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Abstract—Mitral and tufted cells in the main olfactory bulb

(MOB) of anesthetized rats exhibit vigorous spontaneous

activity, action potentials produced in the absence of odor

stimuli. The central hypothesis of this paper is that tonic

activity of centrifugal input to the MOB modulates the spon-

taneous activity of MOB neurons. The spontaneous activity

of centrifugal fibers causes a baseline of steady-state neuro-

transmitter release, and odor stimulation produces transient

changes in the resulting spontaneous activity. This study

evaluated the effect of blocking centrifugal axon conduction

in the lateral olfactory tract (LOT) by topically applying 2%

lidocaine. Mean spontaneous activity of single bulbar neu-

rons was recorded in each MOB layer before and after lido-

caine application. While the spontaneous activity of most

MOB neurons reversibly decreased after blockade of the

LOT, the spontaneous activity of some neurons in the mitral,

tufted and granule cell layers increased. The possible mech-

anisms producing such changes in spontaneous activity are

discussed in terms of the tonic, steady-state release of exci-

tatory and/or inhibitory signals from centrifugal inputs to

the MOB. The data show for the first time that tonic centrifu-

gal input to the MOB modulates the spontaneous activity of

MOB interneurons and projection neurons. The present

study is one of the few that focuses on steady-state sponta-

neous activity. The modulation of spontaneous activity

demonstrated in this study implies a behaviorally relevant,

state-dependent regulation of the MOB by the CNS. � 2017

IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

The mammalian main olfactory bulb (MOB) receives

sensory input from the olfactory epithelium. The MOB is

also innervated by numerous centrifugal fibers that

originate from neuromodulatory nuclei and cortices

(Price and Powell, 1970a,b,c; Davis and Macrides,

1981; Zaborszky et al., 1986; Matsutani and Yamamoto,

2008; Matsutani, 2010). Output neurons from the MOB

reciprocally innervate the cortical sources of centrifugal

fibers (Nagayama et al., 2010). For example, mitral and

tufted cell projections target the piriform cortex, which

contains neurons that extend projections back to the

MOB, synapsing onto mitral and tufted cells as well as

inhibitory networks within the bulb (Ennis et al., 2007;

Matsutani and Yamamoto, 2008; Matsutani, 2010;

Markopoulos et al., 2012).

Centrifugal fibers also originate from brain nuclei

located in the basal forebrain, reticular formation, and

pons, which do not receive olfactory signals from the

MOB (Zaborszky et al., 1986; McLean and Shipley,

1987; Jiang et al., 1996; Matsutani and Yamamoto,

2008). Neuromodulatory fibers form synapses throughout

the MOB (Price and Powell, 1970a,b; Zaborszky et al.,

1986; Ennis et al., 2007) and release norepinephrine,

serotonin, GABA, and acetylcholine (Zaborszky et al.,

1986; Pompeiano et al., 1994; Jiang et al., 1996) into

the MOB. The neuromodulatory effects of these neuro-

transmitters include elevating the excitability of mitral cells

(Ciombor et al., 1999), modulating sensitivity, contrast,

and synchronization of olfactory signal perception

(Devore and Linster, 2012), regulating olfactory learning

and olfactory memory (Fletcher and Chen, 2010), and

maintaining olfactory circuits (Leo and Brunjes, 2003;

Ennis et al., 2007; Ennis and Hayar, 2008; Matsutani

and Yamamoto, 2008).

Cortical and neuromodulatory centrifugal fibers reach

the MOB via two distinct pathways. The largest, termed

the extrinsic centrifugal fiber projection by Laaris et al.,

2007, is clearly differentiated from the lateral olfactory

tract (LOT), and includes fibers from the anterior olfactory

nucleus (AON), anterior commissure, and medial fore-

brain bundle (Ennis, personal communication). More than

half of the centrifugal fibers to the MOB project through

the AON (Carson, 1984), and the majority of these cen-

trifugal fibers originate from primary olfactory cortices

(Matsutani and Yamamoto, 2008; Matsutani, 2010;

Markopoulos et al., 2012). However, the LOT also
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contains centrifugal fibers originating from olfactory cor-

tices as well as the horizontal limb of the diagonal band

of Broca (HDB) (Price and Powell, 1970b; Pinching and

Powell, 1972; Davis and Macrides, 1981; Zaborszky

et al., 1986; Niedworok et al., 2012). The HDB contains

both cholinergic and GABAergic neurons (Zaborszky

et al., 1986; Jeune et al., 1995; Niedworok et al., 2012),

and thus, potentially supplies excitatory and inhibitory

influences to bulbar neurons.

Most of what is known about the functions of

centrifugal input to the MOB comes from

electrophysiological and behavioral studies where

centrifugal fibers or their sources are stimulated, and

from studies that examine the effects of blocking or

ablating centrifugal inputs (Inokuchi et al., 1987; Jiang

et al., 1996; Kiselycznyk et al., 2006; Ma and Luo,

2012; Markopoulos et al., 2012). These studies demon-

strate that centrifugal input shapes bulbar activity in

response to stimulation and effects odorant-related

behaviors. However, these studies provide less infor-

mation about the impact of centrifugal input in the

absence of stimulation. Reducing centrifugal fiber input

in the LOT has been shown to alter local field poten-

tials in the MOB (Gray and Skinner, 1988). Prior stud-

ies have demonstrated that certain brain nuclei such as

the HDB and the locus coeruleus are active at rest

(Jiang et al., 1996; Linster and Hasselmo, 2000).

These studies suggest that some centrifugal fibers

are active without any imposed stimulation. However,

the degree to which tonic centrifugal fiber activity mod-

ulates the spontaneous activity of individual MOB neu-

rons remains largely unknown.

The present experiments examine the effects of

steady-state centrifugal fiber input on the spontaneous

activity of single units in the MOB. Spontaneous

activity in sensory networks contributes to the

background activity over which sensory signals must

be detected, thereby setting the signal-to-noise ratio.

Spontaneous activity also increases the dynamic

range of sensory circuits so that responses can be

represented as increases or decreases in activity

(Chaput et al., 1992). The neurochemical environment

of the MOB in its resting steady state is likely deter-

mined by tonic release of neurotransmitters from spon-

taneously active MOB neurons and the release of

neurotransmitters from active centrifugal fibers. The

spontaneous activity of mitral and tufted cells, in turn,

contributes to the neurochemical environment of the

central olfactory structures to which they project

(Brunjes et al., 2005).

