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ABSTRACT 

The gaseous messenger, nitric oxide (NO), has emerged as a key component of 

olfactory systems. Localization and imaging studies in the moth, Manduca sexta, suggest 

that NO may affect the excitability of olfactory neurons by modifying neuronal 

membrane properties through sGC-dependent mechanisms.  This hypothesis was tested 

using a multidisciplinary approach, including two types of physiological recording 

techniques and immunocytochemical analysis of sGC antibody expression in the 

Manduca brain.  The excitability of large populations or individual antennal lobe (AL) 

neurons was monitored with in vivo physiological recordings while various NO 

pharmacological agents were bath applied to the brain.  To examine possible targets of 

NO, the binding site of sGC was blocked and the results were compared to NO blockade.  

Finally, sGC immunocytochemistry was used to also determine possible targets of NO. 

Two NO synthesis inhibitors and a sGC blocker were potent effectors of resting, 

baseline activity in the Manduca brain.  Blocking NO synthesis caused significant 

decreases in AL neuron conductance.  This conductance decrease led to changes in 

baseline activity, including the appearance of bursts in some neurons, and increased and 

decreased firing rates in other neurons.  Further, the neurons had a decreased 

responsiveness and excitability to presynaptic input.  Blocking the sGC binding site 

caused similar effects in most neurons, which indicates that NO likely acts through sGC-

dependent signaling to exert its effects in at least a subset of neurons.  However, some 

neurons had different responses to NO and sGC blockade, which indicates that NO may 

act through other signaling mechanisms in some neurons.  Further examination using 
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sGC immunocytochemistry revealed that only about 90% of projection neurons (PNs) 

and 30% of local neurons (LNs) contained sGC immunoreactivity.   

The results in this dissertation indicate that NO performs a global function in the 

antennal lobe to maintain the resting membrane conductance of AL neurons. NO likely 

exerts its effects through both sGC-dependent and sGC-independent mechanisms. 

Finally, these results have major implications for odor coding in all species, as NO has 

been found in the olfactory systems of every animal examined thus far.  
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CHAPTER 1. BACKGROUND AND LITERATURE REVIEW 

1.1 AN INTRODUCTION TO NITRIC OXIDE 

 Nitric oxide (NO) is a hydrophobic diatomic gas that is synthesized in many 

different cells in a variety of organisms including plants and animals.  The roles of NO 

are diverse, and NO is a necessary component for a variety of signal transduction 

pathways.  Signal transduction occurs when an external change in the environment 

activates or modifies a signaling molecule in a cell, which in turn, activates or modifies 

downstream targets resulting in an internal change either in that cell or in other cells.  

Gaseous messengers, unlike other signaling molecules, can diffuse across cell membranes 

and do not require membrane-bound receptors to exert their effects.  These properties 

have revolutionized the way scientists think about cell-cell communication, and 

considerable research is currently being conducted to understand the locations, 

mechanisms, and targets of NO in a wide range of systems in many organisms.   

In this introduction, I will first outline the history of NO as a signaling molecule, 

which only recently has begun to be established (Section 1.2).  Next, I will describe the 

various NOS isoforms and signaling pathways (Section 1.3).  In section 1.4, I will detail 

the signaling pathways that have been found in the nervous system and describe some of 

the roles of NO in the brain.  The central goal of this thesis is to understand the role of 

NO in the olfactory system, so I have reviewed the olfactory literature in a separate 

section (1.5).  Next, I will review why Manduca sexta is a useful model system for 

studying olfaction (Section 1.6) and the evidence that NO functions in Manduca olfaction 

(Section 1.7).  Finally, I will outline the significance of my thesis research (Section 1.8).    
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1.2. THE HISTORY OF NITRIC OXIDE 

 In 1847, Ascanio Sobrero (1812-1888), an Italian chemist, synthesized 

nitroglycerine, or glyceryl trinitrate, while working on another explosive, guncotton, at 

the University of Torino, Italy.  For years, Sobrero guarded the chemical carefully, until 

in 1860, a young Alfred Nobel (1833-1896) took the chemical back to his family’s 

defunct armament factory and played with its explosive capabilities.  Several mixtures 

and patents later, dynamite was invented, and Nobel amassed a fortune from the 

discovery, which he kept until his death (from: “Nitroglycerin”, Wikipedia, the free 

encyclopedia, 2005). 

 Nitroglycerine is not only an explosive, but also a treatment for heart problems, 

especially angina pectoris.  Nitroglycerine was first used to treat anginal attacks in 1879, 

and was granted FDA approval in 1938.  Incredibly, the mechanism for how 

nitroglycerine actually caused dilation of blood vessels was not discovered until over 100 

years after it was first used to treat symptoms of heart attacks.   

When Nobel died in 1896, his fortune was bequeathed to a foundation, which was 

to award prizes in a variety of disciplines to those whose discoveries, and advances 

benefited the people of the world.  This award was established in 1901 for physics, 

chemistry, physiology or medicine, literature, and peace, and later in 1968 for economics, 

and called the Nobel Prize.  In 1998, the Nobel Prize in Medicine was awarded to three 

men: Robert F Furchgott, Louis J Ignarro, and Ferid Murad for their efforts to understand 

how nitroglycerine dilated blood vessels.  They found that the gas, nitric oxide (NO), was 

released from nitroglycerine and relaxed the muscle cells surrounding blood vessels. 
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More specifically, endogenous NO is made constantly at low levels in the endothelial 

cells surrounding blood vessels when L-arginine is converted to L-citrulline and NO by a 

special enzyme, nitric oxide synthase (NOS). The NO acts through soluble guanylyl 

cyclase (sGC), a cellular second messenger, to produce cyclic guanosine monophosphate 

(cGMP), a cyclic nucleotide.  cGMP activates a cGMP-dependent protein kinase (PKG), 

which phosphorylates, and subsequently deactivates, calcium channels.  The loss of 

calcium influx results in relaxation of the muscles, leading to increased  blood flow 

through the vessel. The precise way in which the nitric oxide is released from 

nitroglycerine to imitate the L-arginine source of NO, is still unclear.   

The 1998 Nobel Prize was notable for another reason: Nobel, himself, was 

prescribed nitroglycerine before he died, having been diagnosed with angina pectoris.  He 

described this coincidence in a letter to his friend shortly before his death:  

It sounds like the irony of fate that I have been prescribed nitroglycerine 
internally. They have named it Trinitrin in order not to upset pharmacists 
and the public (from Hansson, et al., 1998) 

 
Nobel’s lifespan was probably lengthened slightly by nitroglycerine, so it seems very 

fitting that the Nobel award could benefit those who discovered the mechanism for its 

function.  

Before the research on cardiac dilation began, NO was regarded as little more 

than an environmental pollutant contributing to higher smog levels and acid rain.   But as 

these studies emerged, NO gained recognition for its wide significance in many 

physiological systems, and was named “the molecule of the year” in 1992.  Now, in 

2005, as more research on NO is conducted, we are still discovering and characterizing 
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new, exciting functions for NO.  I will provide evidence in this thesis for a previously 

uncharacterized role of NO in olfactory processing.   

 

1.3 ISOFORMS OF NO AND NO SIGNALING 

Along with NO’s role in maintaining cardiovascular dilation, NO also functions in 

many other systems throughout the body.  This is, in part, due to the fact that there are 

various types of NOS that are encoded on three different chromosomes and play very 

different roles within the body (reviewed in Alderton, et al., 2001).  NOS exists in three 

known isoforms in vertebrates: neuronal NOS (nNOS: also known as Type I, NOS-1, and 

NOS-I), macrophage-inducible NOS (iNOS: Type II, NOS-2, NOS-II), and endothelial 

NOS (eNOS: Type II, NOS-3, NOS-III).  eNOS is found in vascular endothelial cells, 

and once activated by calcium, produces NO and dilates blood vessels (Pollack et al., 

1991).  iNOS is regulated by the production of its protein (thus its production is induced), 

and functions mainly in the immune system in response to pathogens (Nathan, 1992).  

nNOS is most abundant in the brain and its activity is regulated by calcium-calmodulin, 

such that with increased levels of calcium, more nNOS is activated and more NO is 

produced (Schmidt and Walter, 1994).  In simpler organisms, such as insects, only one 

isoform of NOS has been found, and it is most closely related to nNOS by total sequence 

similarity (Regulski and Tully, 1995; Yuda et al., 1996; Nighorn, et al., 1998).   

NO’s many functions could also be related to its nature as a soluble, readily 

diffusible gas.  The free radical, NO, is produced when NOS converts L-arginine into L-

citrulline.  After NO forms, it can diffuse in any direction but is probably limited to short-
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range molecular targets both inside and outside the cell because of its short half-life (3-

5s) (O’Dell, et al., 1991; Schuman and Madison, 1994).   The best-characterized target of 

NO is sGC (Garthwaite and Boulton, 1995; Esplugues, 2002).  Soluble GC is a heme-

containing obligate heterodimer consisting of α and β subunits.  Upon NO binding to the 

heme moiety on sGC, the rate of cGMP production is increased dramatically from basal 

activity levels. cGMP can have direct effects on downstream targets such as PKGs, cyclic 

nucleotide-gated channels (CNGCs), and phosphodiesterases (PDEs).  Through this 

signaling system, NO has the ability to manipulate ion levels in the cell, which, for 

example, could lead to changes in the excitability of a neuron.  Importantly, NO can also 

modulate ion channel function through S-nitrosylation/oxidation of thiol groups (see 

Ahern, et al., 2002 for a review) or ATP-ribosylation of either the channel subunit itself 

or a regulatory protein tightly associated with the channel (Schuman et al., 1994). These 

possibilities will be described in more detail in the following sections. 

 

1.4 NITRIC OXIDE IN THE NERVOUS SYSTEM 

 NO was first described in the nervous system by Garthwaite, Charles, and Chess-

Williams in 1988.    At this time, NO was still known as endothelial derived relaxing 

factor (EDRF), as it had not yet been identified as NO.  The authors knew previously that 

glutamate production caused increased levels of cGMP in cerebellar neurons 

(Drummond, 1983), and that the production of cGMP required cell-cell interactions, 

better known as long-term potentiation (LTP) in which repeated stimulation of a 

presynaptic neuron led to increased excitability in a post-synaptic neuron (Garthwaite and 
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Garthwaite, 1987).  In this study, they found that glutamate binding of NMDA receptors 

produced a calcium dependent diffusible messenger, which was responsible for cGMP 

production in the pre-synaptic neuron.    The presence of NO in the brain was later 

confirmed (Knowles, et al., 1989), its enzyme was subsequently purified (Bredt and 

Snyder, 1990), and its cDNA cloned and sequenced (Bredt, et al., 1991).   

 These findings revolutionized the dogma that neurons communicated only 

through chemical neurotransmitters.  With this discovery, neuron communication was no 

longer restricted between distinct areas (synapses) and in one direction.  Further, the 

spatial and temporal constraints of membranes, transporters, and inactivating enzymes 

necessary for conventional neurotransmitters were unnecessary.  Thus, NO could act on a 

variety of targets within the diffusion distance of the place of production including 

neurons, glial cells, and blood vessels.  Further, synaptic plasticity, or the strength of the 

synaptic connection, could be modulated by NO levels, providing a fascinating 

mechanism for cellular plasticity.  

 Beyond playing a role in LTP and synaptic plasticity in the cerebellum, NO has 

also been found in many vertebrate brain areas and has been implicated to function in 

several physiological processes (reviewed in Garthwaite and Boulton, 1995; Prast and 

Philippu, 2001;  Esplugues, 2002).  Synaptic plasticity changes due to NO have been 

characterized in hippocampal LTP (Schuman and Madison, 1991), but, some studies have 

found NOS inhibitors have no effect on hippocampal LTP (Williams, et al., 1993; 

Boulton et al., 1994) which leaves some doubt for the role of NO in synaptic plasticity in 

this structure.  Also, NO has complex influences on brain development and neuronal 
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targeting, visual processing, olfactory memory, food and drinking behavior, 

thermoregulation, opiate tolerance and withdrawal, circadian rhythms, sleep, respiratory 

pattern generation, and perception of pain (reviewed in Esplugues, 2002).  NO also 

certainly plays a role in neurotoxicity, as it modulates oxygen consumption in the 

mitochondria, where it inhibits cytochrome oxidase, the terminal heme-containing 

enzyme in the mitochondrial respiratory chain (Esplugues, 2002).  Varying levels of NO, 

therefore, could have drastic effects on the generation of energy and the mediation of cell 

death by mitochondria.  Finally, NO has been shown to be produced in glial cells 

(Murphy, 2000) and may play a role in protecting neurons from excitotoxicity through 

either cGMP (Thippeswamy et al., 2004) or S-nitrosylation (Do et al., 2002) signaling.  

 Invertebrates also use NO in a variety of ways (reviewed in Müller, 1997; Davies, 

2000; Bicker, 2001).  Considerable research, for instance has examined NO’s role in 

sensory transduction.  For instance, NO is thought to be produced postsynaptically in the 

locust optic lobe monopolar cells and acts as a retrograde transmitter onto photoreceptor 

(PR) neurons, and thus increases the sensitivity of the PRs to subsequent stimulation 

(Schmachtenberg and Bicker 1999).  NADPH-d staining has been found in the thoracic 

mechanosensitive afferents of locusts, crickets, and cockroaches, but no functional 

studies have been conducted in these species (Ott and Burrows 1998, 1999).  In crayfish, 

NO released from mechanosensory afferents has been shown to depress the activity of 

local interneurons in the terminal abdominal ganglion (Aonuma and Newland, 2001, 

2002).  In Aplysia, NO (along with histamine) is released from a mechanosensory 

afferent (C2) onto a 5-HT containing metacerebral (MCC) neuron where it modifies the 
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membrane ionic currents and excitability of the neuron (Koh and Jacklet, 1999; Jacklet 

and Tieman, 2004). Motor output is also affected by NO: in the grasshopper, NO causes a 

suppression of muscarinic acetylcholine receptors (AChRs) (Wenzel et al., 2005).  In the 

firefly, neural octopamine release causes the production of NO which inhibits 

mitochondrial respiration in the photocytes, thereby increasing oxygen levels, which are 

the biochemical trigger for light production (Trimmer et al., 2001).   

