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Differential serotonergic modulation across the main and
accessory olfactory bulbs
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Key points

® There are serotonergic projections to both the main (MOB) and the accessory olfactory bulb
(AOB).

e Current-clamp experiments demonstrate that serotonergic afferents are largely excitatory for
mitral cells (MCs) in the MOB where 5-HT;4 receptors mediate a direct excitatory action.

e Serotonergic afferents are predominately inhibitory for MCs in the AOB. There are two types
of inhibition: indirect inhibition mediated through the 5-HT), receptors on GABAergic inter-
neurons and direct inhibition via the 5-HT; receptors on MCs.

¢ Differential 5-HT neuromodulation of MCs across the MOB and AOB could contribute to
select behaviours such as olfactory learning or aggression.

Abstract Mitral cells (MCs) contained in the main (MOB) and accessory (AOB) olfactory
bulb have distinct intrinsic membrane properties but the extent of neuromodulation across the
two systems has not been widely explored. Herein, we investigated a widely distributed CNS
modulator, serotonin (5-HT), for its ability to modulate the biophysical properties of MCs across
the MOB and AOB, using an in vitro, brain slice approach in postnatal 15-30 day mice. In the
MOB, 5-HT elicited three types of responses in 93% of 180 cells tested. Cells were either directly
excited (70%), inhibited (10%) or showed a mixed response (13%)- first inhibition followed by
excitation. In the AOB, 82% of 148 cells were inhibited with 18% of cells showing no response.
Albeit located in parallel partitions of the olfactory system, 5-HT largely elicited MC excitation
in the MOB while it evoked two different kinetic rates of MC inhibition in the AOB. Using a
combination of pharmacological agents, we found that the MC excitatory responses in the MOB
were mediated by 5-HT,, receptors through a direct activation. In comparison, 5-HT-evoked
inhibitory responses in the AOB arose due to a polysynaptic, slow-onset inhibition attributed to
5-HT), receptor activation exciting GABAergic interneurons. The second type of inhibition had a
rapid onset as a result of direct inhibition mediated by the 5-HT, class of receptors. The distinct
serotonergic modulation of MCs between the MOB and AOB could provide a molecular basis
for differential chemosensory behaviours driven by the brainstem raphe nuclei into these parallel
systems.
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Introduction

Monoamine 5-hydroxytryptamine (serotonin, 5-HT) is
an important signalling molecule for a diverse number
of behavioural and physiological functions (Berger et al.
2009), whereby at least 14 different 5-HT receptors have
been identified and grouped into seven major subfamilies
based upon structure, pharmacology and downstream
signal transductory mechanism (Millan e al. 2008). In
the CNS, serotonin and its various receptors regulate a
breadth of neuropsychological processes including mood,
reward, aggression, appetite and memory (Roth, 1994;
Roth & Xia, 2004; Mittal et al. 2016). The CNS serotonin
system mainly originates from the brainstem raphe nuclei
and projects to almost every part of the brain (Jacobs
& Azmitia, 1992). As such, all major brain areas express
specific subfamilies of 5-HT receptors (Roth, 2007). Many
receptor subfamilies are important therapeutic targets for
anti-psychotic drug development and are of broad physio-
logical importance for thermoregulation, pain, sleep and
smooth muscle contraction (Reynolds et al. 2005; Pithadia
& Jain, 2009; Palacios, 2016).

The olfactory bulb (OB) makes an amenable model
to investigate serotonin neuromodulation due to its
distinct anatomical organization that facilitates electro-
physiological studies and its known receipt of serotonergic
projections from the brainstem raphe nuclei (Broadwell
& Jacobowitz, 1976; de Olmos et al. 1978; Araneda
et al. 1980; McLean & Shipley, 1987; Suzuki ef al.
2015). The OB is composed of two distinct structures:
the main (MOB) and accessory olfactory bulb (AOB).
Albeit sharing some common cytological organization
with similarly named neurolamina — nomenclature that
was carried forward from the MOB to the AOB by
Ramon y Cajal (Figueres-Onate et al. 2014) — there are
several noteworthy differences in the organization of
AOB cell types whose biophysical analyses are largely
incomplete. A prominent difference lies in the principal
output neurons, called mitral cells (MCs), in both systems.
In fact, Larriva-Sahd (2008) suggested that in the AOB,
they should not actually be referenced as ‘mitral’ per
se because their somata are not mitre in shape as they
are in the MOB. AOB MCs are largely arranged as a
scattered array, as opposed to a highly linear lamina, and
have a multi-tufted morphology that terminates in 3-8
glomeruli rather than a single apical dendritic tuft leading
to a single glomerulus (Ramon y Cajal, 1911; Takami &
Graziadei, 1990; Jia et al. 1999; Urban & Castro, 2005).
Hovis et al. (2012) examined the development of the
unique circuit in the AOB to show that MC dendrites
target glomeruli containing vomeronasal sensory neurons
expressing the same receptor and that connectivity is both
precise and activity modulated. As such, MOB and AOB
MCs have distinct passive and active intrinsic properties to
permit differential information processing (Zibman et al.
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2011). Noguichi et al. (2014) support a computational
model whereby dual informational processing might exist
between the MOB and AOB. Shpak et al. (2012) and
earlier in vivo work by Luo ef al. (2003) demonstrate
that AOB MCs, unlike those in the MOB, respond with
strong, persistent excitation in response to transitory
stimulation.

Despite initial explorations of basal biophysical
differences across MOB and AOB MCs, the degree of
neuromodulation across these systems has not been widely
explored. One recent study has shown opposing effects
of cholinergic modulation in the AOB vs. the MOB and
suggests that these circuits utilize different physiological
solutions for processing odour information (Smith et al.
2015). While there is strong structural and biophysical
characterization of the role of serotonergic signalling in
the MOB (Hardy et al. 2005; Petzold et al. 2009; Liu et al.
2012; Schmidt & Strowbridge, 2014; Suzuki et al. 2015;
Brill ef al. 2016), there are no biophysical studies in the
AOB involving serotonin modulation despite anatomical
evidence that suggests the existence of serotonergic fibres
(Broadwell & Jacobowitz, 1976; Takeuchi et al. 1982). Early
reports indicate the importance of serotonergic pathways
in the regulation of innate behaviours such as aggression
(Vergnes et al. 1974; Diuzhikova et al. 1987). Given the
important roles of the accessory olfactory system in social
and reproductive behaviours, serotonergic modulation of
the AOB may be an important factor, but studies are
needed to test this notion.

Given the diversity and widespread distribution of
serotonin signalling in the CNS, noteworthy circuitry
differences between the two partitions of the OB,
differential expression of serotonin receptors across the
MOB and AOB (McLean et al. 1995), and distinct firing
properties of MCs across these structures, we undertook
an exploration of serotonin neuromodulation using an
in vitro slice preparation of the AOB vs. MOB. Utilizing
a pharmacological approach across a large sampled
population, 5-HT,, receptors appear to mediate a direct
excitation of MOB MCs whereas two different serotonin
receptor types appear to mediate an inhibition of AOB
MCs. AOB MCs are indirectly inhibited through activation
of GABAergic interneurons via 5-HT, receptors or are
directly inhibited through 5-HT, receptors expressed on
MCs. Economical utilization of the same molecule across
two different parallel olfactory systems could serve to
modulate distinct behaviours regulated by these olfactory
sensory divisions.