While the levels of spontaneous activity in the MOB

in vivo have been reported to be quite robust, in vitro
preparations of MOB slices, after denervation of sensory

and centrifugal fibers, still exhibit low levels of

spontaneous activity. Although centrifugal fiber activity is

clearly not the only source of modulatory influences on

bulbar neurons, it remains unclear to what extent

steady-state centrifugal input contributes to their

spontaneous activity. Therefore, the present study

identifies tonic centrifugal fiber input to the MOB as a
key regulator of spontaneous activity of bulbar neurons

in vivo.
EXPERIMENTAL PROCEDURES

Ethical approval

Experimental procedures were conducted in agreement

with the Institutional Animal Care and Use Committee

(IACUC) protocol 10-05-20-01 at the University of

Cincinnati. The experimental methods utilized in this

study have been described in prior reports (Nica et al.,

2010; Stakic et al., 2011) and are only briefly described

below. Twenty-nine male Sprague–Dawley rats (Charles

River Laboratories; Wilmington, Massachusetts) ranging

in weight from 205 to 442 g were used in this study. The

animals were housed with a 12-h light/dark cycle with

access to food and water ad libitum. Anesthesia was pro-

vided prior to surgical procedures by an intraperitoneal

injection of 4% chloral hydrate at the initial loading dose

of 400 mg/kg (10 ml/kg). Animals were additionally

implanted with an I.P. catheter so that additional anesthe-

sia could be administered as needed. Although anesthetic

drugs can alter spontaneous activity (Jiang et al., 1996;

Rinberg et al., 2006), the specific anesthetic protocol

was designed to minimize such effects. A surgical plane

of anesthesia was maintained throughout the preparation

of the animals for recording sessions. Parietal cortex

EEGs were closely monitored to ensure appropriate

levels of anesthesia. For electrophysiological recordings,

the plane of anesthesia was maintained such that a hard

toe pinch failed to elicit a reflexive withdrawal response,

but desynchronized the EEG. Respiratory rate was also

closely monitored as an additional measure of the depth

of anesthesia. Lidocaine was applied to surgical wounds

to provide local anesthesia. Animals were placed on a

heat pad so that animal body temperature could be main-

tained at 37 ± 0.5 �C.
Surgical preparation

Exposure of the dorsal aspect of the MOB was

accomplished by removing part of the frontal bone. The

LOT was then exposed by removing the lateral aspect

of the temporal bone. In some experiments, olfactory

nerve (ON) bundles were exposed by removing the

caudal portion of the nasal bone. A reference electrode

was inserted into the muscles of the neck. The LOT,

MOB, and ON were occasionally wetted with artificial

cerebral spinal fluid (ACSF) which contained (in mM):

126 NaCl, 25 NaHCO3, 5.0 glucose, 1.25 NaH2PO4-

H2O, 2.5 KCl, 1.0 MgCl, 2.0 CaCl2.
Positioning of stimulation electrodes

To evoke field potentials used to estimate recording

electrode depth, determine the efficacy of lidocaine

blockade, and assess the integrity of specific pathways

following application of lidocaine (detailed below), one

bipolar stainless steel electrode was positioned to

contact the ventral LOT where the tract is most
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condensed. In some experiments a second LOT

stimulation electrode was positioned a few millimeters

more rostral on the LOT. Another stimulation electrode

contacted the ON rostral to the cribriform plate when

that area was exposed or the olfactory nerve layer

(ONL) at the rostral end of the exposed MOB. A final

stimulation electrode was stereotaxically implanted into

the contralateral AON (in mm, from bregma): 4.2

anterior, 2.0 lateral, 4.0 ventral (Paxinos and Watson,

1998). Fig. 1 shows electrode positions. Square wave

current pulses (LOT stimulation: 100–1000 mA, 10–40 ms;
ON/ONL stimulation: (ON) 200–1000 mA, 750–1000 ms;
AON stimulation: 400–500 mA, 2 ms) were delivered by a

stimulator (Grass Medical Technologies S44, Quincy,

MA, USA) through stimulus isolation units (Grass Medical

Technologies SIU15, Quincy, MA, USA).
Measurement and analysis of respiratory entrainment

Respirations and single-unit activity were recorded

simultaneously. A displacement transducer (Thornton

Associates, Inc., Type 424, Waltham, MA, USA) was

placed on the lateral most side of the abdomen.
Fig. 1. Position of recording and stimulation electrodes for extracellular record

activity, field potentials, and compound action potentials. A. Simplified schem

pathway (OE to MOB to central structures) and centrifugal connections (centra

demonstrating the placement of a recording electrode in the MOB and stimu

the ON, LOT and AON. The black ‘‘X” indicates the placement of the lidocaine

contact with the LOT. B. Image of recording preparation showing the placeme

recording electrodes on the LOT for recording compound action poten

application site. Black filled circle, stainless steel recording electrode for comp

recordings. Black lines, second bipolar stimulation electrode. The stan

stimulation electrode embedded in epoxy is visible and labeled. White arrow

Anatomical schematic depicting the placement of recording and stimulation el

and LOT in relation to the anterior olfactory nucleus (red, AON) and pirifor

Lidocaine application site (black ‘‘X”).
Abdominal movements corresponding to each

respiratory cycle were acquired in the Spike2

(Cambridge Electronics Design, CED, Cambridge,

England) as a waveform. Respiratory signals were

filtered with a band-pass digital filter between 1 and

6 Hz, smoothed, and the beginning of inspiration

marked. The subsequent mark represents the end of

the expiratory phase and beginning of the next

inspiratory phase (360�). Using Spike2, phase

correlation histograms were then constructed using

these phase markers to correlate occurrences of spikes

within each respiration (Fig. 2B). Spikes were put into

50 bins with each bin representing 7.2� (20 ms) each.

Angular spike occurrence data were then used in

subsequent analysis to determine respiratory

entrainment (see Statistics). Rose plots were

constructed using MATLAB (r2015a, MathWorks, Inc.,

Natick, MA, USA).

Single-unit and field potential recordings

Single-unit activity was recorded with glass

microelectrodes constructed from thin-walled glass
ings of spontaneous

atic of the olfactory

l structures to MOB)

lation electrodes on

soaked cotton ball in

nt of stimulation and

tials. ‘‘X”, lidocaine

ound action potential

dard caudal bipolar

, rostral direction. C.

ectrodes in the MOB

m cortex (blue, PC).
pipettes (1.0 mm outer-diameter,

World Precision Instruments;

Sarasota, FL USA). Electrode

solution was composed of 2%

pontamine sky blue dye in sodium

acetate solution. Tip diameters

ranged from 1.5 to 3.0 mm.

Microelectrodes were inserted

randomly into areas of the dorsal

MOB where surface blood vessels

were minimal. For each unit the

microelectrode’s vertical position was

adjusted (David Kopf Instruments

model 650 Micropositioner; Tujunga,

CA, USA) so that the action potential

amplitude was maximized. Action

potentials were visualized on an

oscilloscope (Tektronix model

5111A, Beaverton, OR, USA) and

listened to via an audio monitor

(Dagan model 2400A, Minneapolis,

MN, USA). The following criteria

ensured that the recorded action

potentials were from a single unit

and suitable for recording: (1)

consistent action potential amplitude

and waveform with the exception of

bursting units, where the amplitude

typically decreased throughout the

burst; (2) inter-spike intervals greater

than 2 ms; and (3) baseline rate

stability (see below).

