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Neuronal nitric oxide synthase (nNOS) catalyses the production of the neurotransmitter nitric
oxide. nNOS is expressed in the dorsal raphe nucleus (DRN), a source of ascending serotonergic
projections. In this study we examined the distribution nNOS and the function of nitric oxide in
the DRN and adjacent median raphe nucleus (MRN) of the rat. We hypothesised that nNOS is
differentially expressed across the raphe nuclei and that nitric oxide influences the firing activity
of a subgroup of 5-HT neurons. Immunohistochemistry revealed that, nNOS is present in around
40% of 5-HT neurons, throughout the DRN and MRN, as well as in some non-5-HT neurons
immediately adjacent to the DRN and MRN. The nitric oxide receptor, soluble guanylyl cyclase
was present in all 5-HT neurons examined in the DRN and MRN. In vitro extracellular
electrophysiology revealed that application of the nitric oxide donor, diethylamine NONOate (30300 µM) inhibited 60 - 70% of putative 5-HT neurons, excited approximately 10% of putative 5HT neurons and had no effect on the rest. The inhibitory response to nitric oxide was blocked by
[1H-[1,2,4]oxadiazolo-[4, 3-a]quinoxalin-1-one (ODQ, 30 or 100 µM), indicating mediation by
soluble guanylyl cyclase. Juxtacellular labelling revealed that nitric oxide inhibits firing in both
putative 5-HT neurons which express nNOS and those which do not express nNOS. Our data are
consistent with the notion that nitric oxide acts as both a trans-synaptic and autocrine signaller in
5-HT neurons in the DRN and MRN and that its effects are widespread and primarily inhibitory.
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The midbrain dorsal and median raphe nuclei (DRN and MRN) send topographically organized 5HT projections to the forebrain (Paul & Lowry, 2013). Histochemical studies have revealed that
within the DRN and MRN there are neurons which express NADPH-diaphorase (NADPH-d)
activity (Johnson & Ma, 1993; Wotherspoon et al., 1994)), which is now known to be an exclusive
marker for neuronal nitric oxide synthase (nNOS) (Dawson et al., 1991). Immunohistochemical
studies using antibodies against nNOS have confirmed the presence of nNOS in neurons in the
DRN and MRN (Wang et al., 1995; Xu & Hokfelt, 1997; Lu et al., 2010). Double
immunolabelling has shown that in some neurons, nNOS is co-localized with markers for 5-HT
neurons (Xu & Hokfelt, 1997; Lu et al., 2010). nNOS is the synthetic enzyme for the signalling

molecule nitric oxide. In other brain regions, nitric oxide has been shown to act variously as a
retrograde or anterograde trans-synaptic signaller, as an autocrine signaller in the neurons in which
it is produced, and as a volume transmitter signalling to a wide range of neighbouring cells (O'Dell
et al., 1991; Garthwaite, 2008; Steinert et al., 2011; Hardingham et al., 2013; Garthwaite, 2016).

The presence of nNOS in 5-HT neurons in the midbrain raphe nuclei suggests that nitric oxide
may act as a co-transmitter alongside 5-HT.
Interestingly, behavioural studies indicate that nitric oxide may play a functional role in the raphe
nuclei. Thus several behaviours which are known to be regulated by 5-HT neuronal activity,
including feeding (Currie et al., 2011), locomotor activity (Gualda et al., 2011), and sleep (Burlet
et al., 1999; Monti et al., 1999; Monti et al., 2001), have been shown to be altered when nNOS
inhibitors are locally administered into the midbrain, consistent with nNOS inhibitors altering the
activity of DRN/MRN serotonin neurons. Despite this evidence, nothing is known about how
nitric oxide influences the activity of 5-HT neurons in the DRN and MRN and by what
mechanisms. In other brain regions, many of the effects of nitric oxide are mediated via its
receptor, the intracellular enzyme soluble guanylyl cyclase (sGC) (Calabresi et al., 1999; Wu et
al., 2001). Activation of sGC produces cyclic guanosine monophosphate (cGMP) leading to a
cascade of protein kinase G mediated events. However, it is currently unknown whether nitric
oxide signalling in the raphe region is mediated via sGC.
Despite the anatomical evidence for nNOS in the DRN/MRN and behavioural evidence for 5-HT
mediated effects of nNOS modulators, the role of nitric oxide signalling in the regulation of 5-HT
neuronal activity and the underlying mechanisms are unclear. Here we have used
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immunohistochemistry to examine in detail the distribution of nNOS and its receptor sGC and in
vitro electrophysiology to determine the influence of nitric oxide on 5-HT and non-5-HT neurons
in

the

DRN

and

MRN

and

interrogate

This article is protected by copyright. All rights reserved

the

underlying

mechanisms.

MATERIALS AND METHODS

Accepted Article

2

2.1

Animals

All use of animals complied with the ARRIVE guidelines and experiments were carried out in
accordance with the U.K. Animals (Scientific Procedures) Act, 1986 and associated guidelines and
the EU Directive 2010/63/EU for animal experiments. Adult male Lister-hooded rats (250-350g)
(Charles River, UK) were housed in groups of 2-5 in the animal facility of Newcastle University
under controlled conditions of light (12h light:dark cycle), temperature (22°C ± 2), and humidity
(50%).
2.2

Immunohistochemistry

For immunohistochemical studies, rats were deeply anaesthetised with sodium pentobarbitone
(120mg/kg, intraperitoneally) and transcardially perfused with heparinised 0.9% saline or 0.1M
phosphate buffered saline (PBS) (approx. 100ml), followed by 4% paraformaldehyde (PFA) in
PBS (approx. 100 ml). The brain was removed and post-fixed in 4% PFA for 16-24 h, rinsed in
PBS and cryoprotected in 30% sucrose. Brains were stored at -20 °C or -80 °C.
Brains were cut coronally through the midbrain raphe nuclei (approx. Bregma -8.0 to -7.3 mm) on
a freezing rotary microtome (Leica) and sections were collected sequentially into PBS in 24 well
plates. If cut sections were to be stored, they were transferred to an antifreeze solution (30%
sucrose w/v, 30% ethylene glycol w/v and 0.01 % polyvinyl-pyrrolidone (PVP-40) in PBS)
(Watson et al., 1986) and stored at -20 °C. Sections were washed in PBS (2 x 10 min), incubated
in 1% or 5% NaBH4 (30 min) for antigen retrieval, rinsed again in PBS (2 x 10 min), and then
incubated overnight in primary antibody diluted in ‘block buffer’ (composition: 0.1% porcine
gelatine (BDH), 1% bovine serum albumin (Sigma), 50 mM glycine, 0.1% Triton-X). Primary
antibodies used were: mouse anti-tryptophan hydroxylase (1:500, Sigma-Aldrich Cat# T0678,
RRID:AB_261587), rabbit anti-nNOS (1:2500, Sigma-Aldrich Cat# N7280, RRID:AB_260796),
mouse anti-nNOS (1:500, Sigma-Aldrich Cat# N2280, RRID:AB_260754), and rabbit anti-soluble
gyuanylyl cyclase α2β1 subunit (sGC) (1:500, Abcam Cat# ab42108, RRID:AB_732741). The
next day, sections were rinsed in PBS (3 x 10 min) and incubated for 2 h with secondary
antibodies (Alexa fluor 488 goat anti-mouse Thermo Fisher Scientific Cat# A-11029,
RRID:AB_2534088, and/or Alexa fluor 568 goat anti-rabbit (Thermo Fisher Scientific Cat# A11036, RRID:AB_10563566), diluted 1:500 in 5% normal goat serum (Sigma) in PBS. Sections
were washed again (1x10 min) in PBS, incubated in the nuclear stain (4′,6-diamidino-2-
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phenylindole) (DAPI) (1µg/ml in PBS 10 min), washed again (1 x10 min in PBS) and finally
dipped in distilled water before mounting on plain glass slides. Sections were allowed to dry and
were coverslipped with Fluoroshield mounting medium (Sigma). Sections processed as above but
with no primary antibody were included as controls.
2.3