Methods
Ethical approval

All animal experiments were approved by the Florida
State University (FSU) Institutional Animal Care and
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Use Committee (IACUC) under protocol no. 1427
and were conducted in accordance with the American
Veterinary Medicine Association (AVMA) and the
National Institutes of Health (NIH). In preparation for
OB slice electrophysiology, mice were anaesthetized with
isoflurane (Aerrane; Baxter, Deerfield, IL, USA) using
the JACUC-approved drop method and were then killed
by decapitation (AVMA Guidelines on Euthanasia, June
2007). All authors understood the ethical principles that
The Journal of Physiology operates under and the work
complied with the animal ethics checklist reported by
Grundy (2015).

Animal care

All mice (Mus musculus, C57BL/6] strain; The Jackson
Laboratory, Bar Harbor, ME, USA) were housed at the
FSU vivarium on a standard 12 h/12 h light/dark cycle
and were allowed ad libitum access to 5001 Purina Chow
(Purina, Richmond, VA, USA) and water. Mice of both
sexes at postnatal day 15-30 were used for slice electro-
physiology experiments, and had a body weight ranging
from 5.7 to 17.5 g [mean (SD): 9.2 (3.5) g]. A total of
85 mice were used in the present study.

Solutions and reagents

Artificial cerebral spinal fluid (ACSF) contained (in mm):
119 Na(l, 26.2 NaHCOs, 2.5 KCl, 1 NaH, POy, 1.3 MgCl,,
2.5 CaCl,, 22 glucose; 305-310 mOsm.I"!, pH 7.3-7.4.
Sucrose-modified ACSF (sucrose ACSF) contained (in
mM): 83 NaCl, 26.2 NaHCOs, 1 NaH,PO,, 3.3 MgCl,,
0.5 CaCl,, 72 sucrose, 22 glucose; 315-325 mOsm.l™,
pH 7.3-7.4. The intracellular pipette solution contained
(in mMm): 135 potassium gluconate, 10 KCI, 10 Hepes,
10 MgCl,, 2 Na-ATP, 0.4 Na-GTP; 280-290 mOsm.I!,
pH 7.3-7.4. All salts and sugars were purchased from
Sigma-Aldrich (St. Louis, MO, USA) or Fisher Scientific
(Pittsburgh, PA, USA).

The synaptic blockers 2,3-dihydroxy-6-nitro-7-
sulfamoyl-benzo[f]quinoxaline (NBQX), D-(-)-2-amino-
5-phosphonopentanoic acid (APV) and 2-(3-carboxy-
propyl)-3-amino-6-(4 methoxyphenyl) pyridazinium
bromide (gabazine) were purchased from Ascent
Scientific (Princeton, NJ, USA). All synaptic blockers were
prepared as stock solutions (NBQX 5 mmMm, APV 25 mm,
gabazine 6 mM) in Milli-Q water and stored at —20°C.
They were diluted to working concentrations (NBQX
5 uM, APV 50 uM, gabazine 6 uM) in ACSF on the day
of use.

The serotonin hydrochloride (5-HT) and serotonin
receptor  blockers  methysergide  maleate  salt
(methysergide), mianserin hydrochloride (mianserin),
spiperone and pindolol were purchased from
Sigma-Aldrich. Methysergide stock solution (2 mwm)
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was prepared in Milli-Q water and stored at —20°C. All
other pharmacological agents were prepared at stock
concentrations in ACSF (5-HT 0.8 mM, mianserin 80 M,
spiperone 80 uM, pindolol 2 mm with 1% acetic acid) and
were diluted to working concentrations (5-HT typically
20, 40, 80 pM, mianserin 20 uM, spiperone 20 uM,
pindolol 20 puM with 0.1% acetic acid) in ACSF on the
day of use. Previous reports have used a working range
of 20-50 uM to explore 5-HT modulation in the MOB
(Hardy et al. 2005; Brill et al. 2016). In our studies, 20 uM
5-HT was used for MOB MC recordings whereas 40 yM
was used for AOB MC recordings. We elected to use a
higher concentration in the AOB to accurately sample the
modulation effect knowing there were fewer serotonergic
projections to the AOB (Broadwell & Jacobwitz, 1976;
Takeuchi et al. 1982). All pharmacological agents were
introduced to OB slices through the bath chamber.
Controls consisted of bath ACSF or vehicle control
(ACSF plus 0.1% acetic acid) depending upon the
pharmacological agent employed.

OB slice electrophysiology

Mice were anaesthetized by inhalation of isoflurane
(see Ethical approval) and quickly decapitated. The
OBs were exposed by removing the dorsal and lateral
portions of the skull between the lambda suture and
the cribriform plate. The OBs were harvested and
prepared for slice electrophysiology as described pre-
viously (Fadool et al. 2011). Briefly, after removing
the dura, a portion of forebrain attached with the
OBs was cut and quickly glued to a sectioning block
with Superglue (Lowe’s Home Improvement, USA), and
submerged in oxygenated (95%0,/5%CO,), ice-cold,
sucrose-modified ACSF for approximately 2 min prior
to vibratome sectioning (Vibratome/Leica Model 1000,
Wetzlar, Germany). Coronal sections were made at a
thickness of 300 um and then allowed to recover in an
interface chamber containing oxygenated ACSF (Krimer
& Goldman-Rakic, 1997) for 2030 min at 33°C. The inter-
face chamber was then maintained at room temperature
(23°C) for about 60 min before recording. OB slices
were recorded in a continuously perfused (Ismatec;
1-2 mlmin™'), submerged-slice recording chamber
(RC-26, Warner Instruments, Hamden, CT, USA) with
ACSF at room temperature. Slices were visualized at
10x and 40x using an Axioskop 2FS Plus microscope
(Carl Zeiss Microimaging, Inc., Thornwood, NY, USA)
equipped with infrared detection capability (Dage MTI,
CCD100, Michigan, IN, USA). MCs in the MOB were
identified as previously described (Fadool et al. 2011),
while AOB lamination and MCs were identified based
on previous reports (Salazar et al. 2001; Larriva-Sahd,
2008). Electrodes were fabricated from borosilicate glass
(Hilgenberg no. 1405002, Malsfeld, Germany) to a pipette
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resistance ranging from 4 to 7 MSQ. Positive pressure
was retained while navigating through the OB laminae
until a slight increase in the pipette resistance (typically
0.1-0.2 M) was observed, indicating that the pipette
tip had made contact with the cell. A giga-ohm seal
(Re = 2.0-16.4 GR2) was achieved by releasing positive
pressure and simultaneously applying a light suction. The
whole-cell configuration was established by applying a
rapid but strong suction to the lumen of the pipette while
monitoring resistance.