NO’s influences on these various physiological processes are mediated through 

several different mechanisms.  These mechanisms will be described below in detail, 

based on the primary mechanism in which NO is acting.   

i. cGMP-dependent signaling: 

As mentioned earlier for blood vessel dilation, NO commonly acts through sGC 

to create cGMP, a cyclic nucleotide.  Cyclic nucleotides, including cGMP and cyclic 

adenosine monophosphate (cAMP) can bind to cyclic nucleotide gated channels 

(CNGCs).  When CNGCs are bound by cyclic nucleotides, the channel opens and an 

influx of cations, including Na+ and Ca2+, occurs.  This influx of cations results in an 

increase in the membrane potential and a change in neuronal excitability (Schuman and 

Madison, 1994). More specifically, NO modification would lead to lower thresholds in 

the post-synaptic cells by decreasing the current threshold necessary for generating 

spikes. 

cGMP also activates PKGs (also known as cGKs) that can directly phosphorylate 

ion channels or activate phosphatases to modify the channel (White, 1999).  One example 

of this has been found in locus coeruleus (LC) neurons.  Using NO donors, PKG 
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activators, and NO scavengers (Hemoglobin) with extracellular, intracellular, and whole-

cell recordings in LC slices, Pineda et al. (1996), found that NO increased the firing rate 

of most LC neurons by signaling through PKG to increase the inward conductance of a 

non-selective cation channel.  They also observed an increased EPSP amplitude and 

increased firing rate along with facilitation of synaptic transmission with increased NO 

levels. Potassium channels may also be affected by PKG.  Voltage dependent IK (Ca) 

outward currents in hippocampal slices increased with increased NO levels and also led 

to facilitation of synaptic transmission, meaning the action potential threshold was 

lowered (Erdemli and Krnjevic, 1995).  NO has also been found to reduce the function of 

GABAA receptors in the cerebrum and cerebellum (Zarri et al., 1994). This was later 

found to be through PKG signaling mechanisms (Robella et al., 1996) in the cerebellum 

but not in the cerebrum.  Finally, whenever cyclic nucleotides accumulate, 

phosphodiesterases (PDEs) are activated.  PDEs convert cyclic nucleotides to their basic 

form (i.e. cGMP to GMP), and thus end their signaling capability. To test whether PKG 

acts as a signaling molecule for NO in a particular system, PDEs can be blocked, which 

will potentiate the function of NO.  West and Grace (2004) injected PDE inhibitors 

directly into basal ganglia striatal medium spiny neurons and found an increase in 

neuronal excitability.  The authors suggested that NO exerts tonic modulatory influence 

on the membrane potential of these neurons through cGMP / PDE signaling.   

ii. S-nitrosylation  

In many cases, cGMP-mediated signaling can be blocked and NO effects are still 

present.  NO, therefore, can act on other targets besides sGC.  One example of this is S-
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nitrosylation, which is the process where NO bonds covalently with alkyl sulfur atoms on 

proteins and small organic compounds to form S-nitrosothiols (SNOs) (see Ahern et al., 

2002, Box 2 for a review).  S-nitrosylation is thought to require higher levels of NO than 

sGC activation, and has slower kinetics (Ahern et al., 2002).  Despite these limitations, 

direct activation of many different ion channels has been found in the brain.  The ion 

channels include Ca2+-activated K+ channels in rat brain (Shin, et al., 1997),  P/Q type 

Ca2+ channels in cultured mammalian neurons (Chen et al., 2002),  CNGCs in rats 

(Broillet and Firestein, 1996), Na+ channels in rat baroreceptor neurons (Li, et al., 1998), 

N-methyl D-aspartate (NMDA) receptors (Manzoni et al., 1992), and GABAA receptors 

expressed in Xenopus oocytes (Fukami, et al., 1998,) and frog melantotrophs (Castel and 

Vaudry, 2001).   

iii. ADP-ribosylation 

 Along with sulfur atoms, NO can also stimulate the ADP-ribosylation of proteins 

including glyceraldehyde-3’-phosphate dehydrogenase (Schuman et al., 1994).  ADP-

ribosyltransferases are enzymes that covalently modify their substrate proteins by 

attaching ADP-ribose moiety(s) from NAD+ or NADP+ to specific residues.  This type 

of NO modulation of proteins may be a potential target for NO in hippocampal LTP 

(Schuman et al., 1994).  NO may also mediate its neurotoxic properties through DNA 

damage and the subsequent activation of poly (ADP-ribose) synthetase which depletes 

neurons of their energy stores (Dawson and Dawson, 1995). 
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1.5 NITRIC OXIDE IN THE OLFACTORY SYSTEM 

Of particular relevance to this thesis is that NO seems to play a role in both 

vertebrate (Breer and Shepherd, 1993) and invertebrate (Bicker, 2001) olfactory 

information processing.  There is considerable evidence for a role for NO, including i. 

localization, ii. knock-out, iii. developmental, iv. behavioral, and v. physiological studies.  

The evidence for each will be described below.  

i. Localization studies:

The primary evidence for a role for NO in olfaction comes from NADPH or NOS 

localization studies in both vertebrates and invertebrates.    NADPH staining and NOS 

immunocytochemistry was first found in the mouse olfactory bulb (OB) (Kishimoto et 

al., 1993), and later confirmed in rat and salamander olfactory epithelium and bulb (Zhao 

et al., 1994), in snail procerebral lobe (Sanchez-Alverez et al., 1994; Moroz et al., 1994; 

Fujie et al., 2002), catfish olfactory epithelia (Dellacorte et al., 1995), locust antennal 

lobe (AL) (Elphick et al., 1995; Homberg, 2002), bee AL (Müller and Hildebrandt, 

1995), fruitflies (Regulski and Tully, 1995), rat olfactory interneurons (Hopkins, et al., 

1996), sheep OB (Kendrick et al., 1997),  lobster olfactory lobe neurons (Scholz, 1998), 

moth olfactory receptor neurons (ORNs) (Nighorn et al., 1998; Collmann et al., 2004), 

macaque monkey OB (Alonso et al., 1998), teleost fish olfactory epithelium (Singru et 

al., 2003), and fleshfly ORNs (Wasserman and Itagaki, 2003).  The localization of NOS 

varies depending on the species.  In rats, NOS is localized to the ORNs early in 

development (Roskams et al., 1994), but is later expressed only in periglomerular, 

granule, and short axon cells (Hopkins et al., 1996); NOS is co-expressed with GABA in 
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some periglomerular cells (Crespo et al., 2003).  In mice, NOS is found only in 

interneurons including periglomerular cells, granule cells, and short axon cells but not in 

mitral-tufted cells (Kishimoto et al., 1993).  Weruaga, et al. (1998), however, found that 

two different mice strains expressed NADPH-d differently in interneurons of olfactory 

glomeruli. Sheep have NOS expression in mitral and tufted cells as well as 

periglomerular and granule cells (Kendrick et al., 1997).  Insect NOS expression also 

varies, as locusts have NADPHd staining only in local interneurons in the AL (Elphick et 

al., 1995; Homberg, 2002), while NADPH staining in bees is highest in non-neuronal 

auxiliary and/or epithelial cells (Müller and Hildebrandt, 1995), and moth NOS 

immunocytochemistry is most pronounced in ORNs (Nighorn et al., 1998; Collmann et 

al., 2004).   

sGC, cGMP, and PKG are also expressed in locations close to NOS-expressing 

cells in several species (Gibb and Garthwaite, 2001; Bicker et al., 1996; Hopkins et al., 

1996; Kendrick et al., 1997; Elphick and Jones, 1998; Nighorn, et al., 1998; Collmann et 

al., 2004; Fujie et al., 2005).  sGC and cGMP expression also varies, but it is often 

located within the neurons or glial cells in the glomeruli of most species including rats 

(Hopkins et al., 1996), locusts (Bicker et al., 1996), and moths (Collmann et al., 2004).  

PKG II expression has also been found in interneurons in the OB of rats (El-Husseini, et 

al., 1999). 

While the location of NOS and sGC varies among species, the function of NO 

may be conserved (Breer and Shepherd, 1993).  This hypothesis is based on the unique, 

highly conserved spherical shape of the first synaptic neuropil in the AL / OB, the 
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glomerulus.  In the glomerulus, primary ORNs synapse onto secondary local cells within 

a spheroidal bundle.  If NO is produced anywhere within that sphere, its diffusion could 

affect the entire set of neurons within the glomerulus, without the need for conventional 

means of communication between those neurons.  Therefore, an odor activating a 

particular set of ORNs could potentiate NO production and result in glomerular-wide 

effects (such as synchronization or modulation), or selectively activate sGC-dependent 

signaling in a subset of cells that express this NO target.  NO could potentially affect 

other cells that do not express sGC through S-nitrosylation.  Evidence for both will be 

described in the physiological studies section below (v).   

ii. Knockout Studies: 

 nNOS and eNOS knockout mice have been developed (Huang 1999), but no 

studies have been done to directly examine olfactory performance in these animals.  NOS 

knockout mice have been shown to have spatial memory problems, which could be 

caused by a lack of LTP in hippocampal stratum radiatum neurons (eNOS / nNOS doubly 

mutant mice; Son et al., 1996) or mossy fiber neurons (eNOS mutants; Doreulee et al., 

2001).  nNOS knockouts alone did not affect LTP, which suggests that there may be 

some degeneracy in function between the eNOS and nNOS isoforms.  Also, these nNOS 

(-/-) animals exhibit aggressive behavior, which is caused by reductions in serotonin (5-

HT) turnover and deficient 5-HT1A and 5-HT1B receptor function in brain regions 

regulating emotion (Chiavegatto and Nelson, 2003). nNOS is expressed in developing 

olfactory neurons (see next section), but nNOS is probably not necessary for normal 
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development, as nNOS knockout mice still recognize kin and mates through olfactory 

cues.  

iii. Developmental studies: 

 Roskams et al. (1994) found the first evidence that NOS is expressed in the 

developing rat olfactory placode.  At embryonic stage 11, NOS appears and persists into 

the descendant cells that differentiate into ORNs, but the expression declines rapidly after 

birth and is gone by postnatal stage 7 (P7).   Schmachtenberg et al., (2001), however, 

found that NADPH-d staining was strong between P0 and P24 with the number of labeled 

neurons increasing 10-fold and stabilizing thereafter.   This discrepancy could be due to 

the labeling techniques used, as NADPHd staining has been known to indicate the 

presence of other enzymes that use NADPH as a co-factor.   

Several studies have examined both the presence and function of NO in the 

developing olfactory system.  Using a strain of mice that does not have ORN synapses 

onto periglomerular cells, Weruaga, et al., (2000) found that NADPHd / NOS levels there 

were dependent on synaptic input.   In the moth, NOS blockade caused failure of 

neuropil-associated glial cells to migrate and also caused over-growth of a serotonin-

immunoreactive (5HT-ir) neuron within the AL (Gibson et al., 2000).  In the mouse, 

neuroblasts in the subventricular (SV) zone continue to generate new local OB neurons 

throughout adulthood.  Moreno-Lopez et al., (2004) found that NO is important for 

neurogenesis and neuronal differentiation of these SV neurons, and if it is blocked, 

differentiation is delayed.  

iv. Behavioral Studies: 
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The effects of NO manipulation on behavior have also been studied in several 

species. One particularly interesting study on NO’s function in learning and memory was 

done in sheep (Kendrick et al., 1997). NO levels were manipulated by microdialysis 

infusions into the olfactory bulb, and the changes in blood serum levels of various 

neurochemicals in the olfactory bulb were monitored.  Mitral cells in the OB (NOS+; 

sGC+) release glutamate which binds to receptors on postsynaptic granule cells (NOS+; 

sGC-).  In normal sheep development, glutamate levels increase with increased 

experience to odor, which raises intracellular calcium in the granule cells and leads to the 

formation of NO.  NO diffuses in a retrograde fashion and produces cGMP in the mitral 

cell.  Increased cGMP in the mitral cell causes more glutamate release and thus 

potentiates the mitral-to granule synapse.  When NO synthesis was blocked, this cGMP-

induced potentiation was missing.  The behavioral implications for this blockade were 

extreme: mother sheep no longer recognized their babies from other young sheep.  This 

kin amnesia could be reversed by adding NO.  The blockade did not persist past the 

actual memory formation, that is, they did not require NO to discriminate between kin 

and non-kin once the memory was formed.   

Inhibition of NOS also impairs early olfactory associative learning in newborn 

rats (Samama and Boehm, 1999). After NO blockade, the association of a peppermint 

odor with tactile stimulation was missing after the first conditioning trial, but not in 

subsequent trials.  This study, like the study in sheep, suggests that NO is important for 

formation of the initial olfactory memory, but it is not important for retrieval of that 

memory once it is formed.  
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There is also evidence for NO’s importance for learning and memory in bees. 

Many bee learning studies examine learning by pairing various odors with sucrose, and 

then testing the response to those trained odors using the proboscis extension reflex 

paradigm. In one study, NO blockade had no effect on learning this association between 

odors and sucrose, but when animals were conditioned using three trials, and then tested 

24 hours later, their olfactory memory was greatly impaired (Müller, 1996).  The author 

suggested that NO is involved in a change in synaptic activity induced by the preceding 

conditioning trial.  Further, increased levels of cGMP or cAMP may affect long-term 

memory through activation of CREB (cAMP-responsive-element-binding protein).  

Another study found that when NO synthesis blockers were injected into the AL before 

conditioning, olfactory discrimination was impaired, but no effect was seen after 

conditioning (Hosler et al., 2000).  

NO is involved in maintaining odor discrimination during olfactory conditioning 

but not olfactory memory in snails (Sakura, et al., 2004). Limax were trained to avoid an 

alcohol odor by pairing it with a bitter taste; following NO blockade, the animals could 

still remember to avoid that odor, but also avoided a structurally similar alcohol.  

Sadamoto et al. (1998) found that NO is found in buccal ganglia neurons required for 

feeding behavior in Lymnaea and Kobayahsi et al., (2000a/b) found that NO functions to 

suppress the feeding response there.   

In Bombyx, NO-induced cGMP is found in the toroid (Bombykol responsive, the 

major pheromone component) neurons that project to a special area of the protocerebrum, 

the delta inferior lateral protocerebrum (ILPC) (Seki et al., 2005).  They suggested that 
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cGMP is only in the toroid neurons because it is involved in regulating the “threshold of 

pheromone-mediated searching behavior.”  Data for this hypothesis remains to be seen. 

All of the behavioral evidence in insects suggests that the formation of olfactory 

memory is affected by NO blockade, but subsequent retrieval of memory is not affected.  

Although some of the authors suggest that the AL neurons are the location of the memory 

formation (Breer and Shepherd, 1993; Müller, 1996; Hosler et al., 2000) few studies have 

actually examined whether NO has a direct effect on OB / AL neurons.  These studies 

will be discussed in the following section. 

v. Physiological studies: 

a. ORNs:  Various studies have examined the effect of NO in ORNs.  These 

results are important, because NO could modulate the levels of neurotransmitter that is 

released from the ORN, leading to changes in synaptic strength.  ORNs express CNGCs, 

as vertebrate olfactory signal transduction occurs through G-protein coupled receptors 

leading to activation of adenylyl cyclase (AC) and cAMP production (reviewed in 

Mombaerts, 2004).  CNGCs can open with cAMP or cGMP binding, so if cGMP is also 

present in ORNs, the membrane properties of the ORN could be greatly modulated upon 

NO production.  CNGCs are also required in insect olfactory transduction, although the 

primary transduction machinery is probably through phospholipase (PLC) and inositol-

tri-phosphate (IP3) signaling mechanisms (reviewed in Krieger and Breer, 1999).  