Electrophysiology

For electrophysiology studies, rats were deeply anaesthetised with isoflurane and rapidly
decapitated. The brain was removed and cooled (approx 5 min) in ice cold sucrose slush
(composition (mM): sucrose 200, HEPES 10, MgSO4 7, NaH2PO4 1.2, KCl 2.5, NaHCO3 25,
CaCl2 0.5, D-glucose 10, pH 7.4) oxygenated with 95%O2:5% CO2. The brain was then blocked
coronally and the mid portion containing the hindbrain and midbrain was glued to a metal chuck
with Superglue (cyanoacrylate) and placed in oxygenated ice cold sucrose slush in the bath of a
vibrating microtome (Vibratome 1000). Coronal sections (350 µm thick) containing the DRN and
MRN were cut using a razor blade (Wilkinson Sword Classic), and collected into a Petri dish
containing oxygenated artificial cerebrospinal fluids (aCSF) (composition (mM): NaCl 124,
MgSO4 2.4, KH2PO4 1.25, KCl 3.25, NaHCO3 26, CaCl2 2, D-glucose 10, pH 7.4) at room
temperature. Slices were trimmed to remove the cortices and the brachium pontis and placed on
lens tissue paper (Whatman 05) on the sloping bed of an interface perfusion chamber. Slices were
perfused (0.5 ml/min) with aCSF containing 3µM phenylephrine (standard aCSF) which was
oxygenated and warmed to 37 °C. The slice was warmed from below via a heated water bath and
the atmosphere above the slice was 95%O2:5% CO2 warmed and humidified. Drugs were applied
to the slice by switching the perfusion from standard aCSF to standard aCSF containing drug/s of
interest.

Electrodes were made from glass capillary (1.5 mm external diameter with filament (WPI)) pulled
on a vertical pipette puller (Narashige, PE-2). For standard recordings, electrodes were filled with
2M NaCl and had impedances (measured in vitro) between 1 and 3 MΩ. For juxtacellular
labelling, electrodes were filled with 0.5-1 % biocytin or neurobiotin (Sigma) in 0.5M NaCl and
had impedances between 6 and 10 MΩ.
For standard recording, the electrode was connected via a silver wire to a bespoke zero gain
headstage and a 1000x amplifier with 50 Hz notch filter and 150 Hz-14.5 KHz band pass filters.
The filtered signal was then fed to a digital oscilloscope (Gould), and spike trigger with loud
speaker (Digitimer), and the filtered signal and spike trigger output were fed via an analogue-to-
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digital converter (Micro1401, CED) to a PC. The filtered signal was sampled at 10 kHz.
Recordings were made on a PC using Spike2 version 4 or 7 (CED).
The electrode was placed on the surface of the slice in the region of the DRN or MRN under
microscopic control and was lowered into the slice at an angle of approximately 30° to the vertical
by means of a manual or a hydraulic micromanipulator. The signal was monitored aurally and
visually on the oscilloscope and standard recordings were begun when spikes could be readily
distinguished from ‘noise’. Firing activity was monitored online using Spike2. For standard
recording, baseline activity was recorded for at least 5 min after which, drugs were applied via the
perfusion for 2 or 5 min. Multiple drugs were tested on individual neurons and multiple neurons
were recorded from each slice.
For juxtacellular labelling, the electrode was connected via a silver wire to a zero-gain headstage
(Neurolog (NL) 108) and to a bridge balance and DC preamplifier unit (NL102). The signal was
filtered (50 Hz notch and 150 Hz-15 KHz band pass, NL125) and amplified x 1000 using an ACDC amplifier (NL 106) and then fed to an audio amplifier (NL120), a digital oscilloscope (Gould),
and an analogue-to-digital converter (Micro1401, CED). Recordings were made on a PC using
Spike2. For juxtacellular filling, the electrode was advanced as close to the neuron as possible
based on the size of action potential. For juxtacellular labelling experiments, neurons were tested
with 5-HT and with diethylammonium (Z)-1-(N,N-diethylamino)diazen-1-ium-1,2-diolate (DEANONO) only, after which current was applied to juxtacellularly fill the neurons with
neurobiotin/biocytin. The depolarizing current injection (0-10 mV) was driven by a Master-8
stimulator (AMPI, Israel) running 200 ms duration pulses with 400ms interval (200ms duty cycle)
square wave, and was controlled by the DC preamplifier current injector. The current was slowly
increased until entrainment of the neuron – evident as the neuron spiking on the depolarization
phase of the current injection- was achieved (Verberne & Llewellyn-Smith, 2013). Where possible
entrainment was continued for up to 2 minutes, but in many cases the neuron could only be
entrained for a few tens of seconds. In each slice, up to three neurons, at widely spaced positions,
were recorded and juxtacellular filling was attempted. The position of labelled neurons was
carefully recorded. At the end of the experiment, and at least 30 min following the last filling
attempt, slices were carefully removed from the rig on the tissue paper and placed face up in the
lid of a small Petri dish. A drop of 4% PFA was added and the slice was trapped between the base
of the Petri dish and its inverted lid. Slices were stored overnight at 4 °C and the next day the PFA
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was removed and replaced with 30% sucrose and the slice was again trapped between the base and
the lid of the Petri dish. Before sectioning, one corner of the slice was cut to allow identification of
the orientation of sections. Slices were sectioned (60µm) on a rotary freezing microtome and were
collected into PBS and immediately mounted onto gelatine subbed slides maintaining the order
and the correct orientation of the sections.
Immunolabelling and visualisation of the neurobiotin/biocytin was performed as follows: sections
on the slides were ringed with a hydrophobic barrier (Immunopen). Sections were then wetted
with PBS and incubated with 1% NaHB4 (15 min), washed in PBS and incubated with 50 mM
glycine (20 min). Sections were washed again (PBS) and incubated overnight (8 °C) with rabbit
anti-nNOS (as above). Sections were washed in PBS and then incubated with a mixture of Alexa
568 goat anti-rabbit secondary antibody (Thermofisher Life technologies, 1:300) and fluorescein
Avidin D (1:500-1:1000). Sections were washed, incubated with DAPI (1µg/ml, 10min), washed
again, dipped in distilled water, dried and coverslipped with Fluoroshield mounting medium.
2.4