After establishing a whole-cell configuration, MCs
were first sampled for adequate resting potential (less
than —55 mV) and proper series resistance (less than
40 MQ) prior to initiating a series of current-clamp
recordings. Perithreshold current levels were determined
by incrementally injecting 1000-ms, 25-pA steps of current
every 10s, startingat —50 pA. Following the determination
of spike threshold, cells were then stimulated with a long,
perithreshold current step of 5000 ms duration (typically
ranging from 5 to 100 pA) every 10 s to acquire spike
frequency data for MOB MCs. For some AOB MCs, an
interpulse interval (IPI) of 10 s led to hyperpolarization
of the cell. Thus, the IPI was increased to 18-22 s for
some AOB MCs in order to adequately sample basal
firing activity. The basal firing frequency was determined
in control ACSF conditions for a minimum interval of
5 min by computing the mean firing frequency at the
perithreshold step determined for an individual cell. The
latency for the onset of suppression in AOB MCs was then
measured as the time interval between the application of
5-HT and the time the firing frequency fell below this
mean baseline frequency recorded for that cell. Because
spike firing frequency was calculated across the duration of
an applied current step (5 s) with a 10-s IPL, the resolution
of the minimum onset latency for suppression was at
least 15s.

Data acquisition and statistical analysis

Current-evoked changes in membrane voltage were
measured using a Multiclamp 700B amplifier (Axon
Instruments, Molecular Devices, Sunnyvale, CA, USA).
The analog signal was filtered at 10 kHz and mini-
mally digitally sampled every 100 us. The signals
were digitized with a Digidata 1440A digitizer (Axon
Instruments, Molecular Devices). The pipette capacitance
was electrically compensated through the capacitance
neutralization circuit of the Multiclamp 700B amplifier.
Resting membrane potentials were corrected for a
calculated —14 mV junction potential offset. Membrane
capacitance and input resistance were acquired from
the membrane test function of Clampex 10.3 (Axon
Instruments). Data were analysed using Clampfit 10.3
(Axon CNS), in combination with the analysis packages
Origin 8.0 (MicroCal Software, Northampton, MA, USA)
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and Igor Pro 6.0.2 (Wavemetrics Inc., Portland, OR,
USA) with the NeuroMatics 2.02 plugin (written by
Jason Rothman). MOB MCs usually exhibit an inter-
mittent firing pattern and are characterized by variable
spike clusters. A cluster was therefore defined as three
or more consecutive spikes with an interspike inter-
val (ISI) of 100 ms or less (Balu et al. 2004). Spike
frequency (calculated throughout pulse depolarization),
ISI (calculated within a spike cluster) and action potential
cluster duration were measured as previously described
(Balu et al. 2004; Fadool et al. 2011). Changes in the
spike frequency were plotted as the mean percentage
change compared to the control condition prior to bath
application of the modulator. Baseline, treatment and
washout values were calculated from the mean of at least
10 consecutive traces.

Statistical significance was determined between baseline
biophysical property and that following the modulator
using a two-tailed, paired t test or a one-way repeated
measures ANOVA at the 95% confidence level (o = 0.05).
Comparison of independent means was alternatively
examined using a Student’s ¢ test. Spike firing frequency
data were graphed by normalizing to the percent of
the control condition, but non-normalized data were
applied in the statistical analyses. All sampled populations
were analysed using Prism 6 (GraphPad Software Inc.,
La Jolla, CA, USA). For all applied ¢ tests and ANOVA
tests, the assumptions of random sampling, normal
distribution and equal variances were examined (Steel
& Torre, 1980). Data were tested for equal variance
using the Variance Ratio Test (two sample) or the Fmax
test (ANOVA; variance within group) to ensure they
did not violate the homogeneity of variance (Steel and
Torre, 1980). Data were tested within the Prism software
for normality using a D’Agostino—Pearson omnibus
normality test. If any of the assumptions for a parametric
design were violated or the sample size was small,
corresponding non-parametric tests such as the Wilcoxon
signed-rank test (non-parametric equivalent to paired
t test) or Friedman test (non-parametric equivalent
to repeated-measures ANOVA) were used. All reported
values are mean (standard deviation, SD).

Results
Electrophysiological properties of MOB and AOB MCs

A total of 85 mice were used to acquire 328 recordings
across our entire study for all electrophysiological
measurements. Of the 180 MCs sampled from the MOB,
108 (60%) were spontaneously active; for AOB MCs, 70
out of 148 (47%) were spontaneously active under our
recording conditions. For MOB MCs, more than half
showed either spike clustering in spontaneously active
neurons, or evoked spike clustering if they were initially

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society
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Table 1. A comparison of intrinsic properties of MCs in the main
olfactory bulb (MOB) versus the accessory olfactory bulb (AOB)

MOB AOB
Membrane potential (mV) —58.5 (3.3) —67.6 (2.5)**
Membrane capacitance (pF) 117.1 (24.2) 84.3 (29.9)**
Input resistance (M) 80.6 (21.7) 162.4 (67.2)**

Data are presented as mean (SD); n = 24 for MOB MCs, n = 21
for AOB MCs.

**Significantly different mean values compared with MOB,
Student’s t test, P < 0.01.

silent, but were activated by injecting current. Here, a
cluster was defined as three or more consecutive spikes
with an ISI of 100 ms or less (Balu et al. 2004). In contrast,
sampled AOB MCs were rarely observed to have spike
clusters. The intrinsic properties of our sampled MOB
and AOB MCs are reported in Table 1. The membrane
capacitance of MCs in the MOB was significantly greater
than that in the AOB (Student’s t test, P < 0.01) while the
input resistance was significantly less than that measured
from the AOB (Student’s ttest, P < 0.01). The mean resting
membrane potential for MCs was more hyperpolarized in
the AOB over that in the MOB (Student’s ttest, P < 0.01).
These distinct intrinsic properties of MOB and AOB
MCs may reflect differences in the capacity for extrinsic
modulation.

The effects of 5-HT on MOB MCs

To study 5-HT modulation across the sampled MOB
MC population, action potential (AP) threshold was
initially determined using a brief current-step protocol
(see Methods), and then cells were injected with the
empirically defined perithreshold current (typically
ranging from 5 to 100 pA) using a 5000 ms pulse duration
every 10 s (IPI). Such spike firing frequency data were
typically acquired for 30 min. A majority of the MOB MCs
(126 of 180 examined; 70%) exhibited an increase in the
evoked AP firing frequency in response to bath application
of 5-HT (Fig. 1Aa). As shown in the comparative spike
frequency plots, some cells (18/180; 10%) were inhibited
by 5-HT (Fig. 1Ab). Another population of cells (23/180;
13%) exhibited a mixed response — first inhibition
followed by excitation (Fig. 1Ac). A small proportion of
the cells (13/180; 7%) did not respond to 5-HT. Because
the majority of MCs were excited by 5-HT, we chose to
only examine the biophysical details of this subtype of
cells for the remainder of our study and did not explore
inhibition or mixed-response cells. It was also possible
to elicit increased AP firing frequency in cells held at rest
without injected current in response to bath application
of 5-HT (Fig. 1B). 5-HT bath application typically led
to a small amplitude depolarization of 2.9 (1.6) mV
after a delay of 18 (11) s [mean (SD), n = 15]. The
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depolarization was accompanied by an increased AP firing
frequency. For both evoked and spontaneous activity,
the latency to increase firing frequency in response to
5-HT was probably due to permeation time into the
slice, rather than the time course for a transduction
event. Unless specified otherwise, all our subsequent
reported recordings were from evoked responses
where spikes were quantified during the depolarizing
pulse.