The first evidence that NO may have an effect on ORNs was in 1992, when Breer 

et al., found that odorant-induced rises in cGMP in rat ORN cilia could be abolished by 

NO synthesis inhibitors in olfactory epithelium, but there are many questions and 
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concerns about this study.   Breer failed to show that NOS was actually present, and there 

is some argument as to whether rat ORNs contain NOS as adults (see i. localization 

studies).   

The following year, Lischka and Schild found that NO and cGMP stimulation led 

to similar current changes in voltage clamped Xenopus ORNs (1993).  Turtle ORNs also 

showed similar current changes (Inamura et al., 1998).  The authors also suggest that 

cAMP is not the only signal transduction component in olfaction, and that cGMP plays a 

major role in odor processing.  They further hypothesize that cGMP production is 

through NOS activation although they freely admit that NOS has NOT been found in the 

adult turtle ORN (and likewise for the rat).  In the fleshfly, where NADPHd has been 

localized to ORNs, olfactory responses measured by electroantennograms (EAGs) 

diminished greatly when NO synthesis was blocked (Wasserman and Itagaki, 2004).   

ORNs are differentiated spatially with the cilia expressing the odorant receptors 

distally in the olfactory mucosa, while the axon transduces the signal and synapses onto 

secondary neurons in the OB in vertebrates.  Most of the studies examining a role for NO 

in olfaction have focused on the cell bodies and dendrites of ORNs, ignoring the function 

in the axon and presynaptic terminal.  Also, NOS may be present postsynaptically and 

thus NO could exert similar effects by diffusing throughout the glomerulus.  Furthermore, 

the ORN could still be affected by NO even if it contains no sGC through protein 

modifications such as S-nitrosylation.  There is sufficient evidence that supports these 

hypotheses.  In the rat, NO can activate beta CNGCs through S-nitrosylation (Broillet and 

Firestein, 1996; 1997).  A single cysteine (460) is modified on the CNGC (Broillet, 2000) 
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which leads to high permeability of Ca2+ ions, similar to L-type-like Ca2+ channels.  

Lynch (1998), however, found that NO inhibits CNGC opening rather than facilitating 

CNGC opening, so there is some controversy over the outcome of S-Nitrosylation of 

CNGCs.  NO also appears to activate a calcium-dependent K+ current in amphibian and 

rat ORNs (Schmachtenberg and Bacigalupo, 2000).  Any of these effects of NO could 

lead to changes in the ORNs ability to release neurotransmitter, making these targets 

prime candidates for NO modulation. 

b. OB/ AL neurons: Most of the studies examining the effects of NO in the OB / 

AL have been conducted in mollusks, although the mollusk procerebral lobe is not a 

typical olfactory system.  Most, if not all molluscan species lack strong glomerular-like 

organization of their olfactory neurons.  The procerebral lobe is composed of two types 

of cells called bursting and non-bursting neurons: the bursting neurons fire at a rate of 

0.7-Hz, and cause an intrinsic oscillation in the local field potential (LFP) while also 

inhibiting non-bursting cells (Kleinfeld et al., 1994). Gelperin (1994) first showed that 

increased NO levels led to increased oscillation frequency, and later found that carbon 

monoxide, another gas which can activate sGC, had similar effects (Gelperin et al., 

2000).  Later studies showed that the oscillations are caused when nonbursting cells 

release NO and increase bursting activity through NO mediated mechanisms in the 

bursting cells (Ermentrout et al., 2004).  More specifically, the authors did a modeling 

study which introduced a T-type Ca2+ channel into the burster which caused 

depolarization resulting in an increase in oscillation frequency.  This type of effect has 

also been observed in another molluscan neuron (the metacerebral cell) by blocking 
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voltage-gated potassium channels (Jacklet and Tieman, 2004), so the actual mechanism 

for how NO causes these effects is unclear.  sGC has also been localized to both bursting 

and nonbursting neurons, so NO could be affecting both types of neurons (Fujie et al., 

2005).  While these studies show that NO can affect olfactory neurons, the only evidence 

that actually links NO to stimulus evoked activity was done by Fujie et al. (2002) who 

used an NO electrode to show that NO was created during electrical stimulation of the 

olfactory nerve.  The NO electrode used in this study (WPI; ISO-NO) has a tip diameter 

of 100µM, which is half the size of the procerebral lobe.  This NO detection method, if 

properly calibrated, allows for overall averaging of NO production but does not allow 

discrete measurements of NO within the lobe.   

 

1.6 MANDUCA SEXTA AS A MODEL ORGANISM FOR STUDYING OLFACTION  

The AL in M. sexta is a well-characterized olfactory system that is functionally 

comparable to the vertebrate OB (Hildebrand and Shepherd, 1997; Christensen and 

White, 2000).  The ORNs arise in the antennal sensilla (trichoid sensilla house 

pheromone receptive ORNs, while basoconic sensilla house plant volatile receptive 

ORNs) and send axons into specific glomeruli where they synapse with several different 

types of AL neurons including local neurons (LNs) and projection neurons (PNs).  The 

ORNs likely release acetylcholine which binds to nicotinic AChRs on AL neurons 

(Waldrop et al., 1989). Many of the LNs are known to be GABAergic and represent the 

major source of inhibition in the olfactory system (Waldrop, et al., 1987).  LNs are 

known to directly inhibit PNs (Christensen, et al., 1993) through GABAA-type channels 
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that are blocked reversibly by bicuculline (Christensen, et al., 1998b).  LNs exhibit a 

variety of morphologies including symmetrical and asymmetrical arborizations 

(Matsumoto and Hildebrand, 1981). PNs typically have arborizations in one glomerulus, 

although multi-glomerular PNs exist, and send axons to mushroom body and lateral 

protocerebrum neurons.  There is also a single serotonin-immunoreactive (5-HTir) 

neuron that has its cell body in one AL, and its neuronal processes in every glomerulus in 

the contralateral AL (Sun, et al., 1993).  

Unlike vertebrates, which have an accessory olfactory system (vomeronasal 

system) for processing conspecific odors, the Manduca AL has a particular region of the 

AL devoted for this in males.  This region is called the macroglomerular complex 

(MGC), a conglomeration of several glomeruli, each of which processes a single 

component of the pheromone blend (Hansson et al., 1991; Heinbockel et al., 1999).  The 

other glomeruli (62 ± 1) process plant volatile information.  Despite the difference in 

location for conspecific and plant odors, the mechanisms of odor coding in each of these 

structures are probably similar (Christensen and Hildebrand, 2002a; Reisenman et al., 

2005).   

The mechanisms for odor coding in Manduca have been explored through many 

different types of physiological and optical recordings (reviewed in Christensen and 

Hildebrand, 2002b).  Intracellular recordings from individual PNs have shown that PNs 

innervating the same glomerulus are most likely selective for one or a small set of 

odorants with similar molecular attributes (Christensen et al., 1987; King et al., 2000; 

Guerenstein et al., 2004; Reisenman et al., 2004, 2005).  Also, optical recordings 
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visualizing calcium dynamics have confirmed that there is a spatial organization of odor 

responses to certain classes of odorants (Hansson et al., 2003).  Odor coding in the AL, 

however, is likely to be dynamic and influenced by temporal features separate from just 

spatial activation of glomerular-specific PNs.  For instance, PNs and LNs are likely 

modulated by neuropeptides and neuroamines, such as serotonin, which has known 

effects on the responsiveness of AL neurons to antennal nerve stimulation and odor, and 

is present in greater levels during scotophase (Kloppenburg and Hildebrand 1995; 

Kloppenburg et al., 1999).  Also, the output from PNs to mushroom body and lateral 

protocerebrum neurons is probably shaped by GABAergic lateral inhibition between 

glomeruli through LNs (Lei et al., 2002, 2004), and this output also depends on the 

context of the odor stimulus, e.g., whether the moth is in a continuous or intermittent 

odor plume (Christensen et al., 1998b).  Multi-unit recordings have confirmed that the 

neurons across the AL fire synchronously in response to odor stimulation, and this 

synchronicity strongly depends on variables such as odor intensity and intermittency 

(Christensen et al., 2000), but is not synchronized to any particular oscillation in the AL, 

as has been found for locusts (Christensen et al., 2003; Stopfer et al., 2003).  Therefore, 

odor identity is probably encoded primarily in the spatial pattern of activated glomeruli, 

while other features of the stimulus such as intensity may be encoded through temporal 

features such as spike firing rate.  Finally, complex odor combinations are likely not 

encoded by simple linear summation of glomerular outputs because the dynamic 

interactions discussed above will regulate the output. The dynamics of odorant mixture 

coding are beginning to be explored in many organisms, including Manduca sexta.
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1.7 NITRIC OXIDE’S ROLE IN MANDUCA SEXTA OLFACTION 

Considerable evidence suggests that NO likely plays a role in odor processing and 

coding in Manduca. Many careful studies have examined NO’s presence, location, and 

function in Manduca, making this model system superior to most others which have been 

examined.  First, the Manduca sexta NOS (MsNOS) and sGC heterodimers (MsGGα1,

MsGCβ1) were cloned, and their location was studied through Northern blots and in situ 

hybridizations (Nighorn et al., 1998).  High levels of  NOS were found in ORNs, while 

sGC was strongly expressed in many intrinsic AL interneurons in a complementary 

pattern to NOS in each glomerulus.  Subsequent immunocytochemistry confirmed these 

patterns, and sGC was also found to be colocalized with several GABAergic neurons and 

the 5-HTir neuron (Collmann et al., 2004).  sGC does not appear to be highly expressed 

in every AL neuron, especially not in the lateral cell body cluster neurons (Nighorn et al., 

1998; Collmann et al., 2004).   

 Stengl et al. (2001) found that cGMP levels increased in some pheromone-sensing 

ORNs in culture when pheromone was applied.  The only neurons which contained 

detectable levels of sGC mRNA were in sensilla chaetica (mechanosensory neurons), but 

not sensilla trichodea (pheromone-sensitive neurons).  The formation of cGMP could 

have been through NO- and sGC-independent sources, such as guanylyl cyclase I (GCI), 

a novel GC which has been localized to cell bodies and dendrites of ORNs (Nighorn et 

al., 2001).  

 The strongest evidence for a role of NO in Manduca olfactory processing comes 

from NO imaging studies in which a fluorescent, NO-sensitive dye (DAF-FM) was used 
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to detect changes in levels of NO during odor stimulation (Collmann et al., 2004).  These 

experiments showed that there were spatially distinct focal increases in fluorescence that 

depended on the concentration and type of odorant.  The NO fluorescence was 

comparable to odor-evoked focal increases seen using fluorescent calcium dye indicators 

(Hansson et al., 2003).  These results suggest that NO is produced when odor is present, 

and that calcium level increases in a particular odor-activated glomerulus probably 

mediates the NO production.  Whether the NO signal is contained within the glomerulus 

where it is produced remains to be determined, although the glial sheath surrounding each 

glomerulus could create a diffusion barrier, acting as an NO sink (Murphy, 2000).  

 

1.8 SIGNFICANCE OF RESEARCH 

 The work in Manduca shows that both NO and its target, sGC, are located within 

the antennal lobe, and more importantly, that NO is produced focally within the AL in 

response to odor.  Also, sGC is found in inhibitory (GABAergic) and modulatory (5-

HTergic) neurons, which if affected by NO, would have great effects on odor processing 

in the AL.  These findings provide the basis for properly studying the function of NO in 

olfactory processing, which remains largely uncharacterized.   

 Several studies have examined the effects of NO on ORNs (see section 1.5, v., a.), 

but many of these studies ignore the fact that NOS is not expressed there during the 

developmental time in which the study is being conducted.  Significant progress has also 

been made to understand the role of NO in molluscan olfaction and taste, but the 

molluscan procerebral lobe contains morphologically distinct cell-types from vertebrates 
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and other model species and often does not contain glomerular structures.  Therefore, the 

diffusion and targets of NO in this animal may be different than in species where 

glomerular borders may limit the NO.   

 The work in this thesis describes a function for NO in olfactory neurons in a 

carefully studied model system which is comparable to vertebrate models.  Through a 

series of neural ensemble and intracellular recordings coupled with NO pharmacology, I 

will show that NO is necessary for maintaining both resting and odor-induced AL neuron 

behavior.  I will also use sGC pharmacology coupled with immunocytochemistry to show 

that NO likely targets sGC in many neurons, but that NO probably works through other 

signaling mechanisms as well.  
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CHAPTER 2. EXAMINING THE EFFECTIVENESS OF VARIOUS NITRIC 

OXIDE PHARMACOLOGICAL AGENTS ON MANDUCA SEXTA ANTENNAL 

LOBE NEURONS WITH MULTI-UNIT NEURAL ENSEMBLE RECORDINGS 

 

2.1 INTRODUCTION 

Many studies have examined putative functions for nitric oxide (NO) in the 

olfactory systems of both vertebrates and invertebrates (reviewed in Breer and Shepherd, 

1993).  Most of the hypotheses regarding NO’s role in olfactory processing are based 

solely on the location of NO, and not on any functional studies.  Therefore, a functional 

role for NO in olfaction is still unclear.  

In the moth, Manduca sexta, NO is produced in the antennal lobe (AL) when 

olfactory receptor neurons (ORNs) are activated by odorant stimulation (Collmann et al., 

2004).  NO is likely produced in the ORNs, where nitric oxide synthase (NOS) is found 

throughout the neuron, including the presynaptic terminals in every glomerulus.  NO may 

then diffuse and bind to soluble guanylyl cyclase (sGC), a well characterized target of 

NO which is located postsynaptically in several AL neurons (Collmann et al., 2004).  The 

functions and targets of NO once produced, are still unclear.  Also, the imaging studies 

cannot resolve whether NO is being produced tonically in the AL, as has been found in 

other systems (West and Grace, 2004).  

The primary aim of this study, therefore, was to examine whether modulating 

levels of NO would have an effect on steady state AL neuron activity as well as  their 

responses to odor.  Before this aim could be completed, various pharmacological agents 
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would need to be tested for their effectiveness in Manduca, as many drugs work only in 

vertebrates or on specific NOS isoforms.  Furthermore, the timing, rate, amount, and 

period of NO exposure may vary depending on the method of NO delivery / blockade. 

The background for using several NO inhibitors and exogenous NO donors will be 

outlined below.   

The first method for inhibiting NO is to block its synthesis.  As of 1997, there 

were well over one hundred NOS inhibitors synthesized (Moore and Handy, 1997). Many 

of the NOS inhibitors are amino acid analogues, specifically, many are guanidine- 

substituted analogues of L-arginine, which is the amino acid from which NO is produced.  