Drugs

Stock solutions of drugs (10 mM) were prepared daily. All final drug solutions were made up in
standard aCSF. Stock solutions of the sGC inhibitor [1H-[1,2,4]oxadiazolo-[4, 3-a]quinoxalin-1one (ODQ) were made in DMSO. Stock solutions of 5-HT (10 mM) were made in aCSF. Stock
solutions of the NO donor DEA-NONO were made in 1mM NaOH. DEA-NONO breaks down to
release NO at physiological pH with a half-life of 2 min. Accordingly, the stock solution of DEANONO in 1 mM NaOH was added to the aCSF immediately before the drug was perfused.
2.5

Imaging

For immunohistochemistry, mosaic images of the sections were acquired in a single Z-plain using
a Nikon A1+ point scanning confocal microscope equipped with four solid state lasers at 405, 488,
561 and 647 nm using a x20 air lens (numerical aperture 0.75, pinhole set to 1 airy unit (39.59
µm), pixel dwell time of 0.25 µs, bit depth 12 bit per pixel with linear look up tables applied).
Images were acquired at resolution of 1024 pixels in the XY dimension and subsequently stitched
together post-scanning to form a mosaic image of the region of interest. Mosaic images were
deconvolved using Huygens Essential (SVI)™ with a theoretical point spread function (PSF),
automated background estimation, deconvolved with the Classic Maximum Likelihood Estimation
(CMLE) algorithm, quality threshold 0.05 with a maximum number of iterations set at 100. For
quantification of co-localization of TPH and nNOS within cells we used Imaris software
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(Bitplane). Regions of interest (dorsal, lateral, ventromedial DRN and MRN) were cropped out of
the 5 or 6 larger mosaics each originating from one of 3 animals. First, only the TPH channel was
displayed together with the DAPI channel. The ‘polygon’ selection tool was used to outline all
cells with a clear (DAPI stained) nucleus which expressed TPH. Next, the nNOS channel was
displayed and the polygon tool was used again to outline all cells with a clear nucleus which
expressed nNOS. A Matlab plug-in (‘co-localize cells’) was used to count cells expressing each
antigen and cells expressing both. Data were output to Excel.
For juxtacellular labelling sections were imaged using a Nikon NiE widefield microscope
equipped with an Andor Zyla 5.2. camera. Low power (x4) images were taken to allow
identification of the cell(s) labelled at various positions in the section and high power (x40) Zstack images were then taken through individual cells to confirm that only a single cell had been
labelled and to allow us to determine whether the cell did or did not express nNOS.
2.6

Electrophysiology data analysis

Responses to drugs were determined as the firing rate in a 2 min period during application of 5-HT
or ODQ or a 4 minute period during/following application of DEA-NONO relative to the firing
rate in a two minute baseline period immediately before drug application.
2.7

Statistical Analysis

The firing rate and magnitude of inhibitory response to 5-HT in tye populations grouped by their
response to DEA-NON were examined by one-way ANOVA. Neuronal firing rates before and
after application of drug(s) were compared using paired t tests or repeated measures or mixed
model two way ANOVA.
3

RESULTS

3.1

3.1.1

Immunohistochemistry: expression of TPH, nNOS and sGC
nNOS is present in 5-HT neurons in the DRN and MRN

The DRN and MRN are defined by the presence of 5-HT neurons. Accordingly, in the midbrain
the 5-HT synthetic enzyme, TPH was found to be expressed in the midline ventral to the cerebral
aqueduct at co-ordinates approximating to Bregma -8.00 to -7.3 mm (Figure 1). Dorsally i.e. in the
DRN, TPH was present lateral to the midline whereas more ventrally (in the MRN) labelling was
more restricted to the midline. The medio-lateral extent of TPH labelling in the DRN was greatest
more rostrally where there was a clear decussation of the superior cerebellar peduncle (scp), while
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caudally (where the scp was bilateral), the extent of TPH labelling narrowed where the DRN
became contiguous with the MRN. Thus, the distribution of TPH labelling was consistent with the
extent of the DRN and MRN as previously described (Paxinos and Watson, 1986). nNOS labelling
was also present in the midbrain throughout the rostro-caudal and medio-lateral extent of the DRN
and MRN (Figure 1). At a gross level, labelling for nNOS occupied much the same area as TPH
labelling. There were however exceptions in that nNOS but not TPH, was present lateral to the
DRN at the most caudal co-ordinates (Figure 1 a, a’) as well as lateral to the MRN at the mid
rostro-caudal level (Figure 1c, c’ and d, d’).

At the cellular level it was evident that TPH labelling was present in the somatic cytoplasm and
associated dendrites of large neurons in the DRN and MRN (Figure 2). Labelling was also seen in
other dendrites/processes presumably emanating from somata located outside the imaging plane.
Cells labelled for TPH are henceforth referred to as 5-HT neurons. nNOS labelling was also
present in the somatic cytoplasm and the proximal dendrites of large neurons in the DRN and
MRN, as well as in many varicose fibres not clearly associated with a labelled soma. Dual
labelling for TPH and nNOS revealed that the vast majority of the neurons labelled for nNOS were
5-HT neurons (Figure 2). Throughout the midbrain raphe nuclei there were 5-HT neurons
expressing nNOS intermingled with 5-HT neurons not expressing nNOS.

We quantified the degree of co-localization in four subregions (dorsal, lateral, ventromedial DRN,
and MRN) in 4-7 sections through the DRN/MRN (approx Bregma -8.0mm to -7.4 mm) from
three animals. The proportion of 5-HT neurons expressing nNOS did not appear to differ between
subdivisions of the raphe nuclei. The mean percentage co-localization was , 30.1 ± 7.63 %
(dorsal), 25.4 ± 12.37 % (lateral), 52.8 ± 2.4 % (ventromedial) and 42.0 ± 7.47 % (MRN).

3.1.2

nNOS is expressed in non-5-HT neurons around the raphe nuclei

Note that in the most caudal part of the DRN, some neurons which expressed nNOS but not TPH
were observed lateral to the DRN and occasionally within the bounds of the DRN (as described by
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the presence of 5-HT neurons) (Figure 3 top). These neurons were not dissimilar to 5-HT neurons
in that they were large with many long dendrites which labelled for nNOS, but compared to 5-HT
neurons, they expressed very high levels of nNOS (and no TPH). We considered it likely that
these cells are part of the laterodorsal tegmental region of cholinergic cells which lies adjacent to
the lateral wings of the DRN. In the dorsal part of the DRN, there was also a substantial number of
varicose axons with high levels of nNOS labelling and no TPH expression (Figure 3, also visible
in Figure 2). These fibres were not contiguous with any nNOS labelled soma in the imaging plane
and it seems likely that they emanate from potentially cholinergic neurons which express very
high levels of nNOS but which are lateral, rostral or caudal to the plane of imaging.
In addition, at a mid rostrocaudal level, a group of neurons expressing nNOS, but not TPH, could
be seen flanking the DRN as it bisects the scp and/or around the MRN immediately below the
decussation of the superior cerebellar peduncle (Figure 3 bottom, see also Figure1c’ and d’). These
neurons were much smaller than 5-HT neurons. Although they had no obviously labelled
dendrites, they were embedded in a densely nNOS labelled neuropil.