To systematically quantify the magnitude of the
modulation by 5-HT, AP firing frequency of the evoked
activity was averaged for 20 traces (5 min) in control
ACSEF solution (Fig. 24, @’). Following bath introduction
of 5-HT, the mean firing frequency was acquired for
20 traces (5 min) once the spike frequency was greater than
the highest recorded value (in Hz) of the baseline, control
activity (defined as an excitatory response) (Fig. 24,
‘D’). For washout measurements, AP firing frequency was
determined, again for a mean of 20 traces once firing
frequency reached original pre-modulation firing rates
(Fig. 2A, ©). As shown in the bar graph of Fig. 2A,
bath application of 5-HT resulted in a 6.8 (3.6)-fold
(n=15) increasein firing frequency of MOB MCs over that
of the control condition (significantly-different, one-way
repeated-measures ANOVA, F,,5 = 166.4, P < 0.0001,
with Bonferoni’s post-hoc test, P < 0.01). In this, and
subsequent repeated-measures ANOVA tests, the three
treatment groups were control, modulator (5HT) and
wash, yielding a degree of freedom of 2. The number
of cells recorded across the three treatment groups is
reported on the bar graphs, whereby the degree of freedom
error was computed as degree of freedom within — degree
of freedom subjects. The post hoc analyses sought the
location of the variance between the treatment groups and
is indicated by an asterisk at the given probability level (P).
MOB MCs usually exhibit an intermittent firing pattern
that is characterized by variable-length spike clusters.
5-HT significantly increased the number of spike clusters
recorded within a recording window of 10, 5000 ms traces
[Fig. 2Bd; 15.4 (14.7) = Control vs. 53.2 (28.9) = 5-HT,
significantly-different by paired ¢ test, P < 0.01, n = 17]
and increased the cluster duration [Fig. 2Be; 153.3 (80.6)
ms = Control vs. 241.7 (124.8) ms = 5-HT, paired ¢ test,
P <0.01], but did not significantly change the ISI [Fig. 2Bf,
43.0 (9.7) ms = Control vs. 40.7 (8.7) ms = 5-HT, paired
ttest, P=0.07].

To determine if modulation altered AP shape
in addition to firing frequency, similar within-cell
recordings were made as in Fig. 2 but applying an
increased sampling frequency (20 kHz) of the data
to determine shape properties. As anticipated for a
depolarized membrane, 5-HT significantly decreased
the mean spike amplitude [68.9 (4.3) mV = Control;
67.1 (4.4) mV = 5-HT] while it increased AP half-width
[1.4 (0.2) ms = Control; 1.5 (0.3) ms = 5-HT] and



3520

10-90% rise time [0.7 (0.01) ms = Control; 0.8 (0.02)
ms 5-HT] (each significantly different by paired
t tests, n = 15, P < 0.01). To examine whether 5-HT
modulation depended upon synaptic processes or was
intrinsic to MOB MCs, we tested for retention of 5-HT
modulation for cells pre-incubated with fast glutamatergic
and GABAergic synaptic blockers, namely a cocktail of
NBQX, APV and gabazine. As shown in Fig. 34, MOB
MCs retained a strong increased firing frequency [7.8
(4.5)-fold increase] in response to 5-HT in the presence
of synaptic blockers (n 14) that was significantly
different (Fig. 3B; one-way repeated-measures ANOVA,
F, 56 = 26.03, P < 0.001, with Bonferoni’s post hoc test,
P < 0.01). Although the excitatory effect of 5-HT in
the presence of synaptic blockers (Fig. 3B) appeared
larger than that in the absence of blockers (Fig. 2A),
this differential did not reach statistical significance,
suggesting that 5-HT modulation was not significantly
influenced by additional circuits (Student’s ¢ test, n = 29,
P = 0.5211). These collective data suggest that the
excitatory effect of 5-HT on MOB MCs is probably
direct or intrinsic, without the requirement of synaptic
transmission.
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Pharmacological identification of serotonergic
receptor type involved in the direct excitation
of MOB MCs

Because our results indicated that 5-HT could
directly depolarize the MOB MCs, we performed
pharmacological tests to determine which 5-HT receptor
might be involved in this action. For this series of
pharmacological experiments, the non-selective 5-HT, 7
receptor antagonist methysergide (Hoyer et al. 1994)
was introduced into the bath following acquisition of
firing frequency under control ACSF conditions (Fig. 4A).
Subsequent co-presentation of 5-HT and methysergide
failed to increase firing frequency in 6 of 6 cells tested
[Fig. 4A, right, 0.4 (0.1) Hz = methysergide vs. 0.4 (0.3)
Hz = methysergide plus 5-HT, not significantly different,
paired ¢ test, P > 0.05]. Because a small percentage of
MOB MCs were not excited by 5-HT, we completed a
wash of the antagonist and then application of 5-HT to
ensure the recorded neuron was indeed excitatory for the
modulator (see Fig. 4A, left). Next, we tested mianserin,
a more specific 5-HT, receptor antagonist (Hoyer et al.
1994). Here, MOB MCs were prescreened for 5-HT
excitatory responses, washed and then pre-incubated
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Figure 1. Mitral cells in the main olfactory bulb (MOB MCs) largely exhibit an increase in action potential
(AP) firing frequency in response to serotonin (5-HT)

Aa—c, line graph summary of the changes in evoked, AP firing frequency in response to bath applied 5-HT indicated
by the horizontal line for three representative MCs. Demonstrated is one representative cell from each type of
response from the 180 cells sampled, where cells were: a, excited (126/180; 70%); b, inhibited (18/180; 10%); or
¢, demonstrated a mixed response to 5-HT (23/180; 13%) of first inhibition followed by excitation. A small portion
of the cells (13/180; 7%) did not respond to 5-HT (data not shown). B, representative current-clamp recording of
an MC at resting state in a whole-cell configuration. Bath application of 20 um 5-HT at the line; resting membrane
potential = —62 mV. [Colour figure can be viewed at wileyonlinelibrary.com]
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with mianserin prior to co-presentation with mianserin
and 5-HT (Fig. 4B, left). As shown in Fig. 4B, right,
5-HT excitation was also blocked by mianserin [1.0 (1.2)
Hz = mianserin vs. 1.1 (1.5) Hz = mianserin plus 5-HT,
not significantly different, Wilcoxon signed-rank test,
P > 0.99, n = 5]. Spiperone, a more selective 5-HT,,

receptor antagonist (Hoyer et al. 1994), similarly pre-
vented the excitatory effect of 5-HT in 7 of 8 cells tested
using an identical protocol as that previously [Fig. 4C, 0.9
(0.7) Hz = spiperone vs. 0.5 (0.4) Hz = spiperone plus
5-HT, not significantly different, paired ¢ test, P > 0.05].
Finally, to confirm that the results of the receptor subtype
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Figure 2. Quantitative analysis of the excitatory response of MOB MCs