Thus, these arginine analogues compete with the endogenous L-arginine for the substrate 

binding sites on NOS, and thus limit NOS’s enzymatic activity.  One commonly used 

arginine analogue is L-NG nitroarginine methyl ester (L-NAME). L-NAME has been 

shown to be an effective NO blocker in the nervous system of several invertebrate species 

(Wieczorek and Schweikl, 1985; Aonuma and Newland, 2001, 2002; Murata et al., 2004; 

Schuppe and Newland, 2004), so this drug was a good candidate to test in this study. The 

reversibility of this drug is varied and the effectiveness greatly depends on the system and 

timing, so these factors need to be considered when testing this drug.  

Other types of NOS inhibitors have also been developed which are heterocyclic 

compounds.  One example is 7-nitroindazole (7NI), which carries a net electronegative 

charge and, as a consequence, probably binds the heme prosthetic group of NOS and 

disrupts the electron transfer necessary for NOS enzymatic activity (Moore and Handy, 

1997).  7NI is known to be a potent blocker of both endothelial NOS and neuronal NOS 
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(nNOS).  Because Manduca NOS is most similar to nNOS (Nighorn et al., 1998), this 

inhibitor was also tested in the study.  

NO signaling can also be inhibited by scavenging the free radical after it has been 

produced.  The NO scavenger, 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-

oxyl-3-oxide (cPTIO) is a stable, water-soluble organic radical that reacts with NO to 

form NO2. The actual site of scavenging is somewhat controversial.  Some researchers 

suggest that cPTIO is cell membrane impermeable (reported in Ko and Kelly, 1999 and 

Bouzioukh et al., 2001 as a personal communication, T. Akaike) but this hypothesis has 

not been tested rigorously.  Despite this caveat, this drug was also tested in this study.  

Several methods also exist for adding NO to a physiological system.  The most 

reliable method is to add pure NO, but, it is technically difficult to dissolve pure NO in an 

aqueous solution.  Another method is to apply NO through caged molecules such as 

dipotassium pentachloronitrosylruthenate (NPR).  In this method, UV light flashes 

change the structure of the compound and release NO.  Caged NO was shown to cause 

increased local field potential oscillations in snail procerebral (olfactory) neurons 

(Gelperin et al., 2000).  These findings indicate a possible role for NO to modulate 

olfactory processing, although the snail olfactory system is quite different than 

vertebrates and other model species, such as Manduca. The setup for this is quite 

expensive, so this method was not tested in this study.   

There are also pharmacological agents which release NO continuously over 

various periods of time.  Synthetic NO donors vary remarkably in their ability to release 

NO depending on the physiological system where they are applied (Thomas et al., 2002).  
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In the nervous system, several different NO donors have been shown to be effective.  One 

compound, S-nitroso-N-acetylpenicillamine (SNAP) has a sulfur-NO bond which breaks 

to form a disulfide bond between two SNAP molecules, and leaves 2 NO molecules as 

byproducts.  Many studies have shown SNAP to be an effective regulator of NO 

signaling in invertebrates (Zsombok et al., 2000; Aonuma and Newland, 2001; Schuppe 

et al., 2002; Schrofner et al., 2004; Schuppe and Newland, 2004), so this drug was tested 

in the study.  Finally, NONOates (diazeniumdiolates) are also useful NO donors.  Unlike 

S-nitrosothiols like SNAP, NONOates are not as affected by thiols, metals, or light, and 

the half-life for each NONOate is specific and can range from several seconds to days.  A 

colleague at the University of Arizona (Katrina Miranda) synthesizes spermine NONO-

ate (SPER), which has a half-life of 39min (Thomas et al., 2002) to 230 minutes 

(Ramamurthi and Lewis, 1997) depending on the temperature and pH.  This half-life is 

within the range of our recording protocol, so this drug was tested in this study. 

Finally, NO could target sGC, so in order to test this, sGC can be blocked and the 

effects compared to NO blockade.  The most potent and specific sGC inhibitor is 

oxadiazolo [4,3-a]-quinoxalin-1-one (ODQ), which exerts its effects by oxidizing the 

heme iron in the sGC (reviewed in Friebe and Koesling, 2003; Koesling et al., 2004). 

Other sGC inhibitors have been shown to be less specific, so this drug was tested in this 

study.  When sGC is blocked, the cyclic nucleotide, cyclic guanosine monophosphate 

(cGMP) cannot be produced and downstream signaling molecules fail to activate.  There 

are also cGMP donors (8-Br-cGMP), but due to time constraints, these were not tested in 

this study.  
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Multi-unit recordings were conducted in order to obtain activity measurements 

from a broad range of AL neuron types while NO synthesis was blocked or exogenous 

NO was added.  Both resting (spontaneous) and odor-evoked activity was examined.  

Also, in order to gain a better understanding of whether sGC signaling is responsible for 

any of the NO-induced changes, sGC signaling was also blocked and these results were 

compared to NO blockade.  

 The results from this study provide a much needed characterization of NO 

pharmacological agents in the Manduca AL.  Two NO synthesis inhibitors and an 

inhibitor of NO binding of sGC caused concentration-dependent decreases in the resting 

activity of many AL neurons.  Other drugs, including, cPTIO and SNAP did not affect 

activity, while SPER affected the activity of one unit but only through pressure injection, 

and not bath application of the drug.  Unfortunately, these results were hard to interpret, 

since manipulating NO and NO signaling also caused drastic decreases in the waveform 

amplitude which makes sorting and analysis difficult.  

 

2.2 MATERIALS AND METHODS 

Experimental animals: 

Adult Manduca sexta (L.) (Lepidoptera: Sphinigdae) were reared at the 

University of Arizona on artificial diet in the laboratory from eggs.  The animals were 

kept either at a 14:10 or 12:12h light:dark photoperiod at 26ºC and ~50-60% relative 

humidity. Two to five day old males were dissected and prepared for multi-unit 

recordings by established procedures (Christensen et al., 2000). Briefly, the moth was 
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restrained in a plastic tube with melted wax surrounding its head to prohibit movement, 

but the head and antenna were left fully exposed.  The labial palps, proboscis, and 

cibarial muscles were then removed to allow frontal exposure to the brain, as described 

previously for intracellular recordings (Christensen et al., 1997).  The plastic tube was 

then fixed to the recording table with the ALs facing upward.  Next, the tracheae on one 

AL were removed and then the sheath was removed with fine forceps.  This desheathing 

step is not necessary for inserting multi-unit probes, but this was done to ensure that the 

bath application of drugs would reach the AL neurons.  Once in place, physiological 

saline (containing in mM: 150 NaCl, 3 CaCl2, 3 KCl, 10 N-tris[hydroxymethyl]methyl-2-

aminoethanesulfonic acid buffer, and 25 sucrose, ph 6.9; Christensen, et al., 1993) was 

superfused across the brain continuously (~1mL / min).   

 

Olfactory Stimulation:  

The method of stimulus delivery has been described in detail (Christensen et al., 

1997). A syringe containing each odorant on a piece of filter paper was positioned 2cm 

away from the antenna on the ipsilateral side of the AL being recorded. During each 

stimulation, a constant air stream was diverted into the syringe containing the odorant.  

Each odor stimulation consisted of five pulses each 200ms, with a 5s interval between 

pulses. The olfactory stimuli used were: (i) 1:1 mixture (blend or BLD) of E,Z-10,12-

hexadecadienal (Bombykal), the primary 16-carbon aldehyde component of the female’s 

sex pheromone and E,Z-11,13-pentadecadienal (C15), a 15-carbon aldehyde mimic of the 

second essential component of the sex pheromone; (ii) cyclohexanone (CYC); (iii) 
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linalool (LIN); (iv) methyl salicylate (MES); (v) cis-3-hexenyl proprionate (ZHP). 

Pheromonal components, dissolved in cyclohexane (COC), were used at 1 ng/µL applied 

to the filter paper; all other odorants, dissolved in mineral oil (COM), were used at 

10µg/mL. Due to time constraints, each preparation was tested with only three of the 

listed odorants, one of which was always BLD.  Preparations were tested at the beginning 

of each recording session to determine which odorants elicited the greatest responses in 

the units recorded from that animal.  Odor responses were only analyzed if they lasted 

throughout the entire treatment protocol.   

 

Pharmacology:  

Three NO inhibitors were tested in this study.  The NOS inhibitor, L-NAME 

(Sigma) was dissolved in physiological saline, raised to pH 6.9, and bath applied at 

several concentrations (100µM, 1mM, 10mM, 25mM, 50mM) to the entire brain.  The 

pH of L-NAME is acidic when added to saline, so raising the pH to physiological levels 

was necessary to rule out any effects of pH on AL neuron behavior (this had to be done 

daily, as the pH would drop again if the drug was allowed to sit overnight).  7NI (Sigma), 

another NOS inhibitor, was dissolved in dimethyl sulfoxide (DMSO), and then diluted in 

physiological saline to concentrations of 100µM, 250 µM, 500 µM, or 1mM.  The NO 

scavenger, cPTIO dissolved in saline, was also tested by both bath application and by 

pressure injection into the course neuropil.  

Two NO donors were tested in the study.  The NO donors SNAP (Sigma) and 

SPER (Katrina Miranda, UA) were dissolved in physiological saline and applied in nM 
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amounts to the brain through pressure injection at variable concentrations.  Degassed 

SNAP and SPER, left 72 hours, was used as a control. The half-life of both of these 

donors is around 2 hours, which is approximately half the length of an experiment.   

The sGC blocker, ODQ, was dissolved in DMSO, and then in physiological 

saline, and bath-applied to the entire brain at several concentrations (50µM, 100µM, 

500µM, 1mm).  

 

Multi-unit recording:  

Multi-channel silicon microprobe arrays (Anderson et al., 1989), supplied by the 

University of Michigan’s Center for Neural Communication Technology (CNCT; now 

privatized company called NeuroNexus), were used to record neuronal ensembles across 

the AL.  The probes (4x4_3mm50s) had four tines 150µM apart, with four recording sites 

per tine, each 25µM apart, allowing a total of 16 recording sites. Each recording site was 

9 x 12 µM.   

The multi-unit recording method and putative NO signaling pathway is described 

in Figure 2.1.  Specific details and protocols for bath application during multi-channel 

recordings on the system used in these recordings (the “Antarctica” setup in Room 608) 

can be found in Appendix A and Appendix B.  Also, a recent review of multi-unit 

recordings in insects provides helpful discussion on this recording method (Pawlowski et 

al., 2005).  
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Recordings began after the probes were inserted into the dorsal posterior AL, 

parallel to the antennal nerve.  The probes spanned most of the AL and typically included 

the macroglomerular complex (MGC) neurons in the first shank which was determined 

through histological or immunocytochemical techniques (see below).  The final depth of 

the probes was always to the top of the highest recording site (~400µM).  The brain was 



47

allowed to settle for a half hour before acquiring data to compensate for any activity 

which may have resulted from inserting probes into the brain. 

 Simultaneous multi-neuron activity was recorded as continuous sweeps from 16 

channels in a customized tetrode configuration and digitized at 20kHz (Tucker Davis 

Technologies (TDT), Alachua, FL). Using TDT OpenEx software, a voltage threshold 

was set for each channel in order to extract analog spike waveforms from the continuous 

recording.  The analog signals were then imported into clustering software (Off-line 

Sorter, Plexon, Dallas, TX) for statistical spike separation and classification by principle 

component or waveform analysis (see Appendix A for specific export methods from TDT 

to Plexon).  Clusters that were statistically separated in N-dimensional space (multiple 

ANOVA test at P<0.05) were used for further analysis.  Units were also excluded from 

further analysis if they were not active throughout the entire protocol, or if they were 

captured less than 100 times throughout each treatment.   

 All analyses were performed with Neuroexplorer (Nex Technologies, Winston-

Salem, NC) or with customized MatLab programs (Hong Lei, programmer; The 

Mathworks, Natick, MA).  For all bath application treatments, the activity of the neural 

ensemble was monitored continuously before, during, and after drug treatment.  The 

periods were: before the treatment (Before), after the treatment had been on the brain 3 

minutes (During 3), after the treatment had been on the brain 8 minutes (During 8), and 

after saline wash (After).  Statistical significance was determined using a two-way 

repeated measures ANOVA or a Friedman’s ANOVA if the data were not normally 

distributed, followed by a Tukey-HSD post hoc test for determining significance between 
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treatments.  Bursts were analyzed using Nex’s Burst Analysis, with the maximum 

interval algorithm (see Appendix A for analysis parameters).  Odor responses before, 

during A, during B, and after were also recorded and analyzed.  Responses were 

characterized in three ways using a customized MatLab program (see Appendix A).  

First, the number of spikes (#spikes) 500ms after the odor pulse was calculated.  Next, 

the net # spikes was calculated by subtracting the #spikes 500ms pre-stimulus from the # 

spikes 500ms post-stimulus and dividing by the # spikes pre-stimulus.  Finally, the 

interspike frequency during 500ms post-stimulus was calculated.  

For one SPER treatment, five pulses (each 250ms duration, 100ms inter-stimulus 

interval) of SPER and saline control were injected into the coarse neuropil (Appendix C). 

Lower durations and numbers of pulses had no effect and higher durations caused 

mechanical disturbance. The average rate of activity was calculated for 10s before, 

during, and after each treatment.   

 

Histological identification of recording sites: 

 Two methods were used for examining the location of the recording probes.  In 

some experiments, the brain was excised and fixed in 1-2% glutaraldehyde in 0.1M 

phosphate buffer to increase tissue contrast.  Brains were fixed overnight and then 

dehydrated with a graded ethanol series, cleared in methyl salicylate and then embedded 

in Spurr’s resin (Electron Microscopy Sciences, Ft. Washington, PA) in preparation for 

serial sectioning (Protocol in Appendix D).  Sections were cut at 50µM on a sliding 

microtome, and 3µM optical sections were collected with a Nikon PCM 2000 laser-
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scanning confocal microscope equipped with a Nikon E800 microscope and operated by 

Simple PCI software (C-imaging systems, Cranberry Township, PA).  This method 

revealed the probe marks as long as the sectioning was done perpendicular to the probe 

insertions, but the Spurr’s embedding was time consuming, so immunocytochemistry was 

used in many preparations to reveal the probe marks.  NOS immunolabeling has been 

found in all ORNs, and MsGCα1 immunolabeling has also been found in a large subset 

of the intrinsic neurons of the AL (Collmann et al., 2004).  Dual NOS / sGC 

immunocytochemistry, therefore, revealed the location of glomeruli in relation to the 

probe marks (Protocol in Appendix E).  Brains visualized for immunocytochemistry were 

fixed in 4% paraformaldehyde overnight, then embedded in agarose and sectioned with a 

vibrating microtome. Sectioned tissue was blocked with 5% normal donkey serum for an 

hour, and then primary antibodies were diluted in blocking solution and applied overnight 

at room temperatures at the following dilutions: NOS (Oncogene Research Products, 

Golden, CO), 1:140; MsGCα1 (Bethyl Laboratories, Inc., Montgomery, TX), 1:2500.  