3.1.3

5-HT neurons express soluble guanylyl cyclase

Next, we examined whether the NO cognate receptor sGC is present in the raphe nuclei. At a gross
level, we found that TPH and sGC labelling occupied the same regions of the midbrain, both being
confined to the DRN and MRN (Figure 4). This was the case throughout the rostro-caudal extent
of the midbrain raphe nuclei. Importantly, on a cellular level, we found that sGC is exclusively
and consistently expressed within 5-HT neurons. Thus, we found almost complete correspondence
between TPH and sGC labelling such that all 5-HT neurons examined expressed sGC and all sGC
labelled neurons examined expressed TPH (Figure 4). This was true in all subregions of the DRN
and also in the MRN. Moreover, both antigens were present in the same subcellular compartments
of the 5-HT neurons (Figure 4).

Although in our midbrain sections there were some cells which expressed sGC but not TPH, these
were always outside of the bounds of the DRN and MRN (as defined by TPH labelling).
Interestingly, as sGC labelling did not extend laterally beyond the ventromedial DRN and MRN
(see Figure 4), it appears that the small nNOS labelled neurons flanking the ventromedial DRN
and MRN described above (and shown in Figure 3) do not express sGC.
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3.1.4

TPH and nNOS vary independently whilst TPH and sGC expression is highly correlated

Interestingly, we noted, in our confocal images, that in all regions of the DRN and the MRN, in
neurons co-expressing TPH and nNOS, there was considerable variation in the level of nNOS
expression. Although the level of TPH expression varied to some extent, the degree of variation
was much less than that of nNOS. Moreover, it was notable that the expression of the two antigens
varied independently. Thus, there were neurons with relatively high levels of TPH and high levels
of nNOS, there were also neurons with high levels of TPH and low levels of nNOS and vice versa
(Figure 5). The wide variation in nNOS expression in TPH neurons was in complete contrast to
the expression of sGC which we noted was highly correlated with the expression of such that
where TPH expression was highest, sGC expression was also highest. This can be clearly seen in
the pixel by pixel co-localization plots (Figure 5).

3.1.5

sGC is present in both nNOS and non-nNOS labelled neurons in the DRN/MRN

Given that all DRN/MRN 5-HT neurons express sGC but fewer than half of them express nNOS,
we anticipated that sGC would be present in both neurons which express nNOS and neurons
which do not. Dual labelling for sGC and nNOS revealed that this was indeed the case. Thus we
saw sGC in all neurons expressing nNOS but also in many neurons which did not express nNOS
(Figure 6). In this dual label it was notable that the nNOS labelled varicose axons which were seen
in the dorsal parts of the DRN (described above) generally speaking did not show evidence of sGC
labelling.

3.2

3.2.1

Electrophysiology: impact of DEA-NONO on firing of raphe neurons
The nitric oxide donor DEA-NONO inhibits 5-HT cells in the DRN

Putative 5-HT neurons in the DRN and MRN were identified electrophysiologically on the basis
of their slow and regular firing activity in the presence of 3µM phenylephrine, broad (1.5-2.5 ms)
bi- or tri-phasic action potential, and rapid inhibitory response to application of 5-HT (25-100
µM). When DEA-NONO was applied to these electrophysiologically identified 5-HT neurons, it
evoked both inhibitory responses (decrease in firing rate) and excitatory responses (increase in
firing rate) (Figure 7). Of the 42 neurons tested with DEA 30 µM, 23 (55%) were inhibited, 14
(33%) were unaffected and 5 (12%) were excited. A higher concentration of DEA-NONO (100
µM) evoked inhibitory responses in 66 of 94 neurons (70%), no response in 19 (20%) and
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excitation in 9 (10%). The highest concentration tested (300 µM) caused inhibition in 24 of 33
neurons (73%), no response in 7 (21%) and excitation in 2 (6%). We also tested four putative 5HT neurons in the MRN with DEA-NONO. Of these only one was inhibited, the other three were
unaffected by DEA-NONO (100 µM). Putative 5-HT neurons which were inhibited by DEANONO could not be distinguished from those which were excited or showed no response either by
their initial firing rate or the magnitude of their inhibitory response to 5-HT. Thus, the firing rate
of putative 5-HT neurons inhibited, showing no response, and excited by DEA-NONO 100 µM
was 2.22 ± 0.27 Hz (66), 2.16 ± 0.40 Hz (19) and 2.27 ± 0.76 Hz (9), respectively (one-way
ANOVA not significant). The magnitude of the response to 5-HT (50 µM) of neurons inhibited,
showing no response, and excited by DEA-NONO 100 µM was 37.9 ± 4.14 % (63), 29.9 ± 7.3 %
(19) and 49.7 ± 14.7 % (9), respectively (one-way ANOVA not significant).
Interestingly, we noted that the effect of DEA-NONO was slower to reverse than the inhibitory
response to application of 5-HT (Figure 7a and b). It was also notable that while the proportion of
neurons responding increased slightly with increasing concentration of DEA-NONO, the actual
magnitude of both the inhibitory and the excitatory responses was not concentration dependent
(Figure 7d). Some neurons were tested with multiple concentrations of DEA-NONO: even within
cells there was only a weak concentration-response relationship.
Since the majority of putative 5-HT neurons in the DRN were inhibited by the application of
DEA-NONO, neurons exhibiting this response were subject to further testing.

3.2.2

Some putative non-5-HT cells are also influenced by DEA-NONO

Some recorded cells in the DRN were identified as putatively non-5-HT on the basis of their lack
of inhibitory response to 5-HT, and/or their irregular, and/or fast firing rate, and were tested with
DEA-NONO. As was the case with putative 5-HT neurons, putative non-5-HT neurons displayed
a variety of responses to application of DEA-NONO (Figure 8). In the MRN, two out of three
putative non-5-HT neurons tested were inhibited by DEA-NONO (100 µM).
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3.2.3

The inhibitory response of putative 5-HT neurons in the DRN to DEA-NONO is
reproducible

We examined the reproducibility of responses to DEA-NONO in the DRN. Twelve putative 5-HT
neurons which were inhibited by an initial application of DEA-NONO (100 µM), were tested with
a second application of DEA-NONO. Responses to a second application of DEA were similar in
both quality and magnitude to the response to a first application. Thus, eleven of these neurons
were again inhibited, while in one neuron the second application of DEA-NONO caused excitation
(Figure 9). The average firing rate following the first and second applications of DEA-NONO was
53.7% basal and 58.5% basal (n=12) which was not significantly different (paired t test). The
average ratio of second to first responses was 0.99 ± 0.16 (n=12).