Single-unit spontaneous activity

and field potentials were recorded at

the same location in MOB. All

recorded signals were amplified

(Dagan model 2400A, Minneapolis,

MN, USA), digitized (Cambridge

Electronic Design Model micro 1401,



Fig. 2. Respiratory phase determination and spike entrainment

analysis. A. Representative MOB unit recording showing phase peak

marks, the smoothed respiration signal and spike trains. Scale bars:

10 lV, 0.2 s. B. Phase histogram of spike distribution within one

respiratory phase (0–360�). C. Rose plots of unit spike entrainment

with respiration before and after lidocaine where spike entrainment

was reduced by LOT blockade. Significant unit entrainment deter-

mined by resultant range of p-values <0.05 after Kuiper’s tests of

circular uniformity and kappa (j) estimates (>0.3) of spike correlation

with the mean angular direction of spike distribution.
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Cambridge, England) and processed in Spike2. Field

potential recordings were band-pass filtered between

0.3 Hz and 3 kHz. Single-unit recordings were band-

pass filtered between 30 Hz and 3 kHz. Measurements

of the field potentials were taken from either the

maximum or minimum of the signal with respect to the

baseline. For all recordings, medical grade breathing air

was directed past the nares at approximately 0.5 l/min.

The air was also purified with activated charcoal and a

filter (Alltech Associates, Inc. Deerfield, IL, USA) and

humidified before reaching the nares.

At the beginning of each recording, after unit isolation,

5 control field potentials were recorded by stimulating the

ventral LOT followed by 5 field potentials recorded from

ON or ONL stimulation. The field potential recordings
were followed by a baseline recording of spontaneous

activity. In some experiments field potentials were

evoked from the AON instead of the ONL or ON so that

the integrity of the centrifugal fibers originating in the

AON could be monitored. Lidocaine was then used to

inhibit centrifugal fibers in these experiments, and was

selected for use based on its well-documented efficacy

as a nerve block, potential selectivity for voltage-gated

sodium channels, and reversibility (Omana-Zapata

et al., 1997; Persaud and Strichartz, 2002; Lai et al.,

2004).
Lidocaine application

2% lidocaine was topically applied to the LOT under visual

control using a small cotton ball soaked with �2 mL of

lidocaine solution. The elapsed time between control

field potentials and lidocaine application ranged from

47.03 to 448.74 s with an average of 165.2 s, and the

control ratemeter recordings were made during this

time. The lidocaine remained in contact with the LOT for

an average of 362 s (range 167–1121 s). The two

longest application times, (1121 & 789 s) were due to

difficulty in placing the small lidocaine ball in contact

with the LOT. Field potentials were evoked by test

stimuli to the LOT caudal to the lidocaine application

site after 2–3 min to assess when the LOT had been

blocked. After the LOT was blocked, 5 field potentials

were evoked from the stimulation electrodes to assess

the extent of LOT blockade and the potential spread of

the lidocaine. Field potentials were evoked from the

AON, ON, or ONL of rostral MOB just after the LOT

block was measured and these field potentials were

used to assess the spread of the lidocaine for each unit.

Ratemeter recordings with lidocaine were made after

determination of the lidocaine blockade. The LOT was

then rinsed with ACSF to remove the lidocaine.

Following a recovery period, 5 additional field potentials

were recorded to confirm recovery of the LOT from the

lidocaine blockade. In several experiments, a cotton ball

saturated with ACSF was applied to the LOT as a

control. The ACSF did not significantly change the

spontaneous activity (see Fig. 5C).

After completing the recording protocols, dye was

iontophoresed into the recording site for later recovery

of the position of the electrode tip. No more than 3 dye

markings were left in any one animal. Animals were

then perfused with 10% neutral-buffered formalin; brains

were collected and stored in a solution containing 10%

neutral-buffered formalin and 20% sucrose for at least

two days before sectioning. Frozen brains were then

sectioned at 30-mm thickness using a sliding microtome.

Neutral red counterstain was used to visualize MOB

layers and to provide contrast for dye spot visualization.
Unit analysis

The average of each set of 5 field potentials (before,

during and after lidocaine) was used to evaluate the

lidocaine block of the LOT, the potential spread of

lidocaine as judged by ON- or ONL-evoked field

potentials, and the possible spread of the lidocaine to



Fig. 3. Topical lidocaine application selectively and effectively blocks

LOT-evoked field potentials. A. Field potentials recorded from the

MOB. Left panel, LOT-evoked field potentials before lidocaine

application (top row), after lidocaine (middle row), and after recovery

from lidocaine (bottom row). Middle panel, olfactory nerve (ON)-

evoked field potentials before, after and recovery from lidocaine.

Right panel, anterior olfactory nucleus (AON)-evoked field potentials

before, after and recovery from lidocaine. The LOT-evoked field

potential was blocked by lidocaine (left panel, middle), while no other

field potentials were significantly affected. LOT- and ON-evoked field

potential recordings were performed in the same animal, while the

AON-evoked field potential was recorded in a separate animal while

maintaining the same lidocaine application protocol. B. Left panel,

assessment of lidocaine spread to the MOB by comparing LOT-

evoked vs. ON-evoked field potentials before and after LOT block; a

two-way ANOVA revealed a significant interaction between the LOT

block and stimulation region F(1,166) = 31.7, p< 0.001. LOT block

caused a significant decrease in the LOT-evoked field potential,

t= 8.56, p< 0.001 (Holm–Sidak) but not in the ON-evoked field

potential, t= 0.019, p> 0.05. Right panel, assessment of lidocaine

spread to the underlying AON by comparing LOT-evoked vs. AON-

evoked field potentials before and after LOT block. A two-way

ANOVA revealed a significant interaction between LOT block and

stimulated region F(1,40) = 9.39, p= 0.004; LOT-evoked field

potential was significantly reduced after LOT block, ***, a= 0.05,

t= 4.18, p< 0.001 (Holm–Sidak), while AON-evoked field potentials

were not significantly affected, t= 0.16, p> 0.05.

Fig. 4. Topical lidocaine application remains localized to the appli-

cation site. A. Top row, compound action potentials evoked from the

caudal LOT stimulation electrode. Bottom row, compound action

potentials evoked from the rostral LOT stimulation electrode. Left

panel, before lidocaine; middle panel, after lidocaine; right panel, after

recovery from lidocaine. The middle panel shows that the lidocaine

blocked conduction of the compound action potential evoked from the

caudal LOT stimulation electrode, but not from the rostral LOT

stimulation electrode. Black arrows, stimulus artifacts. See text for

details. B. Assessment of lidocaine spread up the LOT by comparing

compound action potentials evoked from a caudal stimulator vs.

rostral stimulator before and after LOT block. A two-way ANOVA

revealed a significant interaction between stimulator position and

LOT block, F(1,44) = 7.39, p= 0.009; LOT block caused a signif-

icant reduction in amplitude of compound action potentials, ***,

a= 0.05, t= 4.09, p< 0.001 (Holm–Sidak), but no significant

differences in the amplitude of compound action potentials evoked

from the rostral stimulator, t= 0.25, p= 0.85.
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the AON. If field potentials from LOT stimulation were

inhibited less than 35%, the recordings were not used in

further analyses. Spontaneous activity rates were also

measured before and after LOT block (following the

control field potential recording, and after lidocaine-

dependent decrease of LOT-evoked field potentials),

and after the LOT-evoked field potential recovered

following ACSF rinse of the LOT to remove the

lidocaine. The coefficient of variation (CV) of the inter-

spike intervals was calculated to compare the temporal

pattern of the single-unit activity before and during
lidocaine application. Changes in respiration entrainment

were assessed by constructing respiratory correlation

histograms.
Baseline stability

Assessment of baseline stability began as soon as a unit

was isolated while adjusting the electrode position,

determining whether the action potentials were from a

single unit and whether the unit could be activated

antidromically. It was possible to assess baseline

stability during these manipulations because we also

could listen to the action potentials. After this initial

assessment, data recordings began using Spike2.

