∗p < 0.05; ∗∗∗p < 0.001.
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improved in WD subject, while Fos-expression in LC, as well as in
LC-NE projecting regions relevant for working memory, dorsal
hippocampus and prefrontal cortex, were significantly increased.
NE facilitates synaptic plasticity by recruiting and modifying
multiple molecular elements of synaptic signaling, including
specific transmitter receptors, intracellular protein kinases, and
translation initiation have been extensively reported (Maity et al.,
2015; Nguyen and Gelinas, 2018).

These results, adding to our previous studies, suggest that the
AVPMNN system, a water homeostasis regulator, works centrally
modulating the adaptive responses.

The postulated function of AVP as a modulator of LC principal
neuron activity in response to osmotic stress is further supported
by the finding of V1a receptors on TH+ (principal) LC neurons.
Consistent with a role for AVP in linking osmotic stress to LC
function, is enhancement of Fos up-regulation in LC neurons
during a learning/orientation task (the MWM) after 24 h of water
deprivation (WD) a reliable maneuver for enhancing AVPMNN
tone in the PVN, SON and their vasopressinergic projections. In
fact, performance during the MWM is also enhanced by WD.
Since Fos activity is also up-regulated during MWM learning
in LC target areas of the brain, some of which also receive
AVPMNN inputs, it is not possible to know at this time if the
effects of WD on MWM performance, though likely mediated
through AVPMNN activity, are indirect (via action at the LC)
or direct (via AVP release directly in these LC projection
areas). Nevertheless, our findings reveal a novel neuroanatomical
substrate for AVPMNN direct influence over LC neuronal
function, and a new avenue for exploration of both homeostatic
as well as allostatic modulation of behavior via the LC.

We take the data as a whole as indicating that the AVPMNN
projections to LC likely act to potentiate a pattern of LC
neuronal activity consistent with increased learning or enhanced
attention under conditions of physiological stress (WD24h).
This suggests that physiological need/motivation/stress
enhances attention and learning under conditions in which
acquisition of new information is especially critical to survival
(Glennon et al., 2018).

Technical Considerations: Limitations for
Quantitative Conclusions
This study describes for the first time that the hypothalamic
AVPMNNs innervate the LC using FG neurotracing,
immunohistochemical, and neuroanatomical methods. FG
injection into the LC revealed retrogradely labeled AVP-positive
cells in hypothalamic supraoptic (SON) and paraventricular
nuclei (PVN). There are several technical issues concerning this
observation that we considered important to discuss here. The
LC are bilateral dense groups of cells located in the pontine
tegmentum, specifically in the lateral-rostral part of the floor
of the 4th ventricle. Here, there are two technical challenges
for neuro-circuit tracing. First, the rat LC is a relatively small
nucleus (for instance, dimensions measured from confocal
microcopy images from one rat were rostro-caudal 566 µm,
dorso-ventral 306 µm, medio-lateral 320 µm). Second, it is
located just below the 4th ventricle, thus it is extremely easy
to have the tracer leaking into the cerebro-spinal fluid (CSF).

Due the AVPMNNs neuro-secretion functional capacity, any
leakage of FG can result in variable degree of magnocellular
labeling, bilaterally. To avoid this leaking risk, we aimed to inject
the tracer into the latero-ventral site of the LC as well as to
use the method described in “Materials and Methods” which
should yield a labeling region of less than 300 µm of diameter.
In 20 attempts (20 rats used), only 4 resulted matching our
inclusion criteria (20% of success rate). Although the stereotaxic
coordinates and the rat body weights were kept identical, to the
best of our knowledge, the first anatomical assessments for each
rat yielded rather variable labeling sites. A more than 30 µm
deviation, >10% of LC’s diameter, resulted in other structure’s
labeling, which did not provide valid data for this study’s aims
and were excluded for further analysis. The four successful cases
were analyzed and reported in the Table 1 where we aimed to
be rigorous and quantitative providing objective description of
those four cases. We are fully aware that each injection only cover
a small fraction of the LC’s dendritic field, in a variable degree.
Hence, not global quantitative conclusion should be generated
from those individual descriptions of the 4 rats. The value of this
discovery is that only a small portion of the AVPMNNs were
labeled resulting from a given local-injection of one region of LC,
and we showed AVPMNNs without FG labeling but adjacent to
the double labeled cells, which suggests that the labeling was not
likely, at least part of them, to be through the humoral leakage.
Hence, it demonstrates the existence of a monosynaptic pathway
from AVNMNN to LC.

In summary, establishment of a linkage between the
AVPMNN system and the LC adds a significant component
to the already-established communication to the LC from
the hypothalamus, via CRF projections from the PVN. That
thirst enhances performance in the MWM concomitantly with
enhanced activation of LC neurons during the conduct of
the MWM test may indicate either enhancement of innate
learning, or increased attention to cues presented during this
test, and this too is an important new avenue that we intend
to develop in the future. The resolution of this question
will be helpful in determining the relative functional impact
of increased vasopressinergic tone in LC compared to other
brain regions which are supplied with AVPMNN afferents from
the PVN and SON.
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