A, left, raster plot showing evoked spike firing events binned in 5000 ms pulse duration (Event time) and recorded
with an IPl of 10 s over a 25-30 min recording period, and the associated line graph of spike firing frequency
under control ACSF, 5-HT and then wash ACSF conditions. Each vertical bar corresponds to the duration of the
applied bath condition. Resting membrane potential = —64 mV, 50 pA perithreshold current injection. Middle,
representative current-clamp recordings for the cell on the left at time points a, b and c indicated at the arrows.
Right, bar graph of a population of cells recorded as on the left (n = 15). **Significantly different from control,
one-way repeated-measures ANOVA, Bonferoni's post hoc test, P < 0.01. B, spike cluster analysis. a, representative
recording in control ACSF condition where two spike clusters (Cluster) and the inter-spike interval (ISI) are indicated.
Raster plot collected for a cell as in A, under b, control ACSF and then ¢, 5-HT bath application. d-f, bar graphs
indicating the mean number of AP clusters, cluster duration and ISI for a paired recording in control ACSF and then
following 5-HT bath application. **Significantly different from control, paired t test, n = 17, P < 0.01. [Colour
figure can be viewed at wileyonlinelibrary.com]
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pharmacology were the result of a direct effect on MCs,
we extended these experiments to include the synaptic
blockers, gabazine, NBQX and APV, as similarly applied
in Fig. 3. In retesting cells for lack of serotonin excitation
in the presence of the antagonists mianserin (n = 3) and
spiperone (n = 3) using the synaptic blocker cocktail, both
sets of experiments similarly prevented an increased firing
frequency of MCs by 5-HT [0.2 (0.1) Hz = mianserin
vs. 0.2 (0.2) Hz = mianserin plus 5-HT, not significantly
different, Wilcoxon signed-rank test, P > 0.99 and 0.2
(0.01) Hz = spiperone vs. 0.1 (0.01) Hz = spiperone plus
5-HT, not significantly-different, Wilcoxon signed-rank
test, P = 0.25]. These collective data indicate that 5-HT
direct modulation of MOB MCs occurs through a 5-HT, 5
receptor-mediated process.

The effects of 5-HT on AOB MCs

In contrast to what was discovered for MOB MCs,
the majority of AOB MCs (122/148; 82%) exhibited
an inhibitory response to 5-HT rather than excitation
(Fig. 5Aa,b). The remainder of the sampled AOB
population (26/148; 18%) did not respond to 5-HT
(Fig. 5Ac). In plotting a frequency distribution histogram
for the onset times of all inhibitory responses (Fig. 5B), we
found that there were two distinct populations, which we
will refer to as slow-onset inhibition (as in Fig. 5Aa) and
rapid-onset inhibition (as in Fig. 5Ab) types, respectively
(significantly different means, Student’s ¢ test with Welch’s
correction, P < 0.0001). Seventy-four out of 122 cells
had onset times that fell within the Gaussian fit of
the slow-onset inhibition type [mean (SD), 166 (47.3)
s] in response to 5-HT modulation, while 48 out of
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Figure 3. 5-HT elicits direct excitation of MOB MCs
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122 cells had much quicker onset times for inhibition
by 5-HT [27 (4.8) s] and fell within the fit for the
rapid-onset inhibition. Similar to that found with MOB
MGCs, spontaneous activity of AOB MCs could also be
modulated by bath-applied 5-HT (Fig. 5C).

When we quantified the magnitude of the modulation
by 5-HT systematically, we found there were two different
magnitudes of inhibition, regardless of onset kinetics.
The first was a weak inhibition, in which the spike
frequency was modestly, but significantly, reduced by
5-HT compared with the control condition (Fig. 64,
Friedman’s test, P = 0.0002, with Dunn’s post hoc test,
P < 0.01, n = 9). The second group exhibited strong
inhibition to 5-HT. Here, 5-HT bath application gradually
delayed the latency of the first evoked spike of the cell
until it stopped firing compared with the control condition
(Fig. 6B, Friedman’s test, P < 0.0001, with Dunn’s post hoc
test, P < 0.01, n = 9). Correspondingly opposite to what
we found for excitatory MOB MCs, the AP shape for AOB
MCs exhibited an increase in peak amplitude [83.4 (7.0)
mV = Control; 86.3 (7.5) mV = 5-HT], a reduction in the
half-width [2.6 (0.4) mV = Control; 2.3 (0.4) mV = 5-HT]
and 10-90% rise time [0.9 (0.1) mV = Control; 0.8 (0.2)
mV = 5-HT] (each significantly different, paired ¢ test,
P < 0.01, n = 10). These data were pooled from both
weakly and strongly inhibited cells regardless of onset
of modulation, because all types of inhibited AOB MCs
demonstrated the same change in AP shape. To identify
whether synaptic transmission was required for 5-HT
inhibitory responses for either slow-onset inhibition or
rapid-onset inhibition in AOB MCs, experiments were
performed in the presence of gabazine (GABA, receptor
antagonist) in ACSE Two different types of responses
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A, raster plot as in Fig. 2 but where evoked responses were recorded in the presence of NBQX (5 uM), APV (50 pm)
and gabazine (6 uMm). Resting membrane potential = —61 mV; 75 pA perithreshold current injection. B, bar graph
of the mean spike frequency expressed as percent of the basal firing of the control. Same statistical analysis and
notations as in Fig. 2A, n = 14. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 4. 5-HT-evoked excitation in MOB MCs is inhibited by 5-HT receptor antagonists that have
subtype specificity
Representative raster plots and associated spike frequency line graphs acquired and constructed for evoked activity
as in Fig. 2A. A, left, representative recording whereby the MC was preincubated with the non-selective 5-HT; 7
receptor antagonist, methysergide, prior to co-presentation of the inhibitor plus 5-HT. Note that following a
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wash, application of 5-HT confirmed the neuron was excited by the modulator. Right, bar graph of the mean spike
frequency expressed as percent of the basal firing of the control for six such recordings. B, left, as in A, but applying
the 5-HT, receptor antagonist mianserin. Right, bar graph of the mean spike frequency expressed as percent of the
basal firing of the control for five such recordings. C, left, as in A, but applying a more selective 5-HT;a receptor
antagonist, spiperone. Right, bar graph of the mean spike frequency expressed as percent of the basal firing of
the control for seven such recordings. AC, NS = not significantly different, paired t test, P > 0.05. B, NS = not
significantly different, Wilcoxin signed-rank test, P > 0.05. [Colour figure can be viewed at wileyonlinelibrary.com]

were observed — slow-onset inhibition responding to
gabazine application and rapid-onset inhibition that was
insensitive to gabazine application. Five sampled cells that
were found to be the slow-onset inhibition type failed to
be modulated by 5-HT following gabazine pre-incubation.
For these recordings (Fig. 7A), baseline AP firing frequency
was first determined in control ACSF and then 5-HT
was introduced to determine that the cell was slowly
inhibited by the modulator. Gabazine was then introduced
to the bath followed by a co-presentation of gabazine plus
5-HT. Finally, following wash out of both agents, 5-HT
was re-applied to confirm continued inhibitory response
to the modulator. As determined for the population of
sampled AOB MCs, slow-onset inhibition appeared to be
mediated by GABA transmission because adding gabazine
prevented the inhibitory effect of 5-HT [Fig. 74, 2.2
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(1.0) Hz = gabazine vs. 2.3 (1.2) Hz = gabazine plus
5-HT, not significantly different, Wilcoxin signed-rank
test, P > 0.81, n = 5]. To confirm that 5-HT in the
AOB was exciting GABAergic neurons that could inhibit
MCs via GABA release and not causing an excitation
of glutamatergic neurons that could in turn excite
GABAergic neurons to inhibit MCs, it was important
to delineate between these alternatives by preventing
synaptic transmission of glutamate. Therefore, in the
presence of APV/NBQX, we report that 4 of 4 cells
still exhibited slow-onset inhibition [Fig. 7B, 1.9 (0.6)
Hz = APV/NBQX wvs. 1.0 (0.6) Hz = APV/NBQX plus
5-HT, significantly different, Wilcoxin signed-rank test,
P < 0.04, n = 4]. For these recordings (Fig. 7B), cells
were first confirmed to be slowly inhibited by 5-HT and
following a wash, 5-HT was reintroduced, but in the
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Figure 5. Mitral cells in the accessory olfactory bulb (AOB MCs) predominantly exhibit a decrease
in action potential (AP) firing frequency in response to serotonin (5-HT)