3.2.4

The inhibitory response to DEA-NONO is not blocked by the GABAA receptor antagonist

bicuculline

To determine whether the inhibitory response to DEA-NONO was indirectly mediated via GABA,
neurons were tested with DEA-NONO in the absence and presence of the GABA receptor
antagonist bicuculline. Bicuculline (50 µM) failed to block the response to DEA-NONO (100 µM)
(response (firing rate as percentage of baseline) in the absence vs presence of bicuculline: 66.0 ±
11.5 % vs 58.7 ± 7.0 % (n=4) which was not significantly different (paired t test). The ratio of
responses in the absence and presence of bicucculine was 0.99 ± 0.21 (n=4)). Alone bicuculline
had no significant effect of on basal firing rate (firing rate before and during bicuculline
application: 1.71 ± 0.13 vs 1.46 ± 0.23 Hz (n=4), paired t test, not significant).

3.2.5

The inhibitory response to DEA-NONO is blocked by the soluble guanylyl cyclase inhibitor
ODQ

We examined whether the inhibitory response to DEA-NONO was mediated by sGC by
comparing the response to DEA-NONO in the absence and presence of the sGC inhibitor ODQ.
Putative 5-HT neurons which showed an inhibitory response to DEA-NONO in the absence of
ODQ were tested again with DEA-NONO in the presence of either 30 µM ODQ (n=9) or 100 µM
ODQ (n=8) (Figure 10). The magnitude of the response to DEA-NONO was markedly reduced by
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ODQ at both concentrations (2 way ANOVA (main effect of ODQ F1,15=24.007, p=0.000, no main
effect of concentration and no interaction) (Figure 10). Thus in the first group (n=9), DEA-NONO
in the absence of ODQ reduced firing to 63.8 ± 8.5 % and in the presence of ODQ (30 µM) only
reduced firing rate to 95.9 ± 5.4 % of baseline. In the second group of neurons (n=8), DEA-NONO
in the absence of ODQ reduced firing rate to 63.0 ± 9.9 % of baseline but in the presence of ODQ
(100 µM), the firing rate after DEA-NONO application was 106.4 ± 6.9 % of baseline. In a few
cases we tracked the effect of ODQ for up to 90 min and found that it reversed, and the DEANONO response was restored between 40 and 60 min.
In putative 5-HT neurons which were inhibited by DEA-NONO, ODQ alone caused a small but
significant increase in firing rate (e.g. Figure 10 a). Firing rates in the two groups of neurons were
(2.08 ± 0.26 vs 2.84 ± 0.46 (n=9) in the absence and presence off ODQ 30 µM, respectively, and
3.98 ± 1.39 vs 4.52 ± 1.44 (n=8) in the absence and presence of ODQ 100 µM). Two-way mixed
model ANOVA showed a significant effect of ODQ (F1,15=9.121, p=0.009) but no significant
effect of concentration and no significant interaction.

3.2.6

Inhibitory responses to DEA-NONO are not enhanced by the phosphodiesterase inhibitor
sildenafil

cGMP is metabolised by phosphodiesterase. Thus, we reasoned that inhibition of
phosphodiesterase would likely enhance or prolong the response to DEA-NONO. Co-application
of the phosphodiesterase inhibitor, sildenafil (30 µM) failed to enhance the response to DEA. Thus
average inhibition in response to DEA-NONO (30, 100, or 300 µM) was 40.9 ± 6.28 % in the
absence and 42.8 ± 6.61 % (n=11) in the presence of sildenafil. The average ratio of response to
DEA-NONO in the absence of sildenafil to that in the presence of sildenafil was 1.1 ± 0.13
(n=11). Sildenafil (30 µM) alone also failed to alter the firing rate of these putative 5-HT neurons
(firing rate before 2.48 ± 0.46 Hz, after 5min of sildenafil 2.60 ± 0.48 Hz (n=10), ns paired t test
(or mean ratio of firing rate after to before =1.05 ± 0.06 (n=10)).
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3.2.7

neurons which do not.

To examine whether the subset of putative 5-HT neurons which are inhibited by DEA-NONO are
those which express nNOS or those which do not, we employed juxtacellular labelling with
neurobiotin or biocytin. We were able to juxtacellularly label ten electrophysiologically identified
putative 5-HT neurons. Eight of the neurons were inhibited by DEA-NONO: of these, six did not
express nNOS and two did express nNOS (Figure 11). Of the two neurons which were not
influenced by DEA-NONO, one of these expressed nNOS and one did not.

4

DISCUSSION

Here we confirmed that in the DRN and MRN a subpopulation of neurons which label for TPH
(and hence can be considered to be 5-HT neurons) also express nNOS and so are capable of
producing the signalling molecule nitric oxide. These 5-HT neurons expressing nNOS are
intermingled with 5-HT neurons which do not express nNOS. We also found that all 5-HT neurons
in the DRN and MRN express sGC, the nitric oxide receptor. Our electrophysiological studies
showed that application of nitric oxide in vitro inhibits firing in the majority of putative 5-HT
neurons, but causes excitation in a minority. Juxtacellular labelling showed that both putative
5-HT neurons which contain nNOS and those which do not, are inhibited by nitric oxide.
Inhibition of putative 5-HT neurons by nitric oxide was blocked by the sGC inhibitor ODQ
indicating that it is mediated via a sGC dependent mechanism.
Previous studies have reported nNOS or NADPH in the midbrain raphe nuclei and have localised
it to a subpopulation of 5-HT neurons identified by the presence of 5-HT itself, the 5-HT
transporter, or the synthetic enzyme TPH (Dun et al., 1994; Xu & Hokfelt, 1997; Lu et al., 2010).
Our data, showing the distribution of nNOS in the midbrain and co-localization of TPH and nNOS
in around half of raphe 5-HT neurons, are in close agreement with these studies. The raphe nuclei
are known to send to topographically arranged projections to the forebrain with distinct
populations arising in the dorsal and caudal DRN, the ventromedial DRN, the lateral parts of the
DRN and the so called interfascicular part where the DRN and MRN are contiguous (Paul &
Lowry, 2013). These subpopulations have different projection fields and are thought to subserve
different effects of 5-HT neurotransmission. Although 5-HT neurons in the subfields of the DRN
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and MRN may differ in projections and in electrophysiological and morphological characteristics
(Calizo et al., 2011), we found no evidence for differences in the proportion of 5-HT neurons coexpressing nNOS in the different subregions. That said, we did note great differences in the degree
of expression of nNOS in individual 5-HT neurons (see below). It is possible that a more spatially
resolved analysis may reveal differences between neurons with different forebrain targets.
In addition to 5-HT neurons which contain nNOS, we like others (Xu & Hokfelt, 1997; Lu et al.,
2010) found a few large neurons in the lateral parts of the DRN at its most caudal aspect which
labelled intensely for nNOS but not TPH. It is probable that these neurons belong to the LDTg
group of cholinergic neurons which are characterised by the presence of very high levels of
NADPH-d activity (Koyama et al., 1998) or nNOS (Dun et al., 1994). In the dorsal and lateral
parts of the DRN, we also noted a dense plexus of varicose fibres which labelled for nNOS but not
TPH which in some cases appeared to wrap around 5-HT neurons. It seems most likely that these
fibres are axons emanating from the LDTg cells. Adjacent to the point where the DRN and MRN
are contiguous and pass through the decussation, we also found a population of small neurons and
a dense neuropil expressing nNOS. Although these have not been previously reported, in a
chemoarchitectonic atlas NADPH-diaphorase staining is evident in this region which is described
as the rhabdoid nucleus(Paxinos et al., 1999). This nucleus has been very little studied and it is
unclear whether it forms connections with the adjacent DRN or MRN.
In the DRN and MRN, the nNOS within the 5-HT neurons (like the TPH) was distributed through
the somatic cytoplasm suggesting that the enzyme is soluble and is not anchored to the cell
membrane or organelles. We have recently reported that nNOS occurs in punctate form in some
neurons in the midbrain inferior colliculus (Olthof et al., 2019). In 5-HT neurons in the raphe