Baseline stability was determined by examining



Fig. 5. Time course of changes in LOT-evoked field potentials and baseline stability after lidocaine application. A. Top panel, time course of

lidocaine blockade measured as the percent of maximum amplitude of LOT-evoked field potential. Bottom panel, concurrent single-unit recording

showing the time course of a reversible decrease in rate due to lidocaine (external plexiform layer). Black bar indicates the time of lidocaine

application. B. Top panel, time course of lidocaine blockade measured as percent maximum amplitude of LOT-evoked field potentials. Bottom

panel, concurrent single-unit recording showing the time course of a unit’s spontaneous activity that did not significantly change due to LOT block

(external plexiform layer). Black bar indicates the time of lidocaine application. C. Sample trace of single-unit spontaneous activity showing

extended baseline stability (Red trace, rate frequency over 15 s) with pre-baseline (initial White bar), ACSF control (Gray bar), lidocaine application

(Black bar), and lidocaine washout (White bar). During the pre-baseline, control field potentials were recorded (Black arrow, LOT-evoked field

potentials; Red arrow, ONL-evoked field potentials). At 200 s, the ACSF was removed and lidocaine was applied to the LOT. Around 350 s, field

potentials were recorded to determine LOT blockade. At 550 s, lidocaine was removed and LOT was rinsed. Final field potentials were measured at

950 s to assess the recovery of the LOT.
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fluctuations in pre-baseline activity (shown only in Fig. 5C)

during which control field potentials were also recorded

before applying lidocaine and during the recovery

period. The mean pre-baseline activity time was 138

± 70 s and the mean baseline recording time was 166

± 94 s. The mean recovery time was 416 ± 206 s. In

several experiments, a control cotton ball soaked with

ACSF was applied to the LOT, and this provided

another opportunity to assess baseline stability (see

Fig. 5C). The mean time during which the ACSF-soaked

ball was in contact with the LOT was 202 s. For every

unit, the baseline period started following the control

field potentials and ended before the application of

lidocaine. Activity in the presence of lidocaine was

measured starting immediately after lidocaine

application and ending just before removing and rinsing

the lidocaine. Fig. 5C shows a sample stable trace of a

single unit’s spontaneous activity in its entirety: pre-

baseline, the timing of control field potentials, ACSF

control, baseline before lidocaine, in lidocaine, and after

lidocaine washout. Units where it was difficult to

determine whether the change following lidocaine

application was caused by baseline fluctuations were

not used.
Control for spread of lidocaine

In order to determine how far the lidocaine spread from

the site of application and to assess the integrity of

centrifugal fiber pathways proximal to the LOT after

lidocaine application, a bipolar stimulation electrode was

positioned in the contralateral AON as described above
(Fig. 1A). AON-evoked field potentials recorded in the

MOB were compared before, after, and post-recovery of

the LOT. To determine the extent to which lidocaine

spreads along the LOT toward the MOB, a second

bipolar stimulation electrode was placed on the LOT,

rostral to the lidocaine application site (Fig. 1B). A

stainless steel recording electrode was positioned

rostrally on the LOT (Fig. 1B, black filled circle).

Compound action potentials were recorded in the LOT

from both stimulation electrodes before and after

lidocaine application. Measurements of the compound

action potentials were taken from the maximum and

minimum of the signal after the stimulus artifact

(Fig. 4A, black arrows) and computed as total amplitude.
Statistics

The central hypothesis of this study was that a reduction

in tonic centrifugal input through the LOT will alter the rate

of spontaneous activity of MOB neurons. Rate

measurements taken before and after LOT block were

compared using either a two-tailed paired t-test or two-

way ANOVA using Holm–Sidak post hoc tests for

multiple comparisons. Chi-square analysis was used to

determine differential effects of the LOT block between

MOB layers. For all statistical tests, a resultant p-value
<0.05 was considered significant. Statistical tests were

run using SigmaPlot (Systat Software; San Jose, CA,

USA), and Graphpad Prism (Graphpad Software; La

Jolla, CA, USA). For all comparisons of both action

potential rates and the CV before and following

lidocaine blockade, the false discovery rate was



Table 1. Average LOT- and ON-evoked field potentials recorded in each layer of the MOB. Data expressed as mean ± SEM, for each cell layer in the

MOB. ***, p< 0.001; n.s., not significant.

Cell

Layer

LOT FP Before

(mV)
LOT FP after

(mV)
Mean% Change

(mV)
N p-Value

(LOT)

ON FP before

(mV)
ON FP after

(mV)
Mean% Change

(mV)
N p-Value

(ON)

GL 569.5 ± 57.5 110.8 ± 41.8 82.9 ± 4.7 11 *** 471.7 ± 88.2 460.7 ± 86.2 6.5 ± 1.2 10 n.s.

EPL 879.5 ± 123.9 233.7 ± 48.8 70.7 ± 6.4 13 *** 605.5 ± 90 583.3 ± 90.6 9.6 ± 1.6 10 n.s.

MCL 956.9 ± 118 251.8 ± 36.6 69.6 ± 4.3 13 *** 619 ± 126 649.36 ± 128 7.9 ± 2 10 n.s.

GCL 1260.5 ± 162 431.8 ± 82.5 65.8 ± 6.6 11 *** 582.3 ± 75 610.2 ± 75.3 7.8 ± 2.8 7 n.s.
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controlled for using the Benjamini–Hochberg method.

Adjusted p-values (pFDR) <0.05 were considered

statistically significant. If, after running appropriate tests

for normality (Kolmogorov–Smirnov), the data were not

found to be normally distributed, logarithmic

transformations were sufficient to achieve normality. The

rates of single-unit spontaneous activity that were

recorded from each MOB layer were grouped by the

polarity of change in their spontaneous activity:

increase, decrease, or no change. Alterations in mean

firing rates after LOT block less than 10% of control rate

were considered ‘‘no change”.

For the respiratory phase correlation histograms the

‘CircStats’ package (Lund and Agostinelli, 2012) in R

(v3.3.1, R Core Team, 2016; Vienna, Austria), Kuiper’s

test of uniformity was used to determine the respiratory

entrainment of each spike distribution. p-Values <0.05

indicate a non-uniform distribution and probable respira-

tory entrainment. Kappa (j) estimates were calculated

to determine the strength of correlation between the distri-

bution of spikes and the mean direction. A large Kappa

(>0.3) indicates a strong correlation with the mean direc-

tion, and a non-circular distribution, and a small Kappa

(<0.3) indicates a weaker correlation and a more circular

spike distribution. Rose plots were also constructed (see

Fig. 2).
RESULTS

The following results are based on the recordings of 49

single units from 29 male Sprague–Dawley rats.