Aa—c, line graph summary of the changes in evoked, AP firing frequency in response to bath-applied 5-HT indicated
by the horizontal line for three representative MCs. Demonstrated is one representative cell from each type of
response from the 148 cells sampled, where: a, slow-onset (74/148; 50%); or b, rapid-onset (48/148; 32%)
inhibition was recorded. A population of cells (c, 26/148; 18%) did not respond to 5-HT. B, histogram distribution
plot of the onset latency times for inhibition by 5-HT. Two separate distributions, a slow-onset inhibition (right
Gaussian) and a rapid-onset inhibition (left Gaussian), were fit from the sampled population. C, representative
current-clamp recording of a spontaneously active MC in whole-cell configuration. Bath application of 40 um 5-HT
at the line; resting membrane potential = —65 mV. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 6. AOB MCs are differentially inhibited by 5-HT, regardless of onset kinetics of the modulation

Current-clamp recordings and associated raster plots for a representative MC that was Aa, weakly inhibited
[resting membrane potential (RMP) = —67 mV; 25 pA perithreshold current injection) vs. one that was Ba, strongly
inhibited by 5-HT (RMP = —69 mV, 30 pA perithreshold current injection). For cells responding to 5-HT with the
latter type of inhibition, 5-HT progressively delayed the latency to first spike until the cell stopped firing in later
trace numbers. AB, parts a, note that AP firing in AOB MCs does not exhibit cluster behaviour as demonstrated
in the raster plots. AB, parts b, line graphs showing the spike frequencies for individual cells under the control,
5-HT and wash conditions. AB, parts c, bar graphs of the mean spike frequency expressed as percent of the basal
firing of the control. **Significantly different from control, Friedman’s test, Dunn’s post hoc test, P < 0.01. [Colour
figure can be viewed at wileyonlinelibrary.com]
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Figure 7. 5-HT-evoked inhibition in AOB MCs responds differentially to gabazine
Representative raster plot and spike frequency line graphs generated as in Fig. 3 for an MC that was inhibited by
5-HT with AB slow-onset vs. C, rapid-onset modulation. A, left, note that the slow-onset 5-HT modulation was
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blocked by pre-incubation with gabazine after which co-presentation of gabazine plus 5-HT failed to inhibit firing
frequency. This could be recovered following a wash (time break bar) and inhibited again via 5-HT application alone.
B, left, note that the slow-onset 5-HT modulation was not blocked by pre-incubation and then co-presentation with
synaptic blockers (APV/NBQX). Using a continual background of synaptic blockers, the 5-HT, receptor antagonist,
mianserin, blocked the slow-onset inhibition. C, /eft, note that the rapid-onset 5-HT modulation was not blocked
by pre-incubation with gabazine after which co-presentation of gabazine plus 5-HT continued to elicit rapid
inhibition by 5-HT. This was repeatable within the same cell. A-C, right, bar graphs of the mean spike frequency
expressed as percent of the basal firing of the control for both kinetic types of inhibitory responses. A, right,
NS = not significantly different, Wilcoxin signed-rank test, n = 5, P > 0.05. B, right, *significantly different
Wilcoxin signed-rank test, n = 4, P < 0.04. C, right, **significantly different, paired t test, n =6, P < 0.01. [Colour

figure can be viewed at wileyonlinelibrary.com]

presence of APV/NBQX (Fig. 7B). Among these four cells,
we examined three with the 5-HT), receptor antagonist
mianserin in the continued presence of APV/NBQX.
Mianserin co-presented with 5-HT blocked the slow-onset
inhibition [2.8 (0.8) Hz = APV/NBQX plus mianserin
vs. 2.8 (0.9) Hz = APV/NBQX plus mianserin and
5-HT,Wilcoxon signed-rank test, P=0.99, n= 3] (Fig. 7B).
To our surprise, six sampled AOB MCs demonstrated
that 5-HT rapid-onset inhibition could not be blocked
by gabazine (Fig. 7C). Here, 5-HT was confirmed to
rapidly inhibit evoked AP firing frequency, but when
washed and pre-incubated with gabazine as in the first
sampled population, co-presentation of gabazine and
5-HT continued to elicit an inhibition of firing frequency,
like that of 5-HT alone [Fig. 7C, 1.3 (0.5) Hz = gabazine vs.
0.2 (0.2) Hz = gabazine plus 5-HT, significantly different,
paired t test, P < 0.01, n = 6]. This was repeatable within
the same cell. Additionally, following an extended wash
of these agents, pre-incubation with the broad spectrum
antagonist methysergide and then co-presentation of
methysergide and 5-HT did prevent the inhibitory effect
of 5-HT (data not shown). We therefore speculated that
the rapid-onset inhibition could be a direct effect of 5-HT
on MCs. To confirm our conjecture, we performed further
pharmacological tests as described below.

Pharmacological identification of receptor types
involved in 5-HT actions on AOB MCs

Because our results suggested there were two types of 5-HT
inhibition of AOB MCs — a slow-onset inhibition and
rapid-onset inhibition — we hypothesized that the slower
onset inhibition might use a polysynaptic mechanism.
As such, 5-HT would be expected to initially excite
GABAergic interneurons that, in turn, could release
GABA onto MCs to inhibit their activity. We confirmed
that the slow-onset inhibition could be blocked by the
non-selective 5-HT,; receptor antagonist methysergide
[Fig. 84, 1.0 (0.7) Hz = methysergide vs. 1.2 (0.8)
Hz = methysergide plus 5-HT, not significantly different,
Wilcoxin signed-rank test, P = 0.13, n = 4] and
5-HT, receptor antagonist mianserin [Fig. 8B, 1.3 (0.3)
Hz = mianserin vs. 1.4 (0.4) Hz = mianserin plus 5-HT,
not significantly different, Wilcoxin signed-rank test,