nuclei (as well as in the adjacent LDTg), there was no evidence of nNOS in puncta. It was
remarkable however that the intensity of the cytoplasmic nNOS labelling varied widely between
5-HT neurons and that it varied independently of TPH. Since we employed confocal imaging,
variations in intensity of labelling cannot be ascribed to differences in the depth of the cell in the
section as might be the case with wide-field imaging. Unlike other neurotransmitters (including 5HT), nitric oxide is not constitutively produced and stored in vesicles. Thus, nitric oxide signalling
is directly dependent on the activity of the synthetic enzyme and hence the activity of nNOS must
be able change acutely- indeed, nNOS activity responds rapidly to changes in calcium
concentration (Garthwaite, 2008). As a second order regulation, it is possible that the transcription
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of nNOS is more labile than that of other neurotransmitter synthetic enzymes to adequately
respond to changes in demand for the transmitter.
The conditions under which nitric oxide might be produced by 5-HT neurons remains unclear.
nNOS is calcium dependent (Knowles et al., 1989) and its activity is often linked to the calciumpermeable NMDA receptor (East et al., 1996). Indeed, in the inferior colliculus we have shown,
that nNOS puncta co-localize with the NMDA receptor, and that NMDA receptor activation elicits
responses mediated by nitric oxide (Olthof et al., 2019). 5-HT neurons express NMDA receptors
(Hannah Maxwell pers. comm.) and application of NMDA evokes massive increases in firing in 5HT neurons (Abellan et al., 2000; Gartside et al., 2007). However, since the nNOS in 5-HT
neurons is cytoplasmic (rather than punctate), it seems unlikely that it will be functionally coupled
to NMDA receptors. In vivo the tonic firing of 5-HT neurons is driven by noradrenaline via α1
receptors (Vandermaelen & Aghajanian, 1983). Activation of α1 receptor increases intracellular

calcium (Sugden et al., 1987), and it is possible that α1 receptor-mediated variations in

intracellular calcium modulate the activity of nNOS in 5-HT neurons.
Having established that there are 5-HT, as well as non-5-HT, neurons within and around the raphe
nuclei which are capable of producing nitric oxide, we next looked at which neurons might be able
to respond to nitric oxide by examining the presence of sGC - the main receptor for nitric oxide.
Thus, if nitric oxide were to function as a signaller in 5-HT neurons in the raphe nuclei, we
predicted that sGC might be present in the 5-HT neurons which contain nNOS and/or in other
neighbouring 5-HT neurons which do not themselves contain nNOS. Surprisingly, we found that
all the 5-HT neurons we examined contain sGC and thus apparently have the capacity to respond
to nitric oxide. We confirmed this finding by double labelling for nNOS and sGC which showed
that sGC was present in all DRN/MRN neurons which contain nNOS as well as many (presumed
5-HT) neurons which do not. The fact that neurons which cannot produce nitric oxide nevertheless
contain sGC, indicates that nitric oxide must be acting trans-synaptically or as a volume
transmitter at least in these neurons. Whether the nitric oxide they respond to originates from
neighbouring nNOS-containing 5-HT neurons, or comes from those nNOSergic non-5-HT neurons
which flank the DRN/MRN, and or from the varicose fibres which run through it, is not clear. It
was of note that the neurons in the lateral DRN which express very high levels of nNOS (which
we presumed to be non-5-HT, LDTg neurons) also expressed sGC. However, the small nNOS

This article is protected by copyright. All rights reserved

Accepted Article

neurons in the rhabdoid nucleus did not label for sGC, suggesting that nitric oxide they produce
acts elsewhere.
While our immunolabelling had revealed that 5-HT neurons have the capacity to respond to nitric
oxide, it did not indicate what the nature of that response might be. To examine this we used in
vitro extracellular recording and applied nitric oxide using a donor drug. DEA-NONO is stable in
alkaline solution but at physiological pH releases two molecules of nitric oxide per molecule of
DEA-NONO, with a half-life of 2 min. We tested a large number of putative 5-HT neurons with
DEA-NONO and found that the majority responded with inhibition: a smaller proportion
responded with excitation, and some neurons failed to respond at all. We also recorded a small
number of putative non-5-HT neurons in the raphe and found that some of these also responded to
application of DEA-NONO with increases or decreases in firing rate. The fact that the responses
of putative non-5-HT neurons to DEA-NONO was (even) less consistent than that of 5-HT
neurons is perhaps indicative of the fact that this ‘non-5-HT’ population represents multiple
neuronal phenotypes.
The responses of putative 5-HT neurons to DEA-NONO were unusual in two respects. First, the
responses substantially outlasted the drug application. We have previously observed that drugs
which inhibit 5-HT neurons including 5-HT, as well as GABAA and GABAB receptor agonists
(Judge et al., 2004; McCardle & Gartside, 2012), and drugs which excite 5-HT neurons including

AMPA and NMDA (Gartside et al., 2007), generally reduce or increase the firing rate of 5-HT
neurons for the period in which the drug is present in the perfusion, and the firing rate recovers to
basal levels very shortly thereafter. In contrast, DEA-NONO, depressed or increased the firing of
putative 5-HT neurons for several minutes. Supra-maximal concentrations of drugs can evoke
longer lasting effects as an effective concentration of drug remains in the tissue for a period after
the perfusion returns to standard aCSF. However, this could not be the explanation of our finding
with DEA-NONO, as the inhibitory response was long lasting whether there was complete, or only
partial, inhibition of firing. The 5-HT1A receptor (which mediates the response to 5-HT) and the