Recordings were obtained before, after, and in most

cases, after recovery of the LOT from topically applied

lidocaine that specifically blocked centrifugal input to the

MOB via the LOT.
Topical lidocaine selectively inhibits LOT-evoked
field potentials

Evoked field potentials in response to LOT stimulation

were used to determine the blockade of centrifugal fiber

input to the MOB. Fig. 3A (left panel) shows a

representative LOT-evoked field potential that

decreased by 94.7% in response to lidocaine

application. On average, lidocaine application resulted in

the reduction of LOT-evoked field potentials by 71.8

± 0.4%.

Evoked field potentials in response to ON or ONL

stimulation were used to assess the possible spread of

lidocaine to the MOB. Again, field potential

measurements were obtained before, after, and post-

recovery of the LOT. (Fig. 3A: left and middle panels).
Lidocaine application to the LOT significantly reduced

the LOT-evoked field potential, but had no effect on the

ON-evoked field potential (Fig. 3B, left panel). Lidocaine

application elicited a significant reduction of the LOT-

evoked field potentials in each layer (Table 1), while

there was no significant effect of LOT block on the ON-

evoked field potential in any layer of the MOB.

Due to the inherent possibility that lidocaine

application could diffuse through the LOT and deliver off

target effects, AON stimulation-evoked field potentials

were obtained to identify such effects in response to

lidocaine application. This setup examined whether or

not the lidocaine spread through the LOT to block the

centrifugal fibers that originate in the contralateral AON

and reach the ipsilateral MOB by way of the anterior

commissure passing the LOT medially (Paxinos and

Watson, 1998). If lidocaine had spread to the AON, the

pathway generating the AON-evoked field potential would

have been disrupted and the field potential amplitude

reduced. Lidocaine application selectively blocked the

LOT-evoked field potential but did not significantly affect

the AON-evoked field potential (Fig. 3A, B, right panels).

This indicates that the AON pathway was not disrupted

by lidocaine application to the LOT.

LOT-evoked compound action potential recordings

were employed to test the potential spread of lidocaine

along the LOT and to ensure that lidocaine application

remained localized to the application site. This setup

tested whether or not the lidocaine application blocked

the compound action potential evoked by the caudal

LOT stimulation electrode, but not the compound action

potential evoked by a rostral stimulation electrode

(Fig. 1B). Lidocaine application resulted in a statistically

significant, 71% decrease in the compound action

potentials evoked by the caudal LOT stimulator, while

having no significant effect on the rostral stimulator

evoked compound action potentials (Fig. 4). The

distance between the rostral and caudal stimulation

electrodes of approximately 3 mm, combined with the

statistical analysis (Fig. 4B), suggests that the lidocaine

spread less than 3 mm from the application site. These

field potential and compound action potential analyses

demonstrate that the lidocaine application provided a

selective and reliable inhibition of the centrifugal fibers

contained within the LOT.
Inhibiting centrifugal fiber activity significantly alters
spontaneous activity of MOB neurons

Fig. 5A shows an example of the time course of changes

in spontaneous activity in relation to changes in LOT-

evoked field potentials. The decrease in field potential



Fig. 6. Tonic activity of centrifugal fibers significantly enhances single-unit spontaneous activity in

the glomerular layer. A. Representative GL unit ratemeter demonstrating that lidocaine (bar)

decreased spontaneous activity from 17.05 Hz to 4.5 Hz, and that baseline rate measurements

were stable; red trace overlay, mean rate frequency. LOT was estimated to be maximally blocked

around 190 s after lidocaine application, *. B. Representative GL unit ratemeter showing that

lidocaine (bar) increased spontaneous activity from 17.4 Hz to 21.6 Hz, and that baseline rate

measurements were stable; red trace overlay, mean rate frequency. LOT was estimated to be

maximally blocked around 400 s after lidocaine application; *. C. LOT block significantly decreased

the spontaneous activity rate of GL units that were classified as having decreased, pFDR= 0.04.

(*, pFDR <0.05). D. Mean increase in spontaneous activity after LOT block of GL units classified

as having increased. E. Sample phase histograms of a unit in the GL before and after lidocaine

application. Top panel, unit activity was significantly entrained with respiration before lidocaine

application, j= 1.3, p< 0.01. Bottom panel, after lidocaine application, unit activity was no longer

entrained, j= 0.19, p> 0.15. F. Representative histological determination of recording electrode

position in the glomerular layer, blue spot. Scale bar, 1 mm.
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amplitude provides a measure of centrifugal fiber

inhibition; the time courses of blockade of centrifugal

input and the change in spontaneous activity occurred

nearly concurrently. Fig. 5B is a representative example

of lidocaine completely blocking the LOT-evoked field

potential while there was little change in the
spontaneous activity. Even with a

nearly complete block of LOT-

evoked field potential, the

spontaneous activity of some bulbar

neurons was not affected by

centrifugal fiber inhibition. Note that

most experiments were performed

without continuous monitoring of the

LOT-evoked field potentials; rather,

field potentials were only evoked and

analyzed before the lidocaine block,

after the block reached maximum

effectiveness, and after recovery.

Overall, inhibition of centrifugal

fibers in the LOT resulted in

considerable alterations of the mean

spontaneous activity in single units

recorded in the glomerular layer (GL;

Fig. 6A–D), external plexiform layer

(EPL; Fig. 7A–D), mitral cell layer

(MCL; Figs. 8A–D), and granule cell

layer (GCL; Fig. 9A–D). Lidocaine

blockade significantly decreased the

mean rate in 4 GL units from 16.8

± 0.8 Hz to 4.8 ± 2.3 Hz (Fig. 6C,

paired t-test, p= 0.006,

pFDR= 0.04), with an average

decrease of 72.7 ± 12.3%; 2

glomerular units increased in mean

rate from 9.5 ± 7.9 Hz to 11.7

± 9.8 Hz (Fig. 6D), with an average

increase of 20.5 ± 3.6%; 5 units

remained unchanged in response to

blocking LOT.

In the EPL, lidocaine blockade

decreased the rate of 3 units from

12.1 ± 1.3 Hz to 4.1 ± 2.3 Hz, but

did not achieve statistical

significance (Fig. 7C, paired t-test,

p= 0.04, pFDR= 0.09), with an

average decrease of 68.2 ± 15.2%.

After lidocaine block, 3 units

recorded from the EPL increased in

mean rate from 9.1 ± 2.8 Hz to 13.8

± 6 Hz (Fig. 7D, paired t-test,

pFDR= 0.4), with an average

increase of 43.1 ± 20.1%. The

lidocaine blockade did not affect the

rate of 8 units in the EPL.