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society

P =0.44, n = 5]. Here, 5-HT was first applied to confirm
slow inhibition, followed by a wash and then application of
the antagonist (noted as Methysergide-1 or Mianserin-1).
Because the antagonist elicited strong inhibition, current
injection was increased to elevate spike firing frequency
(noted as Methysergide-2 or Mianserin-2) prior to
co-presentation of 5-HT and the antagonist. Because
mianserin prevented slow-onset inhibition (Figs 7B and
8B) but not rapid-onset inhibition (data not shown), this
may suggest that the subtype of 5-HT receptors mediating
the two kinetically distinct types of inhibition may be
different. 5-HT receptors, including 5-HT} 45, have been
shown to mediate both pre- and post-synaptic inhibitory
effects of 5-HT (Blier et al. 1998; Morikawa et al. 2000;
Ogren et al. 2008). We therefore examined whether the
5-HTa/p receptor antagonist pindolol (Hoyer et al. 1994)
could prevent the rapid-onset inhibition by 5-HT. As
shown in Fig. 8C, the rapid-onset 5-HT inhibition that is
independent of GABAergic transmission (not blocked by
gabazine) could be blocked by pindololin 4 of 5 tested cells
[1.0 (0.1) Hz = pindolol vs. 1.1 (0.3) Hz = pindolol plus
5-HT, not significantly different, Wilcoxin signed-rank
test, P = 0.38]. Finally, block by pindolol in the presence
of gabazine was additionally examined, which similarly
demonstrated a block of the rapid-onset inhibition by
5-HT [1.1 (0.8) Hz = gabazine and pindolol vs. 1.0 (0.6)
Hz = gabazine and pindolol plus 5-HT, not significantly
different, Wilcoxin signed-rank test, P = 0.25, n = 4].

Discussion

Despite the conserved circuitry of 5-HT arriving from
centrifugal projections of the CNS (Devore & Linster,
2012; Smith et al. 2015), our electrophysiological
results demonstrate striking differences in serotoninergic
modulation. 5-HT was predominantly excitatory for
MCs of the MOB, although both inhibition and mixed
excitation/inhibition were observed to a lesser frequency,
while modulation was strictly inhibitory for those in the
AOB. AOB inhibitory responses were classified by two
different kinetic rates of inhibition — slow-onset inhibition
and rapid-onset inhibition, respectively — and were found
to be governed by two different subfamilies of 5-HT
receptors. The diversity of responses to 5-HT in the MOB
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Figure 8. Slow-onset 5-HT modulation is sensitive to 5-HT, receptor antagonists while rapid-onset
modulation is sensitive to 5-HT¢ receptor antagonist in AOB MCs

Representative raster plot and associated spike frequency line graph for an MC that exhibited slow-onset 5-HT
inhibition that was inhibited by either: A, left, a non-selective 5-HT; 7 receptor antagonist methysergide or B, left,
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a more specific 5-HT, receptor antagonist mianserin. C, left, raster plot and associated spike frequency for an
MC that exhibited rapid-onset 5-HT inhibition that was blocked by the 5-HT; receptor antagonist pindolol. A-C,
right, bar graphs of the mean spike frequency expressed as percent of the basal firing of the control. Because
the application of methysergide (noted as Methysergide-1) and mianserin (noted as Mianserin-1) elicited strong
inhibitions, current injections were increased to elevate spike firing frequencies (noted as Methysergide-2 and
Mianserin-2) prior to the co-application of 5-HT and the antagonists. NS = not significantly different, Wilcoxin
signed-rank test, P> 0.05. A, n = 4; B, n = 5; C, n = 4. [Colour figure can be viewed at wileyonlinelibrary.com]

could contribute to general plasticity in the olfactory
system that is important for olfactory discrimination and
learning. Alternatively, the uniform inhibitory response
to 5-HT in the AOB could be preserved as an important
mechanism to regulate hard-wired innate behaviours such
as aggression.

Although our study of 5-HT modulation in the MOB
pharmacologically focused on those MCs exhibiting
excitation, we did observe a heterogeneous response to
5-HT similar to the earlier study by Hardy et al. (2005),
and most recent studies by Kapoor et al. (2016) and
Brunert et al. (2016). It is likely that 5-HT release from the
raphe nuclei into the MOB modulates olfactory synaptic
physiology both with a heterogeneous response of MCs
as well as across multiple OB neuron targets (Brunert
etal 2016).

Our data demonstrating that MCs of the MOB are
modulated rapidly and directly by 5-HT,, receptor
activation to yield an increase in AP firing frequency is
consistent with other reports that have explored activation
of the raphe nuclei, ensemble modulation of MOB MCs,
and changes in synaptic activity and the glomerular
network in response to serotonin (Hardy et al. 2005;
Schmidt & Strowbridge, 2014; Brill et al. 2016; Kapoor
et al. 2016). The majority of our sampled MCs in the
MOB (70%) were excited following bath application of
5-HT while a small population of MCs was found to be
either inhibited or received a dual inhibition/excitation
following 5-HT application, which could be attributed
to an indirect mechanism involving lateral inhibition
from other MCs receiving a stronger excitation by 5-HT
(Urban & Sakmann, 2002). Additionally, recent studies
demonstrate that 5-HT, delivered locally at the glomerular
level that receives most of the serotoninergic projections in
the OB, also increases the spiking frequency of inhibitory
interneurons such as periglomerular (PG) cells and
short-axon cells (SACs) through the activation of the
5-HT,¢ receptor, promoting interglomerular inhibition
and hence decreasing the activity of some MCs (Petzold
et al. 2009; Brill et al. 2016).

Since the discovery of the heterogeneity of the brain
5-HT receptor in the 1980s, and then subsequent
heterogeneity of the receptor subtypes soon thereafter,
subtype-specific ligands for serotonin receptors have been
sought to regulate their different downstream signalling
cascades (Hoyer et al. 1994; Barnes & Sharp, 1999;
Pithadia & Jain, 2009). As a whole, the agonists and
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antagonists for 5-HT receptors are deemed ‘semi-selective
agents’ that can support subtype identity along with other
parallel methods such as cloning, in situ hybridization
and structural approaches. Our pharmacological data
demonstrating 5-HT-evoked excitation in MOB MCs is
blocked by three different competitive ligands (mianserin,
methysergide and spiperone) that antagonize 5-HT;a
receptors (among others) corroborate earlier in situ and
immunocytochemical studies of the distribution of this
receptor subtype on the soma and dendrites of MOB MCs
(McLean et al. 1995; Yuan et al. 2003). Recently Brill et al.
(2016) electrophysiologically applied a different cadre of
antagonists to model the dense serotonergic innervation of
the MOB to synaptic contacts on MCs (5-HT,4 subtype),
external tufted cells (5-HT,4 subtype) and SACs (5HT,c
subtype) to suggest an increased excitatory drive onto
glomerular interneurons due to 5HT,, subtype activation
on MCs. Although there is no reported expression of
subtype-specific receptors in the AOB, apart from the
reported lack of 5-HT,, mRNA by McLean et al. (1995),
we suspect expression of 5HT,c subtype receptors on
granule cells (GCs) and 5HT 55 on MCs as modelled
in Fig. 9 based solely upon our pharmacological results
and deduction of cross comparison of these ‘semi-selective
agents’. For example, mianserin has been reported to have
much higher affinity at 5-HT,s and 5-HT,c receptors
compared to other 5-HT receptor subtypes (Brunello
et al. 1982; Hoyer, 1988). Because spiperone failed to
block the 5-HT-evoked slow-onset inhibition in the AOB
MCs (data not shown), combined with a reported lack
of 5-HT,, mRNA (McLean et al. 1995), our AOB MC
sensitivity to mianserin (Figs 7B and 8B) infers activation
of the 5-HT,¢ receptor. Our data demonstrating block
of the 5-HT-evoked rapid-onset inhibition in the AOB
by a preferred 5-HTja/1p receptor antagonist (pindolol,
Fig. 8C) and a broad 5-HT;s and 5-HT,s receptor
antagonist (spiperone, data not shown) (Sundaram et al.
1992; Newman-Tancredi ef al. 1997) infers the presence
of direct activation of a 5-HT 4,15 receptor subtype. This
is also consistent with an earlier study that reported the
expression of 5-HT; 4 receptor mRNA in the OB, but the
study did not localize it to the main or the accessory bulb
(Pompeiano et al. 1992). There appear to be two sources of
inhibition in MCs of the AOB following bath application
of 5-HT that we initially distinguished based upon kinetics
of onset of the inhibition — a rapid- or a slow-onset
inhibition. The slow-onset inhibition was suppressed
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by GABA, and 5-HT),¢ receptor antagonists, suggesting
a di-synaptic mechanism involving the activation of
GABAergic interneurons expressing the 5-HT,¢ receptor.
Conversely, rapid-onset inhibition by 5-HT observed in
some AOB MCs was found to not respond to gabazine,
but was suppressed by the ligands pindolol and spiperone
that antagonize the 5-HT;5 receptor. This is consistent
with its observed direct inhibition in the rapid-onset
class of modulation, given that the 5-HT;5 receptor
is coupled to Gi/Go proteins and mediates inhibitory
neurotransmission (Palacios, 2016).