GABAB receptor are G-protein coupled potassium channel (GIRKs), while the GABAA, AMPA
and NMDA receptors are ligand gated ion channels. Both types of receptor effector coupling cause
rapid and direct changes in membrane potential which likely underlies the rapid onset and offset of
responses. It is possible that DEA-NONO has longer lasting effects because nitric oxide affects 5HT neurons via a less direct mechanism. One possible explanation for a slow inhibitory response
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might be that it is indirect, perhaps involving local GABA neurons. However, the GABAA
receptor antagonist bicuculline (at a concentration we have previously show to block GABAA
receptor mediated inhibition of 5-HT neurons (Judge et al., 2004)) failed to block the response to
DEA-NONO, indicating that this is unlikely to be the case. This does not of course rule out the
possibility that the response to DEA-NONO involves the GABAB receptor.
The second respect in which the response to DEA-NONO was unusual was that there was little
evidence of a concentration response relationship. Classical pharmacology predicts that drugs
acting via receptors evoke a greater effect for a higher concentration of drug and we see this with
drugs which decrease and increase firing both at a population level and in individual neurons
(Judge et al., 2004; Gartside et al., 2007; McCardle & Gartside, 2012). Here the average response,

whether inhibition or excitation, was found to be very similar for all concentrations of DEANONO tested. Again this may be related to the mechanism by which nitric oxide affects the firing
of 5-HT neurons and may suggest a mechanism which is highly saturable.
As inhibition was the most common response to DEA-NONO, and neurons excited by DEANONO were relatively uncommon, we focused on this response and examined the mechanism.
Our immunolabelling had revealed that all 5-HT neurons examined express sGC. To examine
whether nitric oxide inhibits 5-HT neurons via sGC, we applied DEA-NONO in the absence and
presence of a competitive sGC inhibitor, ODQ. ODQ very consistently attenuated the inhibitory
response to DEA-NONO suggesting that it is indeed mediated by sGC. In those putative 5-HT
neurons which were inhibited by DEA-NONO, ODQ alone increased the firing rate suggesting
that there is tonic activation of sGC leading to an inhibitory tone on these neurons.
Although we did not study the mechanism(s) underlying the responses of putative non-5-HT
neurons to nitric oxide, it is of note that our immunohistochemical studies indicated that non-5-HT
neurons in the raphe nuclei do not express sGC. Thus, the response of non-5-HT neurons to nitric
oxide must either be indirect, potentially secondary to changes in 5-HT neuron firing and 5-HT
release and/or cholinergic neuron firing and acetylcholine release, or if direct, must involve a
mechanism which is not dependent on sGC.
Activation of sGC leads to an increase in the formation of cGMP, an intracellular second
messenger which is broken down by phosphodiesterases (PDEs) in particular PDE5 (Marte et al.,
2008). We predicted that if the inhibition of 5-HT neurons by nitric oxide involves activation of
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sGC, and formation of cGMP, that submaximal responses to nitric oxide would be enhanced by
co-administration of an inhibitor of PDE5, sildenafil (Boolell et al., 1996). However, sildenafil
failed to enhance the effect of DEA-NONO and also had no effect alone. There are several
possible explanations for this. First, the concentration of sildenafil may have been insufficient,
however several studies have demonstrated increases in cGMP at concentrations of sildenafil
between 10 and 100 µM (Bellamy & Garthwaite, 2001; de Vente et al., 2006). Second, it may be
that PDE5 is not responsible for the breakdown of cGMP in this brain region as it appears to be in
others (Marte et al., 2008) and/or that when PDE5 is blocked, other PDE isoforms degrade cGMP.
Third, it may be that whatever mechanism cGMP acts on to inhibit 5-HT neurons is maximally
activated even though the resulting inhibition of neuronal firing is not complete. This latter
explanation would fit with our finding that increasing concentrations of DEA-NONO did not, in
general, evoke greater effects. Although we saw that all 5-HT neurons express sGC not all
putative 5-HT neurons responded to application of nitric oxide. It is unclear whether in nonresponsive neurons the sGC, or downstream mechanisms, may already be saturated. Although we
have clear evidence that the inhibitory response of putative 5-HT neurons to nitric oxide is
mediated through sGC and hence presumably involves an increase in cGMP, the downstream
targets of that cGMP remain unknown. In cholinergic neurons, cGMP has been shown to
hyperpolarize neurons by activation of a K+ leak channel (Kang et al., 2007): it is possible that this

mechanism explains the current findings.
Finally, we addressed the question of whether nitric oxide is likely to be signalling transsynaptically or within the neurons in which it is produced. Our juxtacellular labelling revealed that
both 5-HT neurons which express nNOS and those which do not express nNOS can be inhibited
by nitric oxide. This is wholly consistent with the finding that sGC is expressed in both 5-HT
neurons which express nNOs and those which don’t and moreover suggests that in the raphe
nuclei, NO is acting as both a trans-synaptic and an autocrine signaller.
Conclusion
As noted in the Introduction, in vivo inhibition of nNOS within the midbrain has been shown to
induce anorexia (Currie et al., 2011), and decrease slow wave sleep and increase wake time
(Burlet et al., 1999; Monti et al., 1999; Monti et al., 2001). These changes are consistent with
nNOS inhibitors causing an increase in the activity of DRN/MRN serotonin neurons and
furthermore suggests that in vivo 5-HT neurons are tonically inhibited by nitric oxide. Our present
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data showing that a majority of 5-HT neurons in all parts of the DRN are inhibited by nitric oxide
and that in these neurons there is evidence of tonic inhibition by nitric oxide, are consistent with
these behavioural findings and provide a mechanistic explanation. Taken together, these data
indicate the importance of nitric oxide as a signalling molecule in the regulation of activity in the
ascending 5-HT system.
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5-HT 5-hydroxytryptamine; DEA-NONO diethylammonium (Z)-1-(N,N-diethylamino)diazen-1ium-1,2-diolate; DRN dorsal raphe nucleus; MRN median raphe nucleus; NADPH-d NADPHdiaphorase; nNOS neuronal nitric oxide synthase; ODQ [1H-[1,2,4]oxadiazolo-[4, 3-a]quinoxalin1-one; PBS phosphate buffered saline; PFA paraformaldehyde; sGC soluble guanylyl cyclase;
TPH tryptophan hydroxylase
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FIGURE LEGENDS
Figure 1. Distribution of TPH and nNOS labelling in the midbrain. Series of coronal
sections through the raphe nuclei double labelled for TPH (green) (a-e) and nNOS (red) (a’-e‘).
Note the generally similar distribution of the two antigens in the DRN (ventral to the Sylvian
aqueduct (aq) and dorsal to the superior cerebellar penduncle (scp)), and the MRN (in the
midline ventral to the scp). Note however that caudally there is a high density of nNOS
labelling lateral to the DRN where there is little TPH labelling (compare a and a’, closed
arrowheads): this is probably in the cholinergic laterodorsal tegmental nucleus. Note also that
there is nNOS labelling in a region flanking the ventromedial DRN and the dorsal part of the
MRN which is distinguished by the presence of TPH labelling in the midline (open
arrowheads). Measurements are approximate distance from Bregma.
Figure 2. Co-localization of TPH and nNOS in the midbrain. Expression of TPH (green)
and nNOS (red) in subregions of the raphe nuclei together with an overlay in which double
labelled elements appear orange. Nuclei are stained with DAPI (blue). In the lateral DRN, TPH
neurons are relatively sparse and while some of them express nNOS (open white arrows),
others do not (closed white arrows). Note that in this region there are occasional large neurons
which express nNOS but not TPH (asterisk). In the dorsal DRN there are also TPH neurons
which label for nNOS (open white arrows) intermingled with those which do not (closed white
arrows). Note: in both dorsal and lateral regions there are many nNOS labelled varicose fibres
which do not label for TPH (small yellow arrow heads). In the ventromedial (VM) DRN, TPH
neurons are very dense and many of them also label for nNOS (open white arrows), although
as in other subregions, many neurons do not (closed white arrows). Note that the density of
nNOS expression varies widely and independently of the expression of TPH. In the MRN,
some neurons expressing TPH co-label for nNOS (open white arrows) others do not (closed
white arrows). One of the blood vessels which flank the MRN can clearly be seen (#).