Lidocaine application significantly

reduced the mean spontaneous

activity rate of 8 units recorded in the

MCL (two of which were

antidromically activated) from

19.9 ± 4 Hz to 10.7 ± 2.9 Hz
(Fig. 8C, paired t-test, p= 0.0009, pFDR= 0.01), with

an average decrease of 48.9 ± 5.8%. Lidocaine

application increased the mean rate in 5 other units

recorded in the MCL from 20.6 ± 5 Hz to 32.5 ± 5 Hz,

but did not achieve statistical significance (Fig. 8D,

paired t-test, p= 0.02, pFDR= 0.07), with an average



Fig. 7. External plexiform layer single-unit spontaneous activity is modulated by centrifugal fiber

input. A. Representative EPL unit ratemeter showing that lidocaine (bar) decreased spontaneous

activity from 11.9 Hz to 0.69 Hz, and that baseline rate measurements were stable; red trace

overlay, mean rate frequency. LOT was estimated to be maximally blocked around 250 s after

lidocaine application, *. B. Representative EPL unit ratemeter showing that lidocaine (bar)

increased spontaneous activity from 14.3 Hz to 25.7 Hz, and that baseline rate measurements

were stable; red trace overlay, mean rate frequency. LOT was estimated to be maximally blocked

around 150 s after lidocaine application; *. C. LOT block did not significantly alter the spontaneous

activity rat of EPL units that were classified as having decreased, pFDR= 0.09. D. Lidocaine

application did not significantly change the spontaneous activity of EPL units that were classified

as having increased, pFDR= 0.4. E. Sample phase histograms of a unit recorded in the EPL

before and after lidocaine application. Top panel, unit activity was not entrained with respiration

before lidocaine, j= 0.26, p> 0.1. Bottom panel, lidocaine application resulted in significant

spike entrainment, j= 0.5, p< 0.01. F. Representative histological determination of recording

electrode position in the external plexiform layer, blue spot. Scale bar, 1 mm.
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increase of 78.8 ± 30.7%. There were no mitral cell units

in this study where the lidocaine blockade failed to modify

the spontaneous activity.

In the GCL, lidocaine block decreased the mean rate

in 7 units from 21.7 ± 7.5 Hz to 7.7 ± 3.6 Hz; however

the difference was not statistically significant (Fig. 9C,

paired t-test, p= 0.04, pFDR= 0.09) with an average

decrease of 65.3 ± 8.5%; 2 GCL units increased in
mean rate after LOT block from 4.8

± 3.9 Hz to 7 ± 5.4 Hz (Fig. 9D)

with an average increase of 64.8

± 22.5%. Lidocaine application did

not affect the rate of two units

recorded in the GCL. The identity of

these neurons beyond the layer

where the unit was recorded was not

known.

A two-tailed paired t-test used to

compare the rates before and after

lidocaine for all recorded units,

including those whose rate did not

change, showed that the lidocaine

blockade of centrifugal fibers in the

LOT decreased the mean rate of

spontaneous activity from 17.1

± 1.8 Hz to 13.7 ± 1.8 Hz, however

statistical significance was not

achieved (n = 49, p= 0.02,

pFDR= 0.07). Chi-square analysis

of the bulbar neuron responses to

LOT block revealed that the effects

of LOT block varied significantly

between layers (v2 = 13.6,

p= 0.035).

Additionally, the CV of inter-spike

intervals and respiratory phase

entrainment of unit activity were also

examined. CVs of all single-unit

recordings were compared using a

paired t-test before and during

lidocaine block; no significant

differences were found. There was

also no significant difference in CVs

when comparing single units before

and during lidocaine block in each

cell layer. Units recorded in the GL

whose rate did not change after

lidocaine exhibited a mean decrease

in CV that did not achieve

significance (p= 0.02,

pFDR= 0.26). Respiratory

entrainment was observed in 27% of

the units recorded from all cell layers

which increased to 37% of units

displaying respiratory entrainment

after LOT block. Lidocaine blockade

had the following discrete effects: 6

units lost their entrainment after

lidocaine, and 11 units became

entrained after the lidocaine block.

25 units that were not entrained
before the block did not change, and 7 units that were

entrained stayed synchronized after the block.

The present studies demonstrate that inhibition of

tonically active centrifugal fibers of the LOT dynamically

modulate the excitability of bulbar neurons in the

absence of odors; the spontaneous activity of some

single units recorded across all layers increased, while

others decreased.



Fig. 8. Tonic centrifugal fiber input significantly enhances the single-unit spontaneous activity in

the mitral cell layer. A. Representative MCL unit ratemeter demonstrating that lidocaine (bar)

decreased spontaneous activity from 28 Hz to 13.67 Hz, and that baseline rate measurements

were stable; red trace overlay, mean rate frequency. LOT was estimated to be maximally blocked

around 315 s after lidocaine application, *. B. Representative MCL unit ratemeter showing that

lidocaine (bar) increased spontaneous activity from 9.16 Hz to 18.54 Hz, and that baseline rate

measurements were stable; red trace overlay, mean rate frequency. LOT was estimated to be

maximally blocked around 530 s after lidocaine application; *. C. LOT block significantly decreased

the rate of spontaneous activity of MCL units that were classified as having decreased,

pFDR= 0.01. (*, pFDR< 0.05). D. Lidocaine application did not significantly alter the sponta-

neous activity rat of MCL units that were classified as having increased, pFDR= 0.07. E. Sample

phase histograms of a unit in the MCL before and after lidocaine application. Top panel, unit

activity was not entrained with respiration before lidocaine, j= 0.15, p> 0.1. Bottom panel, unit

activity was significantly entrained with respiration, j= 0.5, p< 0.01. F. Representative

histological determination of recording electrode position in the mitral cell layer, blue spot. Scale

bar, 1 mm.
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DISCUSSION

These experiments demonstrate that tonic activity of

centrifugal fibers that travel through the LOT modifies

the spontaneous activity of MOB neurons.

Measurements of spontaneous activity were obtained
before and after topical lidocaine

application to the LOT. The control

(before) rates of spontaneous activity

in this study were comparable to

previous studies. For example, the

mean spontaneous activity of the 9

units recorded in the GCL (18.2

± 17.3 Hz) was comparable to,

though a bit higher than the 10.3

± 3 Hz reported by Stakic et al.

(2011). In a study using the urethane

anesthetized rat, most granule cells

had no spontaneous activity and

those that did had activity of less than

0.5 Hz (Cang and Isaacson, 2003).

The mean spontaneous activity of

the 13 units recorded in the MCL

(20.2 ± 10.8 Hz) was similar to val-

ues reported by Stakic et al. (2011,

control rate: 16 ± 5.3 Hz), Nica et al.

(2010, control rate: 17.38 ± 8.3 Hz)

and Griff et al. (2008, control rate:

14.7 ± 6.2 Hz). The mean rates for

units recorded in the external plexi-

form and GLs, 16.5 ± 4.2 Hz and

18.2 ± 5.2 Hz, respectively, compare

well with the values reported by Griff

et al. (2008) of 15.9 ± 6.4 Hz and

18.9 ± 8.8 Hz. No attempt was made

to identify units that were antidromi-

cally activated from the LOT, indicat-

ing that they were either mitral or

tufted cells, but had no spontaneous

activity.