The fluorescent secondary antibodies were applied the next day following wash at a 

1:250 dilution in blocking solution (FITC for NOS; Cy3 for sGC: Jackson 

ImmunoResearch).  Images were collected on the confocal in the same manner as the 

Spurr sections, and then false-colored and processed using Simple PCI software.  
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2.3 RESULTS 

 The complete results and analysis for the multi-unit recording experiments can be 

found in Appendix F.  Briefly, bath application of both L-NAME and 7NI, two NO 

synthesis inhibitors, caused concentration-dependent appearances of bursts followed by 

decreases in the resting activity of many AL neurons and their responses to odor.  The 

concentrations of L-NAME used to elicit effects were similar to previously published 

concentrations in other invertebrates (~10mM; Aonuma and Newland, 2001; Schuppe 

and Newland, 2004), however 7NI caused similar effects at lower concentrations 

(~500µM).  These results suggest that NO is necessary for maintaining the resting 

activity of many AL neurons.  Application of ODQ, an inhibitor of the binding site of NO 

on sGC, caused similar concentration-dependent decreases in resting and odor-evoked 

activity.   Other drugs, including, cPTIO and SNAP did not affect activity, while SPER 

affected the activity of one unit but only through pressure injection, and not bath 

application of the drug. 

 The results of these experiments indicated that NO levels could be manipulated by 

particular drugs in the Manduca brain and that AL neurons likely require NO for 

maintaining resting membrane properties.  Unfortunately, the decreases in resting activity 

were also coupled with significant decreases in the action potential waveform amplitudes 

of many neurons (Fig. 2.2).  At the beginning of an experiment, the height of the 

waveform is used to set a threshold level; anything over that threshold will be recorded, 

while anything below the threshold (including electrical noise) will not be captured. 

When 7NI, L-NAME and ODQ were applied, the amplitudes of many units decreased 
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below the threshold level.  This means that the waveforms of that unit were no longer 

captured even if the unit was still active.  Waveforms could still occasionally be captured 

on other channels (because the tetrode configuration used in these recordings acquires 

units across 4 channels), but this was uncommon.  The slope could still be calculated if 

the unit was captured in another channel, however this parameter also deviated from the 

pre-drug state (Fig. 2.2B).  Unfortunately, the peak width and height, as well as the slope, 

are often the easiest parameters in which to sort units.  However, when a unit showed 

such massive changes, sorting was difficult (Fig. 2.2C).   

While these results suggest that NO is causing changes in the membrane 

properties of the neurons, the effects cannot be directly analyzed.  Specifically, when the 

drug appears to cause a decrease in activity, it could mean that the unit was still firing but 

it was not being captured because it was sub-threshold or that the sorting was tainted by 

other units which showed similar decreases in amplitude or slope.  This caveat should 

also be noted for odor responses: if there was a decline in odor responsiveness during 

drug application, it could be due to a decrease in the waveform height and loss of unit 

capture.  

Despite these caveats, it is important to note that most units failed to show any 

resting or odor-evoked activity during high concentrations of all drugs.  Furthermore, 

both NO synthesis inhibitors and the sGC binding site blocker caused similar changes in 

activity including the appearance of bursts followed by sharp decreases in activity.  

Therefore, testing the efficacy and concentrations of these drugs through the use of 
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multiunit recordings was a necessary first step in understanding how NO is involved in 

olfactory function.  
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2.4 DISCUSSION 

Summary of Results: 

 This study examined the effects of several NO and NO signaling pharmacological 

agents, and more specifically examined whether NO blockade affected AL neuron 

activity through sGC-dependent mechanisms.  NO blockade with both L-NAME and 7NI 

caused significant changes in resting activity, including increased presence of burst 

activity followed by substantial decreases in firing rate in many units.  Decreases in odor-

evoked responses were also found when NO was blocked for all odors tested.  Both bath 

application and pressure injection of cPTIO, an NO scavenger, caused no changes in 

resting activity in any preparations.  Bath application of the NO donors SNAP and SPER 

also caused no changes in activity, but when SPER was pressure injected into the course 

neuropil, there was a concentration-dependent increase in activity in one unit.  Finally, 

sGC blockade with ODQ caused similar, concentration-dependent bursts and decreases in 

resting and odor-evoked activity, as seen during NO blockade.   

 

Comparing effects of NO blockers: 

 In any pharmacology study, it is important to show that the effects of the drug are 

through the hypothesized mechanism and not just a byproduct of adding an exogenous 

substance into the system.  Thus, three NO blockers were tested in this study.  Both 7NI 

and L-NAME inhibit NO synthesis, but through slightly different mechanisms (see 2.1 

Introduction). If NO is exerting its effects as a free radical, both NO synthesis blockers 

and NO scavengers should have similar effects. 
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 The results of this study found that both NO synthesis blockers caused unit 

bursting and decreases in resting and odor-evoked activity in similar, concentration 

dependent manners.  The concentration necessary to produce these effects was different 

for each drug, and the reversibility of each drug also varied.  L-NAME caused bursting at 

10mM concentrations and spike firing rate decreases at 25 and 50mM concentrations.  

The wash times for each concentration increased with increasing concentrations, but the 

effects were reversible.  7NI was effective at concentrations as low as 250µM, but 

showed maximum bursts and decreases during 500µM applications, and the effects 

consistently reversed within 10min for all concentrations.   

 cPTIO, however, caused no notable changes in resting activity.  One possible 

explanation for this result is that the effects observed were not through the NO free 

radical, but through other NO byproducts, such as peroxynitrates which are formed when 

the free radical combines with a superoxide.  This mechanism is unlikely because 

superoxides are tightly controlled by superoxide dimutases because of their toxicity.  

Another possibility is that the concentrations tested in this study were not effective.  Also, 

the cell membrane permeability of cPTIO is questionable; if, for instance, the effects of 

NO are within the ORNs where NO is produced, cPTIO application would cause no 

notable changes.  This explanation is probably also unlikely because sGC blockade 

caused similar effects as NO blockade, so the mechanisms for the effects are probably 

postsynaptic. One possible way to boost cPTIO’s effectiveness would be to dissolve it in 

DMSO, which has worked well in many systems.  
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NO/ sGC blockade comparison 

 sGC blockade and NO blockade appear to cause similar changes in resting 

activity including unit bursts at low concentrations and decreases in activity at high 

concentrations.  Both ODQ and 7NI seemed to be most effective at 500µM

concentrations, so these should be used for future experiments.  sGC is found throughout 

the AL in every glomerulus, but high levels have only been found in a subset of cells 

including most PNs, some GABAergic lateral cluster neurons (which could be PNs or 

LNs), and the serotonergic neuron (Collmann et al., 2004).  Therefore, some units 

recorded in this study likely did not contain sGC and would not be directly affected by 

sGC blockade although the activity could be affected indirectly as a result of intrinsic 

circuitry within the AL (i.e. if an sGC-containing cell synapses onto that neuron, and that 

neuron is affected by sGC blockade, the post-synaptic neuron activity could be modified).  

Future studies should be conducted with both NO and sGC blockers applied in one 

preparation, so the effects of each drug can be seen in individual units.   

 

Effects on odor activity: 

 Both NO blockers and the sGC blocker caused changes in odor responses, 

including decreases in # spikes and ISF.  The changes in resting activity precluded these 

changes, and thus the effects of NO on odor-evoked responses cannot be separated from 

the effects on the resting activity.  While we know that these neurons fire “spontaneous” 

action potentials, we do not know whether they reflect intrinsic activity in the system or 

responses to un-stimulated odors in the environment.  We do know that NO is produced 
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focally within the antennal lobe when odors are presented to the antenna (Collmann et al., 

2004), but this technique cannot measure baseline levels, since it is calibrated from 

baseline.  Therefore, NO blockade could be affecting the small amounts of NO produced 

at “rest” as a result of intrinsic tonic or un-stimulated activity.  To better understand how 

NO may affect odor responsiveness, addition of NO while stimulating with odor would 

be useful. 

 

NO donors:

The NO donors, unfortunately, did not cause any changes in resting activity when 

they were bath applied.  This may be a result of the inability of the NO donors to get into 

the glomerulus where signaling likely occurs.  This hypothesis is based on the hypothesis 

that the glial cells surrounding each glomerulus act as NO sinks.  If NO is produced 

within a given glomerulus from an individual odor component, the NO could diffuse 

throughout the AL if it did not have boundaries.  NO imaging shows that NO does not 

diffuse throughout the AL, rather, it stays within discrete areas.  Glial cells have been 

shown to be sinks for NO (Murphy, 2000; Thippeswamy et al., 2005), so when NO 

donors are exogenously applied from the exterior of the brain, the glial sheaths 

surrounding each glomerulus may bind up the free NO and not allow it to get into the 

glomeruli.  In the one preparation which showed effects to SPER pressure injection, the 

drug was injected into the course neuropil, where glial sheaths are not as abundant.  

Another possibility is that the concentrations used in this study were not effective.  
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Activity changes: putative mechanisms: 

 The resting and odor-evoked activity was affected by both NO synthesis blockers 

and the sGC blocker.  All of the drugs caused unit bursts, followed by a sharp decline in 

activity.  These effects indicate that NO likely causes drastic changes in neuronal 

excitability within the AL.  One target could be intracellular, with NO affecting ORNs 

directly, and then changing their ability to release neurotransmitter, which could cause 

burst-like activity in the post-synaptic cell.   There were also changes in the shape of AL 

neuron’s spike waveforms, which indicates that the postsynaptic neuron’s permeability to 

various ions was likely affected by NO blockade.   

Bursting can be caused by numerous mechanisms, including changing the 

permeability to Ca2+ or K+ ions in a cell.  If NO is targeting sGC, cGMP is produced; one 

downstream target of cGMP are cyclic nucleotide gated channels (CNGCs).  CNGCs are 

permeable to cations such as Na+ and Ca2+. If NO signaling was blocked, then there 

would be changes in the regulation of these CNGCs which may result in unit bursts.  NO 

has also been shown to directly modify K+ and Ca2+ ion channels through S-nitrosylation 

(Shin et al., 1997, Chen et al., 2002).  

In many neurons, unit bursting was followed by a decrease in spike waveform 

amplitude and a decline of firing rate.  The neuron’s ability to fire action potentials was 

likely affected, as many neurons showed no spiking activity at all during high 

concentrations of the drugs, but began firing when washed with saline.  Therefore, NO 

blockade likely caused reversible changes in the membrane potential of the cell, perhaps 
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hyperpolarizing it to the point of inactivity.  These hypotheses will be tested using 

intracellular recordings in Chapter 3 of this thesis.   

 

Problems / Pitfalls with multi-unit recordings and pharmacology: 

 The results of this experiment are hampered by the fact that NO blockers caused 

several changes that made unit identification difficult.  First, the waveform amplitude 

changes made sorting difficult. Waveform amplitudes may occur due to a variety of 

molecular changes within a cell, so future experiments with any drugs which may modify 

the intrinsic membrane properties of a cell should be designed with this problem in mind.  

The thresholds must be set low enough to capture any changes in the waveform 

amplitude, but not too low to capture noise.   

Another problem with using multi-unit recordings for examining the responses of 

NO manipulation, is that currently there are no measures for analyzing what type of units 

are being recorded.  The results from these experiments indicate that NO likely has 

diverse effects across neurons, so future experiments with multi-unit recordings will have 

to designed accordingly.  There also difficulties in setting thresholds properly to capture 

all spikes in an odor response, as the waveform amplitudes often change during the 

response.   

 Desheathing of the preparation was also done to ensure that the drugs were 

reaching the antennal lobe.  The desheathing process may have sufficiently damaged the 

preparation enough to cause the observed decreases in activity over time.  There could be 
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other factors, such as deterioration of cell membranes from DMSO exposure which could 

also cause a loss of vitality in the preparation.   

 Future studies using NO pharmacology can likely be done if these factors are kept 

in mind.  Fewer concentrations of drugs could be tested, for instance, which would 

decrease the time of the experiment.  Also, the drugs probably only need to be on the 

preparation 5min to cause effects, so this could cut down on the protocol time.  Finally, 

the experiment should be designed with specific questions in mind, and thus the 

parameters of the recording and the analysis can be coordinated better.  

 

Conclusions: 

 The original intent in this set of experiments was to determine the effectiveness of 

various NO donors and blockers across a wide variety of AL neurons.  Multi-unit 

extracellular recordings have been an effective tool for examining the best concentrations 

and drugs to use in future studies. These results have shown that at least two NO 

inhibitors, one sGC blocker, and probably one NO donor, are effective in the Manduca 

brain.   Future studies using multi-unit recordings will have to be designed carefully as to 

avoid several problems with data collection and analysis during NO manipulation.   

NO likely causes intrinsic changes in neuron excitability, as both resting and 

odor-evoked activity were affected during NO manipulation. To better understand the 

nature of these excitability changes, intracellular recordings were completed next 

(Chapter 3).  The results presented in this chapter were crucial for understanding the 

efficacy of various NO drugs and concentrations in the Manduca brain. 
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CHAPTER 3. NITRIC OXIDE AFFECTS MANDUCA SEXTA ANTENNAL 

LOBE NEURON CONDUCTANCE THROUGH BOTH SOLUBLE-GUANYLYL 

CYCLASE-DEPENDENT AND –INDEPENDENT MECHANISMS 

3.1 INTRODUCTION 

Nitric oxide (NO) is now recognized as an important modulator of several 

neuronal processes including olfaction (reviewed in Breer and Shepherd, 1993; 

Garthwaite and Boulton, 1995; Prast and Philippu, 2001). Nitric oxide synthase (NOS) or 

NADPH diaphorase staining is highly expressed in every olfactory system where it has 

been examined (Bredt et al., 1991; Elphick et al., 1995; Müller and Hildebrandt, 1995; 

Hopkins et al., 1996; Kendrick et al., 1997; Alonso et al., 1998; Nighorn et al., 1998; 

Fujie et al., 2002).  A well-characterized target of NO, soluble guanylyl cyclase (sGC) 

has also been found in olfactory neurons (Bicker et al., 1996; Hopkins et al., 1996; 

Kendrick et al., 1997; Elphick and Jones, 1998; Nighorn, et al., 1998; Collmann et al., 

2004; Fujie et al., 2005).   

Recent evidence in the hawkmoth, Manduca sexta, suggests that NO is produced 

in the antennal lobe (AL; invertebrate olfactory bulb) in response to odor stimulation 

(Collmann, et al., 2004).  A fluorescent NO-sensitive dye, DAF-FM, was used to detect 

changes in levels of NO.   The patterns of NO production were spatially focused and 

depended on the identity and concentration of the odor stimulus.  The results were similar 

to Ca2+ imaging findings using the same odors (Hansson, et al, 2003). In Manduca, NOS 

is found in the ORNs while sGC has been localized to a variety of secondary neurons 

including many projection neurons (PNs), some GABAergic neurons (possibly local 
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interneurons (LNs) or PNs), and the serotonin-immunoreactive neuron (5HT-ir) 

(Collmann, et al., 2004).  Therefore, NO is produced when a particular set of ORNs are 

stimulated, and then it likely diffuses throughout the glomerulus where it can interact 

with both sGC and non-sGC-containing targets. 