Figure 3. Expression of nNOS in cells adjacent to the DRN and MRN. Expression of TPH
(green) and nNOS (red) adjacent to the (dorsolateral) DRN (top row) and the MRN (bottom
row). Right panel is an overlay in which double labelled elements appear orange. The dorsal
DRN contains neurons which label for TPH only (closed white arrowheads) as well as TPH
and nNOS (open white arrowheads). More laterally, neurons labelled for TPH are relatively
sparse and neurons which express nNOS but not TPH (closed yellow arrowheads) are more
numerous. Note the extensive dendrites which label for nNOS and which invade the DRN
(small yellow arrrowheads). Lower panel: the MRN contains a few large 5-HT neurons which
label for TPH only (closed white arrowheads) or both TPH and nNOS (open white arrowhead).
Surrounding the MRN (marked by dotted lines), is a population of small neurons which label
for nNOS but not TPH (yellow arrowheads). These neurons are in a densely nNOS labelled
neuropil.

Figure 4 Distribution of soluble guanylyl cyclase in the midbrain: co-localization with
TPH. Upper panels show a representative midbrain section double labelled for TPH (green)
and sGC (magenta). Dotted lines show the approximate boundaries of the DRN (dorsal to the
scp) and the MRN (ventral to the scp) as defined by the presence of TPH. Note that labelling
for sGC occupies the same area occupied by TPH labelling. Lower panels show the expression
of TPH (green) and sGC (magenta) in lateral, and ventromedial DRN and MRN subregions
together with an overlay in which double labelled elements appear white. Nuclei are stained
with DAPI (blue). In all regions there is almost complete correspondence between TPH
labelling and sGC labelling with both being clearly expressed in the cytoplasm of somata and
dendrites as well as in some varicose fibres.

Figure 5. Variation in the expression of TPH with nNOS and soluble guanylyl cyclase.
Example image from the ventromedial DRN. Top row shows wide and independent variation
of the intensity of TPH (green) and nNOS (red) labelling evident as variation in shades of
green, red and orange in this overlay. Some neurons with relatively low TPH expression have
intense nNOS expression (closed arrowheads), while others have low nNOS expression (open
arrowheads). Bottom row shows highly correlated variation in TPH and sGC expression
evident as relatively little variation in the cyan/magenta/white colouration of the overlay colocalization. Right panels show corresponding heatmap scattergrams showing pixel by pixel
variation in the TPH and nNOS signals (top) and TPH and sGC signals (bottom) in the whole
ventromedial DRN region in this section. Note the large number of pixels in the upper left
quadrant in the TPH vs nNOS plot indicating high nNOS expression.

Figure 6. Co-localization of soluble guanylyl cyclase with nNOS. Labelling for nNOS (red)
and sGC (cyan) in and adjacent to the DRN. In the most lateral parts of the DRN where it
merges medially with the LDTg, there are large nNOS labelled cells which also express sGC
(open yellow arrowheads) as well as other large neurons which express sGC but not nNOS
(closed white arrowhead)- this is most likely a 5-HT neuron. Note that varicose fibres which
label for nNOS, do not co-express sGC (small yellow arrowheads). In the dorsal DRN and the
funnel there are many neurons expressing sGC but not nNOS (closed white arrowheads) as
well as neurons which express both sGC and nNOS (open yellow arrowheads). In the region
where the DRN and MRN merge, neurons which label for nNOS and sGC (open yellow
arrowheads) and sGC but not nNOS (closed white arrowheads) can both be seen. Note that the
small nNOS labelled neurons flanking the DRN/MRN (closed yellow arrowheads) do not coexpress sGC.

Figure 7. Response of putative 5-HT neurons to DEA-NONO. Part a) shows a rate meter
recording from an example putative 5-HT neuron which is inhibited by 5-HT and is inhibited
by DEA-NONO. Inset shows the action potential of this neuron. Part b) shows a rate meter
recording from an example putative 5-HT neuron which is inhibited by 5-HT but excited by
DEA-NONO. Inset shows the action potential of this neuron. Part c) shows the proportion of
electrophysiologically identified putative 5-HT neurons which show inhibition, excitation or
no response following application of DEA-NONO (30 (n=42), 100 (n=94) or 300 µM (n=33),
2 min). Parts d) and e) show the magnitude of the inhibitory and excitatory responses to DEANONO: note the lack of concentration response relationship for both types of response.

Figure 8. Response of putative non-5-HT neurons to DEA-NONO. Part a) shows an
example rate meter recording from a putative non-5-HT neuron which is not inhibited by 5-HT
but is inhibited by DEA-NONO. Inset shows the action potential of this neuron. Part b) shows
a rate meter recording from an example putative non-5-HT neuron which is not inhibited by 5HT and is excited by DEA-NONO. Inset shows the action potential of this neuron. Note that
both putative non-5-HT neurons fire more rapidly (and less regularly) than most putative 5-HT
neurons, are not inhibited by 5-HT and have a narrow action potential. Part c) the proportion
of putative non-5-HT neurons which show inhibition, excitation, and no response following
application of DEA-NONO (30 (n=8), 100 (n=21) or 300 (n=9) µM, 2 min).

Figure 9. Repeated application of DEA-NONO evoked consistent responses in putative 5HT neurons. Part a) example rate meter recording from a putative 5-HT neuron in which
repeated application of DEA-NONO evokes similar inhibitory responses. Part b) shows group
data. Points joined by lines are the responses of individual putative 5-HT neurons to a first and
second application of DEA-NONO (100 µM).
Figure 10. The inhibitory response to DEA-NONO in putative 5-HT neurons was blocked
by the soluble guanylyl cyclase inhibitor, ODQ. Part a. example rate meter recording from a
putative 5-HT neuron showing the characteristic inhibitory response to 5-HT and a more
prolonged inhibitory response to DEA-NONO. Application of ODQ causes an increase in firing
rate and completely blocks the response to a second application of DEA-NONO. Part b. shows
responses of individual putative 5-HT neurons to DEA-NONO alone and in the presence of 30
µM ODQ (grey dots and lines) or 100 µM ODQ (black dots and lines). The response to DEANONO was significantly attenuated by both concentrations of ODQ. ** p=0.009 significant
main effect of ODQ. For full statistical analysis see text.

Figure 11. DEA-NONO inhibits both neurons which contain nNOS and those which do
not. Part a) Rate meter recording from the neuron shown in part b and c. In this neuron,
application of 5-HT and DEA-NONO inhibited firing. Part b), following recording the neuron
was filled with biocytin which was visualised with Alex 488 streptavidin (green). Part c),
labelling for nNOS shows that this neuron expresses nNOS. Part d) Rate meter recording from
the neuron shown in part e and f. This neuron was also inhibited by application of 5-HT and
DEA-NONO. Part e), following recording the neuron was filled with biocytin which was
visualised with Alex 488 streptavidin (green). Part f), labelling for nNOS shows that this
neuron does NOT express nNOS. Note that there is clear nNOS labelling of other elements in
this section (*).
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