The protocol provided for only

about 3 min of baseline before

applying the lidocaine so that there

could be time to show the recovery

from lidocaine before losing the unit.

The mean time for the total of

baseline, lidocaine application

duration, and recovery was about

15 min (917.6 ± 362.5 s). In addition

to the data recorded during the

control, before lidocaine period,

stability during the pre-baseline

period and during the recovery were

also considered when determining

whether a unit’s baseline was stable

enough to be included in the data set.

Experiments were conducted with

anesthetized adult male rats

maintained at a constant anesthetic

plane (see Section ‘‘Experimental

procedures”). Li et al. (2011, 2012)

compared two levels/states of chloral
hydrate anesthesia in their studies of the olfactory bulb.

Our data is more similar to their EEG recordings and

single-unit spontaneous activity in the high state with the

lowest level of chloral hydrate. In their comparison

between the anesthetized and the awake animal (Li



Fig. 9. Granule cell layer single-unit spontaneous activity is modulated by centrifugal fiber input.

A. Representative GCL unit ratemeter showing that lidocaine (bar) decreased spontaneous activity

from 39.02 Hz to 16.76 Hz, and that baseline rate measurements were stable; red trace overlay,

mean rate frequency. LOT was estimated to be maximally blocked around 585 s after lidocaine

application, *. B. Representative GCL unit ratemeter showing that lidocaine (bar) increased

spontaneous activity from 0.88 Hz to 1.6 Hz, and that baseline rate measurements were stable;

red trace overlay, mean rate frequency. LOT was estimated to be maximally blocked around 270 s

after lidocaine application; *. C. LOT block did not significantly alter the spontaneous activity rat of

GCL units that were classified as having decreased, pFDR= 0.09. D. Mean increase of GCL unit

spontaneous activity after lidocaine application. E. Sample phase histograms of a GCL unit before

and after lidocaine. Top panel, unit activity was not entrained with respiration before lidocaine,

j= 0.3, p> 0.15. Bottom panel, unit activity was significantly entrained after lidocaine, j= 0.5,

p< 0.025. F. Representative histological determination of recording electrode position in the

granule cell layer, blue spot. Scale bar, 1 mm.

N. C. Ford, E. R. Griff / Neuroscience 348 (2017) 165–179 175
et al., 2012), our EEG data more closely resemble the

local field potentials recorded near the end of the recov-

ery period, more than 60 min after injecting the chloral

hydrate. No single-unit data were shown in that paper.

Rinberg et al. (2006) compared spontaneous activity

between awake and ketamine/xylazine anesthetized

mice, raising the question of the relevance of studying

spontaneous activity in an anesthetized preparation.
The single-unit recordings in the pre-

sent and previous studies from our

lab are more consistent with the rate

and temporal pattern of the awake

mice of the Rinberg et al. study. Fur-

thermore, recent experiments from

our lab (Rohrbaugh & Griff, unpub-

lished data) show additional keta-

mine/xylazine anesthesia applied to

our in vivo preparation caused a

noticeably sharp inhibition of sponta-

neously generated spikes in bulbar

neurons, consistent with the anes-

thetic effects observed by Rinberg

et al. (2006). These recent results

suggest that the changes in sponta-

neous activity observed by Rinberg

et al. could be ketamine/xylazine

specific. Thus, chloral hydrate anes-

thesia at a plane where a hard pinch

desynchronizes the EEG without elic-

iting a withdrawal response is a rea-

sonable protocol for studying

spontaneous activity. Deeper anes-

thetic levels can cause slow oscilla-

tions of the spontaneous activity

(Jiang et al., 1996). Maintaining a

constant level of anesthesia through

the use of EEG monitoring, is a key

aspect of this study.

Because centrifugal fibers that

project from olfactory cortices, basal

forebrain, reticular formation, and

pons to the MOB form two major

pathways through the AON and the

LOT which are in close proximity

(Laaris et al., 2007), the efficacy and

selectivity of the topical lidocaine

LOT application is another important

aspect of the experimental design.

Lidocaine-soaked cotton balls were

selected for use to block conduction

because they could be visually local-

ized to the LOT (Fig. 2), and because

lidocaine effectively inhibited LOT-

evoked field potentials (Fig. 3) while

being quickly reversible by ACSF

washout so that spontaneous activity

before, during, and after the applica-

tion could be measured. Additionally,

we demonstrate that the topical lido-

caine application was selective for

the LOT, while not inhibiting the
AON or the MOB (Fig. 3). Using a topical application, sev-

eral units could be studied in the same animal; this is an

important difference from studies where the LOT was sur-

gically interrupted (e.g. Chaput, 1983). Furthermore, the

recovery time in our study (mean 416.1 s) is considerable

shorter than the 30- to 40-min recovery observed with

stereotaxic injections (Tehovnik and Sommer, 1997;

Boehnke and Rasmusson, 2001).



176 N. C. Ford, E. R. Griff / Neuroscience 348 (2017) 165–179
For every unit, control field potentials from either the

AON, ON, or ONL at the rostral MOB were recorded at

the time when the blockade of the LOT was assessed.

Thus, the spread of lidocaine was ascertained for each

and every unit at the time when the LOT was blocked

by lidocaine. In addition, further off-target effects of

lidocaine application were evaluated by measuring

compound action potentials evoked from a site rostral to

the lidocaine block (Fig. 4). For these compound action

potential experiments, the mean contact time for the

lidocaine was 310 s, and this is comparable to the mean

application time of 353 s. If the longest application time

is removed, this mean drops to 336 s. Furthermore,

Martin (1991) showed that the maximum spread of lido-

caine occurred at 20 min after application; in our experi-

ments the lidocaine was removed and rinsed before

20 min.

The observed effects of the lidocaine application were

potentially influenced by the exact placement of the

lidocaine-containing cotton ball on the LOT, the total

volume of lidocaine that made contact with the LOT,

and the location of the recording electrode relative to

the fibers that were blocked by the lidocaine. While the

discreet application of lidocaine in the present study

provided high specificity and reversibility of the LOT

blockade, it also made it unlikely that all centrifugal

fibers contained by the LOT were inhibited by the

lidocaine. The discreet application strategy and the

resulting incomplete block of the LOT could be

responsible for a lack of a response to lidocaine in

some single-unit recordings.

Blocking tonic centrifugal activity through the LOT

increased or decreased the activity of some neurons,

and had no effect on others. The subpopulation of

single units whose spontaneous activity was unaltered

by lidocaine application potentially includes units that

are innervated by centrifugal fibers in the LOT that are

silent at rest, or by centrifugal fibers that did not make

contact with the lidocaine application and therefore were

still active. Additionally, it is likely that some MOB cells

do not receive centrifugal input via the LOT but rather,

only from the AON or piriform cortex (Carson, 1984;

Laaris et al., 2007).

The most direct explanation for the observed

decrease in spontaneous activity after lidocaine

application, the most common change, is that a steady-

state excitatory drive onto bulbar neurons was blocked.