Currently, the function and targets of NO in any glomerular olfactory system are 

unclear.  The second chapter of this thesis used extracellular ensemble recordings to 

begin characterizing the effects of blocking NO and sGC in AL neurons.  The responses 

to both NO and sGC blockade appeared to be similar, but there was considerable 

variation across neurons, and the drugs were also causing changes in the waveform 

amplitude, which made sorting and analysis difficult.   

Therefore, the primary aim of this study was to examine the effects of NO on 

olfactory processing in individual neurons so the intrinsic properties of each neuron could 

be directly measured. In some neurons, NO synthesis was blocked and the effects on the 

odor response were measured.  To determine whether NO was acting on sGC to exert its 

effects, the binding site of NO on sGC was blocked, and the effects were compared to 

NO blockade across preparations, or in a few cases, in the same preparation.  Dye-filled 

neurons were also examined for MsGCα1 immunoreactivity to try and correlate any 

effects to the presence or absence of sGC.   

Both NO and sGC blockade caused profound effects on the resting activity and 

changes in the resting membrane conductance in both PNs and LNs.  Furthermore, the 

odor-evoked responses were diminished or disappeared when NO or sGC was blocked.  

Several neurons modified by NO blockade did not contain detectable levels of sGC 
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immunoreactivity, and the effects of NO and sGC blockade were not equivalent in the 

same neuron.  These results suggest that NO may act on either sGC-dependent or –

independent signaling mechanisms to modulate membrane conductance and subsequent 

processing of olfactory information.   

 

3.2 MATERIALS AND METHODS 

Preparation:  

Manduca sexta (L.) (Lepidoptera: Sphinigdae) were reared on artificial diet in the 

laboratory from eggs.  Two to four day old males were dissected and prepared for 

intracellular recordings by established procedures (Christensen and Hildebrand, 1987). 

Following dissection, the antennal lobe (AL) was desheathed with fine forceps, and 

physiological saline (containing in mM: 150 NaCl, 3 CaCl2, 3 KCl, 10 N-tris 

[hydroxymethyl]methyl-2-aminoethanesulfonic acid buffer, and 25 sucrose, pH 6.9; 

Christensen, et al., 1993) was superfused across the brain continuously (~1mL / min).   

 

Stimulation and recording:

Once the neuron’s activity stabilized, its responses to a variety of stimulus types 

were measured (see Appendix G for a complete description of the intracellular recording 

protocol).  First, electrical shock was applied to the antennal nerve (AN) through silver-

wire hook electrodes, and the neuron’s response to 10 pulses at 1Hz was measured.  Next, 

hyperpolarizing and depolarizing current were injected into the neuron, and the voltage 

change was measured in order to calculate input resistance and membrane conductance of 
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the neuron.  The resting membrane potential of the neuron and the amplitude of the 

neuron’s action potential were also measured throughout the recording.   

 

Olfactory Stimulation: 

The method of stimulus delivery has been described in detail (Christensen and 

Hildebrand, 1987), with some minor modifications. A constant air stream flowed over the 

antenna and was positioned 2cm away from the antenna on the ipsilateral side of the 

antennal lobe being recorded.  Odor stimuli occurred when a solenoid controlled by 

computer (Tucker Davis, RP2 stimulator, Osceola, FL) allowed another air stream to 

flow into an odor-containing syringe, with the tip of the syringe positioned within the 

constant air stream.  Each syringe contained an odorant on a piece of filter paper.  Most 

odor stimuli consisted of two pulses each 200ms, with a 5s interval between pulses. The 

olfactory stimuli used were: (i) E,Z-10,12-hexadecadienal (Bombykal, BAL), the primary 

16-carbon aldehyde component of the female’s sex pheromone; (ii) E,Z-11,13-

pentadecadienal (C15), a 15-carbon aldehyde mimic of the second essential component of 

the sex pheromone; (iii) a 1:1 mixture of BAL and C15 (blend; BLD); (iv) linalool (LIN; 

Sigma); (v) methyl salicylate (MES; Sigma); and (vi) hibiscus oil (HIB; Select Oils, 

Tulsa, OK). Pheromonal components, dissolved in cyclohexane (COC), were diluted to 

10 ng/µl (BLD 10) or 20ng/µL (BLD 20); all other odorants, dissolved in mineral oil 

(COM), were diluted to 10µg/µL, except hibiscus oil which was not diluted (used as a 

positive control for odor responses among plant-volatile receptive neurons).  Both 
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vehicles (COC, COM) were also tested as controls, although some neurons were 

responsive to COC. 

 

Pharmacology: 

The NOS inhibitor, N-Nitro-L-arginine methyl ester (L-NAME; Sigma) was 

dissolved in 0.5 % dimethyl sulfoxide (DMSO) and physiological saline, raised to pH 

6.9, and bath applied at the minimal effective dose as determined by previous 

extracellular recording experiments (15Mm, on in one case, 100µM). 7-Nitroindazole 

(7NI; Sigma) and the sGC blocker, 1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one (ODQ; 

Sigma), were also dissolved in DMSO and physiological saline at a concentration of 

500µM.  All drugs were bath-applied to the entire brain at 1mL/min (Fig. 3.1). 
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Intracellular Recordings: 

Sharp glass borosilicate capillary electrodes (1mM outer diameter, 0.75 or 0.58 

mm inner diameter; Sutter Instruments, Novato, CA) were made on a laser puller (P-

2000; Sutter Instruments).  For a majority of the recordings, the tip of the microelectrode 

was filled with a 3% solution of Lucifer yellow dye in 0.2M LiCl and the shaft was filled 

with 2M LiCl (some electrodes were filled with 2M KCl; electrode resistances ranged 

from 50-500MΩ).   The electrode was then placed into the AL, and recordings were 
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obtained from coarse neurites in which synaptic potentials were readily detectable and 

responded to injected current (Fig. 3.1, described in Christensen, et al, 1998).  All 

recordings were amplified (10x with Dagan Instruments IX2-700, Minnesota), monitored 

on an oscilloscope, digitized at 20 kHz (using Digidata 1200 series Interface, Axon 

Instruments, Foster City, CA) and Axoscope software (Axon Instruments).  The data 

were analyzed with custom-made programs written in MatLab (The Mathworks, Natick, 

MA; Carolina Reisenman, Hong Lei, Jinhui Zhang, programmers, University of 

Arizona).   

 

Morphology and immunocytochemistry:

Following physiological characterization and drug application, neurons were 

injected with LY by passing hyperpolarizing current (0.2-1nA) for 3-10 minutes.  The 

duration of intracellular recordings was variable, but were, at a minimum 15 minutes (to 

allow for the drug application and wash), and at a maximum 90 minutes (when two drugs 

were applied and washed).  After the experiments were completed, the brain was excised 

and immersed in 2.5% formaldehyde fixative solution, pH 7.2, for at least 3 hours, 

dehydrated through a graded series of ethanol solutions, and cleared with methyl 

salicylate (Sigma-Aldrich; for Protocol, see Appendix H).  Cleared brains were imaged as 

whole mounts (optical sections, 2-3µM thick) with a laser-scanning confocal microscope 

(either a Nikon PCM 2000, equipped with a 457 nm argon laser or a Zeiss 510 Meta 

LSCM with argon laser, 458 line, LY filters) and operated by either Simple PCI software 

(C-Imaging Systems, Cranberry Township, PA) or Zeiss 510 Meta, version 3.2 software 
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(Germany). Images were processed and false-colored with Simple PCI software or Corel 

Photopaint (Kodak, Rochester, NY).  Once the morphology of the neuron was 

characterized, the brain was rehydrated through a graded ethanol series, washed with 

PBS, embedded in agarose, and sectioned with a vibrating microtome (100µM thick 

sections).   Sectioned tissue was blocked with 5% normal donkey serum in 0.5% TritonX-

100 in PBS for one hour at room temperature.  The Anti-M. sexta sGC α subunit 1 

(MsGCα1) custom polyclonal antiserum (Bethyl laboratories Inc., Montgomery, TX) 

against the peptide CIREALKDYGIGQANSTDVDT was applied to the sections 

overnight at room temperature (1:2500).  The following day, the sections were washed 

and donkey anti-goat Cy3 secondary antibody (Jackson ImmunoResearch, West Grove, 

PA) was applied at 1:250 in blocking solution either overnight at 4ºC or 4 hours at room 

temperature. Sections were mounted in 60% glycerol in PBS and imaged on the laser-

scanning confocal microscope, and false-colored with Simple PCI software.  

 

Data analysis:

All means are reported in ± SEM.  Resting activity was calculated by measuring 

the mean firing rate / s for 10s of spontaneous, non-evoked activity.  If spontaneous 

activity was not recorded, the resting activity was calculated during a blank odor control 

which did not elicit a change in response.  Bursting neurons were found to have similar 

characteristics which allowed for analysis of bursts across neurons. Burst activity was 

calculated by measuring interspike intervals: if a neuron fired >2 times with an interspike 

interval of < 50ms, the activity was considered a burst.  The # bursts / s, burst latency, # 
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spikes / burst, and inter-burst latency was calculated over the 10s resting activity period.  

The net # spikes (N) during an odor response was calculated by totaling the # spikes 

during 1s after the stimulus onset, then subtracting the #spikes 1s before the stimulus 

onset.   

 

3.3 RESULTS 

I. Effects of NO blockade on PNs: 

The resting-state activity of PNs was modified by NO blockade:  

Intracellular recordings during NO blockade (with saline washes) were completed 

for 14 PNs with 500µM 7NI and 2 PNs with L-NAME (Table 3.1).  In all 16 PNs, the 

resting activity was modified by NO blockade (Table 3.1, Fig. 3.2B, D).  In several PNs, 

the increased firing rate was marked by bursts of action potentials (n = 9; 56%; some PNs 

fired bursts but did not show significant changes from baseline levels). In PN1 and 

several other PNs, the bursts were coupled with a depolarized resting membrane potential 

(RMP; n = 3/16; 19%) and a decrease in the amplitude of the action potential (AP Amp; n 

= 4/16; 25%; Fig. 3.2A). The RMP and AP Amp were difficult to compare across time in 

most neurons due to the natural variability of the recording, therefore the only results 

reported here are when the recording was stable throughout the entire protocol. The burst 

parameters were rhythmic and regular in each neuron, but varied slightly across neurons 

(mean across neurons: bursts / s = 0.49 ± 0.2 burst / s; inter-burst latency = 650 ± 420ms; 

and burst duration = 79 ± 30ms).  L-NAME also caused bursts in at least one neuron, but 

the recording was lost before the response could be reversed by saline wash (data not 
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shown).  In the remaining three PNs (PN8, PN12, PN14), NO blockade caused a decrease 

in firing rate.  PN12 had arborizations in multiple glomeruli, so its response 

characteristics to NO blockade may be different than PNs that innervate a single 

glomerulus. 

Following recording, Lucifer yellow (LY) dye was injected into 9 of the 16 PNs 

so the morphology of the cell could be examined.  The arborizations of PN1, for example, 

were located in a glomerulus in the medial portion of the AL (Fig. 3.2C; first panel).  In 

order to examine the possibility that sGC-dependent mechanisms could be responsible for 

the changes in activity during NO blockade, the LY-stained brains were sectioned and 

then labeled with the MsGCα1 antibody (Collmann, et al., 2004).  PN1 contained 

detectable levels of sGC immunoreactivity (sGCir; Fig. 3.2C) indicating that NO could 

have exerted its effects through sGC-dependent mechanisms in this PN.  Only 20% (2/5) 

of the filled PNs that exhibited bursting contained detectable levels of sGCir.  PN2, 

which showed increases in activity (Fig 3.2B) was not filled.   
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TABLE 3.1. EFFECTS ON PN ACTIVITY: NO BLOCKADE 

Neuron  
#

PN 
1

PN 
2

PN 
3

PN 
4

PN 
5

PN 
6

PN
7

PN
8

Drug 
 

7 7 7 7 7 7 7 7

sGCir 
 

+ nf - nf - nf - - 

Rest 1 2 3 4 5 6 7 8 
Rate / s 

 
ns ↑* ns ns ↑** 

 
↑* nt ns 

Bursts /s ↑* ↑** 
 

↑** 
 

no ↑** 
 

↑** 
 

nt ↑*
nw 

AP amp 
 

↓** ns ns ↓** ns ↓** ns ns 

RMP 
 

↑* ns ↑** 
 

ns ns ns ↑** 
 

ns 

EAG 
Spikes 

↑** 
 

ns ns ns ns ns ↑** 
 

ns 

Evoked 1 2 3 4 5 6 7 8 
∆g ↓** ↓* ns ↓** ns ↓* ↓* ns 

Hook 
 

↓** 
l

ns ↑** 
l

NR
*

ns ↓** 
l

ns ns 

Odor 1 2 3 4 5 6 7 8 
NR Odor 0/4 1/1 2/2 nt 4/4 2/3 nt nt 
∆ Odor 

 
4/4     1/3   

∆ Delay 
 

2↑2
↓

↑

∆ ISF 4↑
↓ 2↓ 4↓

↑
2↓

∆ Net  # 
 3↓ ↓ 2↓ 4↓

↑
2↓

∆ Duration  
4↓

↑

(Continued, next page)
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TABLE 3.1. EFFECTS ON PN ACTIVITY: NO BLOCKADE, Continued 

Neuron  
#

PN
9

PN
10 

PN
11 

PN
12 

PN
13 

PN
14 

PN
15 

PN
16 

Drug 
 

7 7 7 L L 7 7 7

sGCir 
 

nf nf nf + 
☼

+ - + nf

Rest 9 10 11 12 13 14 15 16 
Rate / s 

 
ns ns ↑* ↓** ↑** 

 
ns ↑** 

 
↑** 

 
Bursts /s ns no no no no ns ↑** 

 
no 

AP amp 
 

ns ns ns ns ns ns ns ↓** 

RMP 
 

ns ns ns ns ns ns ns ↑** 
 

EAG 
Spikes 

↑** 
 

ns ns ns ns ns ns ns 
 

Evoked 9 10 11 12 13 14 15 16 
∆g ↓** 

nw 
↑** 

 
ns ↓*

nw 
↓*
nw 

ns ns ns 

Hook 
 

ns ns ns ↑** 
l

↓*
l

ns ns ↓*
l

Odor 9 10 11 12 13 14 15 16 
NR Odor 1/1 0/1 nt 1/5 0/3 0/3 nt nt 
∆ Odor 

 
1/1  4/5 1/3 3/3   

∆ Delay 
 

↓ 3↑1
↓

↑ 2↑1
↓

∆ ISF 
↓

↑ 2↑3
↓

1↑2
↓

∆ Net  # 
 ↓

↑
4↓

↑
2↓

∆ Duration  
↓

1↑3
↓

3↑

Table 3.1. The responses (left column) of each PN (top row) in this study during NO 
blockade. The drugs used to block NO are listed below each PN (7 = 7NI; L = L-NAME).  
If the PN contained sGC-immunoreactivity (sGCir) it was positive (+), otherwise it was 
negative (-).  All PNs innervated a single glomerulus, except PN12 which had 
arborizations in several glomeruli (☼).(Continued, next page) 
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Table 3.1, continued. Some neurons were not dye filled (nf). For all of the responses, an 
upward arrow (↑) indicates an increase in that parameter, and a downward arrow (↓)
indicates a decrease.  An asterisk (*) indicates the level of significant difference from  
the pre-drug state as determined by a repeated measures ANOVA and tukey’s post-hoc 
test (* p <0.05; ** p <0.01; ns = p >0.05; nt = not tested; no = no response found; nw = a 
significant change which did not return to pre-drug levels after wash). For the evoked 
responses, some neurons failed to respond during NO blockade (no response = NR). 
Hook responses were also typically manifested as changes in latency (l). For odor- 
evoked responses, several odors were tested in each neuron; some neurons showed NR to 
all odors or some odors, while some showed changes in the odor response (∆ odor) 
including change in the delay, peak instantaneous spike frequency (ISF), net # spikes,  
and duration of the response (ISF and net # were also measured when there was NR). 
Significant changes were not measured for the odor responses, as only 2 presentations of 
each odor were given; all changes were >20% from pre-drug levels. PNs 14-16 were also 
bath applied with ODQ (see Table 3.2 for comparison).  
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PN activity changes were caused by a decrease in membrane conductance: 

 The rate of bursting during NO blockade increased dramatically across PNs (Fig. 