Beyond our discovery of a differential modulation
by serotonin between the MOB and AOB, others
have reported opposing effects in such parallel odour

MOB
Input from MOE

AOB

<4— 5-HT projections
from the Raphe nuclei

Figure 9. Model of serotonergic modulation in two parallel
processing pathways of the olfactory system

Serotonergic (5-HT) projections from the Raphe nuclei extend to
interneurons and primary projection neurons of the main (MOB) and
accessory (AOB) olfactory bulbs. In the primary output neurons of
each system, mitral cells can respond to 5-HT via the 5-HT, and
5-HT1a receptors, respectively. Activation of 5-HT;a elicits direct
excitation of MCs in the MOB and as coupled to Go/Gi signalling,
activation of 5-HTqa evokes inhibition of MCs in the AOB. The
same subclass of serotonergic receptor, 5-HT,c, is found on
interneurons in both systems, but associated with different
interneurons — PG/SAC in the MOB versus GC in the AOB. Note
circuit differences allowing input from MOE and VNO, respectively,
that could coordinate different behavioural outputs in response to
5-HT availability in each system. MOB, main olfactory bulb; MOE,
main olfactory epithelium; AOB, accessory olfactory bulb; VNO,
vomeronasal organ; GL, glomerular layer; MCL, mitral cell layer;
GCL, granule cell layer; PG/SAC, periglomerular/short-axon cells; GC,
granule cell; CNS, central nervous system. [Colour figure can be
viewed at wileyonlinelibrary.com]
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processing pathways for neuromodulators such as
noradrenaline (Nai et al. 2009) or acetylcholine (Smith
et al. 2015). The opposing responses are underlined by
a difference of receptor subtype expression between the
MOB and the AOB and also the sensitivity of the different
inhibitory interneurons to these neuromodulators in both
circuits. For example, Smith et al. (2015) demonstrate that
MCs of both systems are regulated in opposing fashion by
acetylcholine, resulting in an inhibition in the MOB, and
conversely an excitation in the AOB. This difference relied
on the expression of the muscarinic acetylcholine receptor
(mAChR) M2 in the MOB inhibiting MCs, whereas
M1-mAChR expressed in the AOB directly exciting MCs.
Similarly, GCs present in the AOB and MOB were found
to respond differently to acetylcholine due to a different
distribution of M1- and M2-mAChRs (Smith et al. 2015).
Note that inhibition of MC output does not necessary
correlate with a loss of function. Many studies have
demonstrated that for both the MOB and the AOB, the
response to a specific chemical stimulus triggers both
activation and inhibition of MCs (Luo et al. 2003; Olsen
& Wilson, 2008). Inhibition is essential to reduce the
signal-to-noise ratio and increase the contrast of MC
responses, in order to generate distinct temporal and
spatial patterns of activation (Economo et al. 2016).
Differential neuromodulation in these parallel olfactory
pathways might be inherent to their respective primary
function. The main olfactory system is subject to plasticity
and learning (Wilson, 2002; Luo et al. 2003; Mouly &
Sullivan, 2010; Lepousez et al. 2014) while the accessory
system is linked with the amygdala and hypothalamus and
is specialized in the integration of semiochemical signals
arising from mates or predators, triggering stereotyped
innate behaviours including social interaction or danger
avoidance (Dulac & Torello, 2003; Trotier, 201 1; Takahashi,
2014). In the MOB, it has been suggested that 5-HT
modulates the odour input by reducing the odour-evoked
synaptic activity and reducing the gain of sensitivity
(Petzold et al. 2009). However, 5-HT depletion in the
OB reduces odour discrimination in rats (Moriizumi
et al. 1994) and also impairs the olfactory learning ability
of neonatal rats through a 5-HT, receptor-dependent
mechanism (McLean et al. 1993, 1996). Interestingly,
5-HT acts in collaboration with noradrenaline in olfactory
learning (Price et al. 1998; Yuan et al. 2000). It has
been shown that 5-HT (through the 5-HT,5 receptor)
and noradrenaline (through the f1-adrenoceptor) work
together by co-regulating a cAMP signalling pathway in
MCs in the MOB (Yuan et al. 2003). To our knowledge,
no studies have directly explored the effect of 5-HT in
the mammalian AOB. In the moth, 5-HT modulates the
activity of neurons in the central lobes that receive input
from olfactory sensory neurons (Kloppenburg & Mercer,
2008). Interestingly, some behavioural effects resulting
from bulbectomy (increased aggression and reduced

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society
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sexual behaviours; Kelly et al. 1997) can be mimicked
by injection of selective serotonergic neurotoxin 5,6- or
5,7-dihydroxytryptamine into the OB (Cairncross et al.
1979). Moreover, the 5-HT} receptor has been implicated
in aggressive behaviours through pharmacological studies
(Olivier & van Oorschot, 2005; de Boer & Koolhaas, 2005).
In particular, when the 5-HT;, receptor is activated by
agonists, animals show decreased aggressive behaviour (de
Boer et al. 1999, 2000). Similarly, in teleost fish, serotonin
plays a primary inhibitory role in aggressive behaviour
(Munro, 1986; Winberg et al. 2001; Perreault et al. 2003).

Further functional studies are necessary to explore
whether the biophysical differences we observed in
serotonergic modulation across the MOB and AOB may
correlate to each system’s respective primary function.
Having a greater knowledge base on 5-HT receptor
pharmacology and changes in AP firing frequency of the
major output neuron in each system provides a strong
set point to design the dimensions of such behavioural
studies.
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