Inhibition of excitatory neurotransmitter release onto

bulbar neurons which would result in decreased

spontaneous action potential generation. Another way to

decrease spontaneous activity is to reduce GABA

release onto other GABAergic interneurons, reducing

disynaptic disinhibition. This is consistent with prior

studies which reported that the average membrane

potential of mitral cells in LOT-lesioned animals was

more hyperpolarized than control animals, possibly

because these cells were more inhibited in the absence

of centrifugal input from the LOT (Phillips et al., 2012).

LOT block increased spontaneous activity in 24% of the

units in this study. An increase in spontaneous activity
could result from decreased release of GABA onto the

recorded unit.

Our findings in combination with prior reports of tonic

neurotransmission in the MOB strongly support the

hypothesis that centrifugal fibers of the LOT are active

during the steady-state and tonically release

neurotransmitters onto bulbar neurons. As such,

neurons in the piriform cortex have been shown to be

spontaneously active (Sanchez-Vives et al., 2008), as

have been neurons in the medial part of the HDB

(Linster and Hasselmo, 2000). Decreases in both choline

acetyltransferase and acetylcholinesterase levels in the

MOB after olfactory peduncle sectioning has been previ-

ously documented; this suggests a resultant decrease in

cholinergic input to the MOB by centrifugal fibers

(Godfrey et al., 1980). Additionally, Shute and Lewis

(1967) observed an increase in acetylcholinesterase

levels in the LOT at a location that was caudal to a lesion

made at the base of the olfactory peduncle. Lesioning of

the HDB also results in a decrease in acetyl-

cholinesterase and choline acetyltransferase staining that

is directly proportional to the size and extent of the HDB

lesion (Davis and Macrides, 1981). This suggests that

tonic ACh release from centrifugal fibers projecting to

the MOB from the HDB occurs during the steady-state.

The same lesioned animals from the Godfrey et al.

(1980) experiments also exhibited a prominent decrease

in glutamate and GABA levels in the MOB. Taken

together, these studies support our hypothesis that block-

ing action potential conduction in the LOT reduces tonic

neurotransmitter release in the MOB that could increase

or decrease the spontaneous activity of bulbar neurons.

Temporal patterns of action potentials are an

important feature of olfactory neurons, including their

spontaneous activity (Yu et al., 2004; Griff et al., 2008;

Favela et al., 2016). In the present paper, the coefficient

of variability (CV) was used as an index of time-

dependent bursting. A high CV indicates time-

dependent bursts of action potentials, and a lower CV

indicates that the unit’s spike discharge is more regular.

One group of units recorded in the GL exhibited a

decrease in CV associated with lidocaine inhibition of

LOT centrifugal fibers, though the mean rate of activity

of these units did not change significantly. External tufted

cells in the GL have been shown to exhibit intrinsic burst-

ing whose frequency is voltage-dependent and can be

modified by synaptic input (Hayar et al., 2004). The speci-

fic class of units recorded in the GL whose CV changed in

the present study was not known. However, the possibility

remains that neuromodulatory neurotransmission from

tonic centrifugal fiber activity could alter the ionic conduc-

tances which have been shown to regulate juxtaglomeru-

lar neuron bursting (Liu and Shipley, 2008).

Top-down modulation can influence both neuronal

firing rates and the temporal structure of neural

responses, including synchronization of spike discharge

and oscillations in spontaneous, ongoing activity (e.g.

Engel et al., 2001). Ongoing rhythms could organize

selective attention to relevant stimuli, such as visual sig-

nals, even before the stimulus is presented (Tsodyks
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et al., 1999). The temporal pattern of spontaneous activity

measured by the CV can be modulated. For example,

blocking input from the medial Raphe nucleus to the hip-

pocampus increases the rate and regularity of hippocam-

pal neurons (Vinogradova et al., 1999).

Another important temporal feature of bulbar neuron

spontaneous activity is the entrainment of spontaneous

spikes with the respiratory cycle, which is driven by

some combination of ON activity, centrifugal input, and/

or intrinsic bulbar circuit activity (Laurent, 2002;

Buonviso et al., 2006; Rothermel et al., 2014). Respira-

tory entrainment of spontaneous spikes in a portion of

recorded units in the present study was affected by block-

ing centrifugal fiber activity. Respiratory entrainment was

enhanced by tonic centrifugal input in 6 recorded units,

while in 11 units, entrainment was dampened. The respi-

ratory entrainment of more than half of all recorded units

was unaffected by blocking centrifugal input. Prior studies

have demonstrated that mitral and tufted neuron spike

entrainment with respiration can also be dependent on

nasal airflow (Phillips et al., 2012). Nonetheless, the effect

of tonic input from centrifugal fibers seems to have an

additional role in regulating respiratory entrainment.

The action of tonically released neurotransmitters

from centrifugal fibers is likely the same as the action

caused by stimulation of centrifugal input sources, with

similar effects on bulbar neuron excitability (Nickell and

Shipley, 1988). Centrifugal fibers arising from the primary

olfactory cortex to granule cells are glutamatergic and a

small portion travels through the LOT (Price and Powell,

1970a,c; Davis and Macrides, 1981; Ennis et al., 2007;

Laaris et al., 2007) and can provide disynaptic inhibition

of mitral cells (Boyd et al., 2012). The HDB contains both

cholinergic and GABAergic neurons (Zaborszky et al.,

1986), and electrical or optogenetic stimulation of the

HDB has been shown to elicit both increases and

decreases in bulbar neuron spontaneous activity (Ma

and Luo, 2012; Zhan et al., 2013). On the other hand,

direct optogenetic stimulation of cholinergic neurons in

the MOB increased spontaneous activity of presumed

mitral/tufted cells (Rothermel et al., 2014). Note that the

control spontaneous activity rates in Ma and Luo (2012)

and the Rothermel et al. (2014) were very low compared

to the present study (rat) and low in comparison to a pre-

vious study in mouse (Mast and Griff, 2007). These con-

flicting results could reflect different pathways

innervating the MOB from the HDB or the different meth-

ods of stimulating the HDB.
CONCLUSIONS

The present study identifies steady-state centrifugal fiber

activity as a key regulator of spontaneous activity of MOB

neurons, providing both dampening and enhancing

influences on their excitability. However, further

experiments will be critical to determine the influence of

specific sources of centrifugal fibers. Olfactory-specific

regions of the cortex have been shown to be

spontaneously active, projecting centrifugal fibers to

both contralateral and ipsilateral MOBs (Mori et al.,

1979; Linster and Hasselmo, 2000; Sanchez-Vives
et al., 2008) via fibers that make up the anterior commis-

sure, or through the LOT. Interestingly, AON centrifugal

axons have been shown to have diverse functionality by

supplying ipsilateral centrifugal excitation and contralat-

eral inhibition to bulbar neurons to allow for left–right

detection of odorants (Kikuta et al., 2010). This suggests

that the tonic activity of centrifugal fibers arising from the

AON or the HDB could be functionally distinct compared

to the heterogeneous bottleneck of centrifugal fibers in

the LOT. Therefore, further study will be necessary to

determine the respective influences of tonically active

centrifugal fibers originating from the AON or HDB com-

pared to the LOT by selectively inhibiting each region of

interest while measuring spontaneous activity.
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