3.3A).  What could be the reason for these changes in activity?  Downstream targets of 

NO include sGC and its downstream signaling components including cGMP, which, 

along with cAMP, can open cyclic nucleotide gated channels (CNGCs) and allow for an 

influx of depolarizing ions into the neuron.  Several ligand-gated ion channels including 

CNGCs have also been shown to be affected directly by NO independent of sGC through 

S-nitrosylation (Broillet and Firestein, 1996; Shin, et al., 1997; Castel and Vaudry, 2001; 

D'Ascenzo, et al., 2002; reviewed in Ahern, et al., 2002).  In any of these scenarios, NO 

production could lead to modifications in the resting membrane conductance of a cell.   In 

order to test whether NO was causing changes in conductance in PNs and also to 

understand the mechanism behind the resting activity changes, the resting membrane 

conductance was calculated by injecting known current steps into PNs and measuring the 

resulting voltage changes. PN1, for example, was injected with 9 current pulses before, 

during, and after NO blockade (Fig. 3.3B, C).  A hyperpolarizing and depolarizing 

current injection of 0.2nA caused a 22mV shift in voltage before NO blockade, but a 

40mV shift after (Fig. 3.3B).   The overall membrane conductance decreased and the 

resting membrane potential also was depolarized 4mV during NO blockade in PN1 (Fig. 

3.3C).  The mean conductance of all PNs was calculated, and a significant decrease in 

conductance was found (Fig. 3.3D).  The conductance began to return to pre-drug state 

after wash, although the average conductance after wash was not significantly different 

than the pre-drug state.   
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These results suggest that a low level of NO may be produced tonically in the AL 

which modulates the resting activity of PNs by maintaining their resting membrane 

conductance.  The mechanism may be independent of sGC signaling in some neurons, as 

most PNs which showed changes in conductance did not contain sGCir.   Alternatively, 

sGC effects on the underlying circuitry may also be important for modifying input to 

PNs. 

 

Evoked responses in PNs disappeared or were diminished when NO was blocked:  

 When ORNs are activated by odor or electric shock, they likely release 

acetylcholine (ACh) which binds to nicotinic-ACh receptors on both PNs and LNs 

(nAChRs; Waldrop and Hildebrand,1989).  Odor presentation to ORNs also causes NO 

production in the AL (Collmann et al., 2004).  Currently, it is unknown whether AN 

shock, like odor presentation, also causes the production of NO in the AL.  AN shock 

likely causes global release of NO in the AL, as depolarization caused by shock of the 

ORNs could allow for sufficient increases in intracellular calcium levels to activate NOS.  

One focus of this study was to understand whether the responses to evoked activity are 

modified when NO is blocked, so this was first tested by stimulating the AN repetitively 

with quick shocks (10 shocks at 1hz) and observing the effects during NO blockade.  In 

most PNs (n = 9), despite changes in the resting activity, the latency and amplitude of the 

response to AN shock was unchanged during NO blockade.  Several PN’s responses to 

shock changed with the loss of NO (Fig. 3.4).  4 PNs had a decreased latency to response 

(Fig. 3.4A) (mean change = 9.5 ± 4.3ms), two PNs had an increased latency (Fig. 3.4B)
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(mean change = 0.66 ± .53ms), and one PN failed to respond during NO blockade (Fig. 

3.4C).  These results suggest that the ability of several PNs to respond to presynaptic 

input was compromised when NO was blocked.  

 

In order to determine whether NO blockade affected odor-evoked activity as well, 

the responses of PNs to individual odors or odor blends were measured during NO 

blockade. Two, 200ms pulses (5s, inter-pulse-interval) of various odors were presented to 



78

the antenna before, during, and after NO blockade and changes in several parameters 

were measured.  In many PNs (n = 6 /10; 60%), the response to odor completely 

disappeared when NO was blocked (Fig. 3.5A, C).  In PN3, stimulation with COC caused 

an increase in action potentials (mean = 6.4 net spikes for 2 stimuli), followed by an 

after-hyperpolarization phase where no spikes were present.  After NO was blocked, the 

response to odor was missing, with the spikes continuing similarly to the pre-stimulus 

rate (mean = -1 net spikes for 2 stimuli), and there was no obvious after-

hyperpolarization phase.  A response histogram shows that there was a significant loss of 

responses in these PNs to odor (Fig. 3.5C; 2 PNs had inhibitory responses to NO, which 

were not included in the figure).  Four parameters of the odor response were also 

calculated from the average of the two odor stimuli before, during, and after the drug 

application: Delay to the odor response (D); Peak instantaneous spike frequency (P or 

peak ISF); Net # of spikes (N); and Length of response (L; or duration).  All neurons that 

did not respond to odor during NO blockade also had at least a 20% decrease in peak ISF 

and net # spikes (the delay and length could not be measured if there was no response 

(X)). There was no correlation with sGCir and the ability of the PN to respond to odor 

when NO was blocked.   
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There were also several neurons which still responded to odor after NO blockade, 

but the response changed dramatically (Fig. 3.5B, D).   In PN1, the response to odor was 

a typical tri-phasic response with an inhibitory potential (I1), preceding an excitatory 

phase of spikes, and then post-excitatory hyperpolarization phase (I2) (Christensen and 

Hildebrand, 1987).  After NO was blocked, the excitatory phase remained, while both 

inhibitory phases disappeared.  Also, the amplitude of the spikes decreased.  Other PNs 

showed similar changes in odor responses, although the changes in the different 

parameters varied slightly depending on the neuron and odor (Fig. 3.5D).   
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NO may be involved in encoding the strength of the odor response in PNs: 

 NO is produced in a concentration-dependent manner when odor is presented to 

the antenna (Collmann, et al., 2004).  Therefore, NO production, along with increased 

ACh release, could play a role in encoding the strength of the stimulus in an AL neuron 

by causing a concentration-dependent increase in conduction in the neuron.  In one PN in 

this study, evidence for this was found (Fig. 3.6).  20ng BLD was applied to PN6 (Fig. 

3.6A), and the response was a strong excitatory bout of spikes (peak ISF = 75), followed 

by an after-hyperpolarization phase.  As typical for MGC PNs (Christensen and 

Hildebrand, 1987), the lower 10ng concentration caused a less intense excitation than 

20ng BLD and a decreased peak ISF (63Hz) (Fig. 3.6B). Following NO blockade, the 

response to 20ng changed dramatically with an increase in firing rate (peak ISF = 94) and 

two bouts of spikes. The PN failed to respond to 10ng completely, even though it 

responded to the higher concentration.  The net # of spikes was averaged for both 

concentrations for two stimuli before, during, and after NO blockade (Fig. 3.6C).  While 

the net # spikes for 20ng BLD increased during NO blockade, the net # spikes for the 

lower concentration was below zero.  Also, the conductance of PN6 decreased during NO 

blockade.  Therefore, an NO-dependent change in conductance may be necessary in for 

encoding lower concentrations of odor in some PNs.  
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II. Effects of sGC blockade on PNs: 

The resting-state activity of PNs was modified by NO blockade:  

The next goal of the study was to determine whether NO targets sGC-dependent 

mechanisms to exert its effects. Intracellular recordings during sGC blockade (with saline 

washes) were completed for 7 PNs with 500µM ODQ (Table 3.2).  In all 7 PNs, the 

resting activity was significantly modified by sGC blockade, but both increases and  

decreases in activity were observed (Table 3.2, Fig. 3.7E).  Two neurons were recorded 

long enough to apply both NO and sGC blockers and obtain saline washes (Fig. 3.7A-D).  

In PN15, 7NI application caused strong burst-like activity (mean of 2.4 bursts / s) and an 

increased average firing rate (Fig. 3.7A).  The response partially washed out (bursts were 

still present, but not as extreme), and then 500µM ODQ was applied (Fig. 3.7B).  Within 

minutes, the neuron began to show burst-like and increased activity, but the time between 

bursts was greater during sGC blockade (inter-burst interval = 350ms for 7NI; 600ms for 

ODQ).  Both drugs also caused a decrease in conductance (not significant), although the 

recording was lost before the conductance could be measured after ODQ wash. The 

neuron was also labeled with sGC antibody and was found to have detectable levels of 

sGCir, so these changes could be due to sGC-signaling in that PN.   

PN16 had an increase in activity when NO was blocked (Fig. 3.7C), that was 

mimicked by sGC blockade (Fig. 3.7D). PN16 also had an increased RMP and 

conductance (not shown) during both drug applications, but the conductance did not 

return to baseline levels after wash.    
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TABLE 3.2. EFFECTS ON PN ACTIVITY: sGC BLOCKADE 

Neuron  
#

PN 
14 

PN 
15 

PN 
16 

PN 
17 

PN 
18 

PN 
19 

PN 
20 

Drug 
 

O O O O O O O

sGCir 
 

- + nf + + - -

Rest 14 15 16 17 18 19 20 
Rate / s 

 
↓* ↑** 

 
↑** 

 
↓* ↓** ↓* ↑*

Bursts /s ↓* ↑* no 
 

no ↑** 
 

↓* no 

AP amp 
 

ns ns ↓* ns ns ns ns 

RMP 
 

ns  ns ↑** 
 

ns ↑** 
 

ns ns  

EAG 
Spikes 

no 
 

no 
 

no 
 

no 
 

no 
 

no 
 

no 
 

Evoked 14 15 16 17 18 19 20 
∆g ↓* ns ns ns ↓** ↓** ↓** 

Hook 
 

ns ↑*
E;  

↓*
l

NR* ns ns ↓** 
l

Odor 14 15 16 17 18 19 20 
NR Odor 0/3 nt nt 1/3 3/3 0/3 1/3 
∆ Odor 

 
3/3   2/3  3/3 2/3 

∆ Delay 
 

2↑↓ 2↑ ↑
↓

↑
2↓

↑
↓

∆ ISF 
↓ 3↓

↑
2↓ 3↓

↑
2↓

∆ Net  # 
 3↓ 3↓ ↓

↑
↓ 2↓

∆ Duration  
3↓ 2↓ 2↓

3↑
2↓

Table 3.2. The responses (left column) of each PN (top row) in this study during sGC 
blockade. ODQ (O) was used to block sGC signaling. In PN15, the response to shock of 
the AN (hook) caused only excitatory potentials (E) before sGC blockade, which changed 
to action potentials after the drug was applied (it did not wash out, see Figure 3.8A). See 
Table 3.1 for explanation of other symbols.  PNs 14-16 were also bath applied with 7NI 
(see Table 3.1 for comparison).  
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sGC blockade did not cause significant increases in bursts / s, as seen during NO 

blockade (Fig. 3.7F).  This provides further evidence that the bursting activity is likely 

through a sGC-independent mechanism in most neurons, although, as seen in PN15, 

blocking sGC can also cause PN bursting.  The bursts were not as strong during sGC 
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blockade, which suggests that two different mechanisms could be causing the bursts, or 

that the concentration and effects of each drug are slightly different. sGC blockade also 

caused the resting membrane conductance of the PNs to decrease (Fig. 3.7G), as was 

found for NO blockade.   These results suggest that both sGC-dependent and sGC-

independent changes in conductance may be regulated by NO in PNs. 

 

sGC blockade affected evoked responses in PNs similar to the effects seen with NO 

blockade:  

 While bursts are likely caused by sGC-independent mechanisms in some PNs, the 

resting activity effects of NO may be mediated by sGC-dependent signaling in some PNs, 

as shown for PN15 and PN16. Are the evoked responses also affected through sGC-

dependent mechanisms?  PN15’s response to nerve shock changed from an excitatory 

potential to an action potential during sGC blockade, but the response did not return after 

saline wash (Fig. 3.8A). ODQ application caused PN20 to respond immediately to the 

shock; typically this quick excitatory response is masked by inhibitory input onto the PN.  

Blocking sGC may have affected the activity of a presynaptic LN, which would cause a 

loss of inhibition onto the PN (Fig. 3.8B).   PN17 had no response to electrical 

stimulation of the AN during sGC blockade (Fig. 3.8C).   
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Odor-evoked activity was also affected during sGC blockade. Like NO blockade, 

sGC blockade caused 2 PNs to have no response to odor (Fig. 3.9A, C).  In PN18, there 

was a strong excitatory response to HIB with a net increase in activity (peak ISF = 68Hz; 

net # spikes = 18.2).  After sGC blockade the neuron did not spike, rather, it had only an 

excitatory potential.  The response washed out after saline wash. The response to MES in 

PN18 was also missing (the neuron did burst a bout of action potentials, although this 

was unlikely a response). Interestingly, PN18 also responded to BLD with a 780ms 

hyperpolarization or inhibitory potential (not shown).  After NO was blocked, the 

response switched to a 500ms excitatory potential, like that seen for HIB, and then 

returned to a hyperpolarization after wash.  These results suggest that some inhibitory 
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input onto the neuron may have been lost during sGC blockade, which turned the 

inhibitory potential to an excitatory potential for BLD. The neuron contained detectable 

sGCir, so these effects may have also been mediated through a change in the 

conductance. In fact, sGC blockade caused a decrease in conductance in PN18, so the PN 

may have been unable to reach the threshold necessary to produce action potentials. One 

other neuron (PN17; Fig. 3.9C) did not respond to C15 when sGC was blocked, and it 

also contained sGCir.   
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Several other PNs showed modified responses to odor when sGC was blocked 

(Fig. 3.9B,D).  The MGC cumulus PN19 still responded to C15 after sGC was blocked, 

but both inhibitory phases of the odor response were modified (Fig. 3.9B). The I1

completely disappeared (Fig. 3.9B, inset), and the duration of the I2 was reduced.  Both 

parameters returned after saline wash.  This neuron did not contain detectable levels of 

sGCir, indicating the possibility that sGC blockade was affecting GABA release from an 

LN presynaptic to this neuron (Waldrop et al., 1987; Christensen et al., 1993; 1998a; 

1998b).  The average rate of all PNs showed a significant decrease in net # spikes during 

sGC blockade (Fig. 3.9D).   

These results suggest that NO likely works through sGC-signaling in many PNs to 

alter their resting state by modifying their membrane conductance.  This in turn, affects 

the PN’s ability to respond to evoked, presynaptic input.  
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NO may be acting on sGC-independent targets in some PNs: 

 Most of the effects observed during NO blockade have also been observed during 

sGC blockade in some PNs. In PN14 NO and sGC blockers were both applied (Fig. 3.10) 

and there were discernable differences in the resting and odor-evoked activity from each. 

When 7NI was applied (Fig. 3.10A), the neuron began to burst at a high rate (mean = 4.5 

bursts / 10s), while sGC blockade (Fig. 3.10B) caused no burst-like activity.  The odor-

evoked activity from this cumulus MGC PN also showed a double burst response to C15 

(Fig. 3.10C) similar to the response seen in PN6 during NO blockade (Fig. 3.6A).  sGC 

blockade did not cause this type of response (Fig. 3.10D), although there was an increase 

delay to onset, indicating that the circuitry presynaptic to this neuron could have been 

affected through sGC-dependent mechanisms.  Also, this neuron did not contain sGCir 

(Fig. 3.10E). Therefore, some PNs do not contain sGC, and are therefore not affected 

directly by NO through sGC signaling mechanisms.  Alternatively, NO may modulate 

sGC-containing neurons presynaptic to these PNs, and thus alter and shape the 

postsynaptic PN’s response to odor.  
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III. Effects of NO blockade on LNs: 

The resting-state activity and conductance of LNs was modified by NO blockade:  

Intracellular recordings during NO blockade (with saline washes) were completed 

for 6 LNs with 500µM 7NI and 2 LNs with L-NAME (Table 3.3).  In 6 LNs, the resting 
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activity was significantly modified by NO blockade, but both increases and decreases in 

firing rate were found (Table 3.3, Fig. 3.11).  The most severe change included the 

disappearance of all resting activity during L-NAME application (Fig. 3.11A).  LN6 

contained no detectable levels of sGCir (Fig. 3.11D) so the effects were likely sGC-

independent.  In fact, of the 7 NO-blocked LNs filled, only LN3 contained detectable 

sGCir. LN7 and LN8 also had a significant decrease in activity after 7NI application 

(Table 3.3), but still fired action potentials, unlike LN1.  The remaining LNs (n = 5; 

68%), had an increase in activity when NO was blocked (Fig. 3.11B, E) including 

strange, seizure or burst-like activity in LN2 (Fig. 3.11C).  LN2 also had an increased 

RMP and irregular AP Amp.  No other LNs showed changes in AP Amp, except at the 

end of the recording due to the slight loss of electrode contact over time. The 

conductance of the LNs was also measured in order to determine whether ion channels 

may be affected during NO blockade with 7NI, like in PNs.  The mean conductance 

across all LNs decreased significantly during NO blockade, and began to return after 

saline wash (Fig. 3.11F). These results suggest that the resting activity and conductance 

of LNs, like PNs, are affected by NO blockade.  Further, the effects on the resting activity 

were likely not through direct intracellular sGC-signaling, as most LNs lacked sGCir.   
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TABLE 3.3. EFFECTS ON LN ACTIVITY: NO BLOCKADE 

Neuron  
#

LN 
1

LN 
2

LN 
3

LN 
4

LN 
5

LN 
6

LN 
7

LN 
8

Drug 
 

7 7 7 7 7 L L 7

sGCir 
 

- - + - nf - - -

Rest 1 2 3 4 5 6 7 8 
Rate / s 

 
↑** 

 
↑** 

 
↑** 

 
ns ns ↓** ↓* ↓*

Bursts /s no 
 

ns 
 

no 
 

↑* no 
 

no 
 

no 
 

no 
 

AP amp 
 

ns ns ns ns ns ns ns ns 

RMP 
 

ns  ↑* ns  ns ↑** 
 

ns ns ns  

EAG 
Spikes 

no 
 

no 
 

no 
 

no 
 

no 
 

nt 
 

no 
 

no 
 

Evoked 1 2 3 4 5 6 7 8 
∆g ↓** ns ↓** ns ↓* nt ns ns

Hook 
 

ns ns ns ns ns NR 
*

↓ l
↓ #

↓ l
↓ #

Odor 1 2 3 4 5 6 7 8 
NR  

Odor 
2/3 0/0 0/0 nt nt 0/1 4/4 0/2 

∆ Odor 
 

1/3 5/5 4/4 
 

2/3  1/1  2/2 

∆ Delay 
 

↓ 2↑
2↓

2↑
↓

2↑ ↑
↓

↑
↓

∆ ISF 
3↓

2↑
↓

4↑
3↓

↑
2↓ ↓

↑

∆ Net  # 
 3↓

2↑
2↓

↑
3↓ 3↓ ↓ ↓

↑

∆ Duration 2↑
↓

2↑
2↓ 2↓ 2↓ ↓

↑
↓

Table 3.3. The responses (left column) of each LN (top row) in this study during NO 
blockade. In LN7, the response to shock of the AN (hook) caused an increase in the 
latency (l) to the response, and a decrease in # of action potentials elicited (#) after NO 
blockade.  See Table 3.1 for explanation of other symbols.  LN 8 was also bath applied 
with ODQ (see Table 3.4 for comparison).  
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Evoked responses in LNs were modified when NO was blocked:  

 Three LNs (38%) had modified responses to nerve shock during NO blockade. 

Before NO blockade, the latency of the response of LN7 to nerve shock was around 

10ms, and 6/10 stimuli elicited an action potential response (Fig. 3.12A).  After NO was 

blocked, only one action potential was elicited, and much earlier, at 3ms.  In LN8, the 

response was highly synchronized prior to NO blockade, but desynchronized after (Fig. 

3.12B).  In LN6, the response to nerve shock during NO blockade disappeared 

completely (Fig. 3.12C).   The response was washable, with the neuron spiking 10/10 

times after saline wash (inset, Fig. 3.12C). These results indicate that a subset of both 

PNs and LNs may require NO to respond to evoked nerve stimulation. 
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 The responses to odor stimulation were also modified in LNs (Fig. 3.13).  2 LNs 

had no response to odor when NO was blocked (Fig. 3.13 A, D).  This suggests that many 

LNs, like PNs, may require NO for responding to odor-evoked activity.  Other LNs, like 

PNs, had decreased odor responses (Fig. 3.13B, E). LN6 responded to three, 250ms 

pulses with an increase in net # spikes and ISF during the odor response (response to first 

pulse shown in Fig. 3.13B).  After NO was blocked with L-NAME, the net # spikes (from 

8 to 1 spikes), peak ISF (from 8.4 to 1.6 Hz), and duration (from 760 to 360ms) 

decreased, the delay increased (from 230 to 260ms), and only excitatory potentials were 

elicited during the two other odor pulses.  Interestingly, some LNs had increased odor 

responses during NO blockade (Fig. 3.13C).  Some LNs likely synapse onto and inhibit 

other LNs, therefore, the increased responses may be a result of a decrease of inhibitory 

input from a presynaptic LN.  These results suggest that many LNs may require NO to 

maintain their ability to respond to odor.  Further, since LNs likely synapse onto PNs and 

other LNs, modifications in LN activity could also lead to changes in postsynaptic neuron 

responses to odor as well. 



98



99

IV. Effects of sGC blockade on LNs: 

The resting-state activity and conductance of LNs was modified by sGC blockade:  

Intracellular recordings during sGC blockade (with saline washes) were 

completed for 7 LNs with 500µM ODQ (Table 3.4).  In 5 LNs, the resting activity was 

significantly modified by sGC blockade, and like with NO blockade, both increases and 

decreases in firing rate were found (Table 3.4, Fig. 3.14).  As with NO blockade in LN6, 

LN11 had no activity during sGC blockade (Fig. 3.14A).  LN11 was not filled, so the 

morphology or sGCir of these neurons could not be compared.  LN 8 had a significant 

decrease in activity after ODQ application (Table 3.4). LN8 was bath applied with both 

ODQ and 7NI and the responses to both drugs were similar, although ODQ caused a 

more significant decrease in the conductance.  Three LNs (43%), had an increase in 

activity when NO was blocked (Fig. 3.14B, E) including LN9 which exhibited PN-like 

bursts (Fig. 3.14C).  LN9 contained sGCir (Fig. 3.14D) so the bursts may be caused 
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directly through sGC in that LN. Two LNs (LN12, LN13) had no changes in activity 

when sGC was blocked.  LN12 did not contain sGCir, while LN13, which had a decrease 

in conductance, contained sGCir.   The mean conductance across LNs decreased during 

ODQ application, similar to PNs (Fig. 3.14F).  Therefore, sGC-dependent mechanisms 

affected the resting activity and conductance of both PNs and LNs. 
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TABLE 3.4. EFFECTS ON LN ACTIVITY: sGC BLOCKADE 

Neuron  
#

LN 
8

LN 
9

LN 
10 

LN 
11 

LN 
12 

LN 
13 

LN 
14 

Drug 
 

O O O O O O O

sGCir 
 

- + - nf - + +

Rest 8 9 10 11 12 13 14 
Rate / s 

 
↓* ↑** 

 
↑** 

 
↓** no no ↑** 

 
Bursts /s no 

 
↑* no 

 
no 
 

no 
 

no 
 

no 
 

AP amp 
 

ns ↓* ns ns ns ns ns 

RMP 
 

ns  ns ns  ns ns  ns ns 

EAG 
Spikes 

no 
 

no 
 

no 
 

no 
 

no 
 

no 
 

no 
 

Evoked 8 9 10 11 12 13 14 
∆g ↓* ns ↓** ↓** ns ↓** ns 

Hook 
 

↓ l
↓ #

ns ns ns ns ns ns 

Odor 8 9 10 11 12 13 14 
NR  

Odor 
0/2 0/3 nt nt nt nw 0/2 

∆ Odor 
 

2/2 3/3     1/1 

∆ Delay 
 

↑
↓

↑
↓ ↓

∆ ISF ↑ 3↑
↓

∆ Net  # 
 

↑ ↑
↓ ↓

∆
Duration 

↑
↓ 3↓ ↓

Table 3.4. The responses (left column) of each LN (top row) in this study during sGC 
blockade with ODQ (O). In LN8, the response to shock of the AN (hook) caused an 
increase in the latency (l) to the response, and a decrease in # of action potentials elicited 
(#) after NO blockade.  See Table 3.1 for explanation of other symbols.  LN 8 was also 
bath applied with 7NI (see Table 3.3 for comparison).  
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Evoked responses in LNs were modified when sGC was blocked:  

 Only one LN had a modified response to nerve shock during sGC blockade. LN8 

had a desynchronized response to shock during both NO (Fig. 3.12B) and sGC (Fig. 3.15) 

blockade.  This result indicates that the ability to respond to presynaptic stimulation may 

be through NO and sGC-dependent signaling mechanisms in a few LNs. 

The responses to odor stimulation were also modified in LNs during sGC 

blockade (Fig. 3.16).  Unlike during NO blockade, no LNs failed to respond to odor 

during sGC blockade, but few LNs were tested with odor (n = 3; Table 3.4).  LN14 was 

the only LN to show a decreased odor response, and it only responded to 1 / 2 odor pulses 

(Fig. 3.16A, 2nd pulse not shown). Like with NO blockade, most LNs had an increased 

response to odor stimulation during sGC blockade (Fig. 3.16B, C).  There was no 

correlation with sGCir and an LN’s response to odor, as both sGCir and non-sGCir LNs 

showed increased odor responses during sGC blockade. These results suggest that some 
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 LNs require either intra- or inter-cellular sGC-dependent signaling to maintain their 

ability to respond to odor.   
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V. Effects of NO blockade on ORNs: 

 Although the conductance of both PNs and LNs was modified at rest when NO 

signaling was manipulated, another possible reason that the AL neurons were not 

responding to evoked stimulation is that the ORNs’ ability to release ACh was 

compromised when NO was blocked.  This hypothesis would suggest that NO has 

intracellular targets within the ORN that are probably not sGC, as no sGC mRNA or 

protein has been found there.  There is some evidence in other species that NO may affect 

the ability of ORNs to respond to odor.  In the fleshfly, Neobellieria bullata, NO 

blockade caused a 30-50% decrease in the electro-antenno-gram (EAG) response to odors 

when L-NAME was applied to the antenna (Wasserman and Itagaki, 2003).   

 In this study, NO blockers were never applied directly to the antenna while 

measuring odor responses with an EAG.  NO and sGC blockers were bath applied to the 

entire brain, which includes the base of the AN which carries the ORN axons.  In three 

preparations, large increases in EAG spikes were found during NO blockade with 7NI 

(Fig. 3.17, Table 3.1). No increases in activity or spiking ever occurred during sGC 

blockade (Table 3.3, 3.4). Increased EAG spikes could indicate changes in conductance 

in these cells, although the increased activity of ORNs should lead to increased ACh 

release, and thus, potentiated responses in the postsynaptic AL neurons. Potentiated, or 

increased responses to evoked ORN activity were found in some LNs, but many neurons 

showed decreased responses to ORN activation.  These results indicate that NO may 

affect ORNs through an sGC-independent manner, and thus modify neurotransmitter 
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release or synaptic strength.  Future studies could examine this hypothesis by applying 

the drugs directly to the antenna and testing the responses to odor.  

 

3.4 DISCUSSION 

Summary of Results: 

The results in this chapter provide evidence that NO plays a major role in 

modifying the excitability of olfactory neurons. NO blockade caused resting activity 

changes in all PNs (16/16) and most LNs (6/8), including the appearance of bursting in 

most PNs (9/16) and a few LNs (2/8). The effects on resting activity were most likely due 

to a decrease in intrinsic resting membrane conductance, which also resulted in an 

increase in the RMP (4/16 PNs; 2/8 LNs) and a decrease in the AP Amp (4/16 PNs) of 

some neurons.  The excitability of the olfactory neurons was directly affected by the 

decreased conductance, as most neuron responses to presynaptic activation (shock or 

odor) were missing or modified by NO blockade (12/16 PNs; 6/8 LNs).  NO likely acts 

on sGC-dependent signaling in some neurons, as sGC blockade caused similar on the 
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effects on the resting activity of PNs (7/7) and LNs (5/7), including the appearance of 

bursts (4/7 PNs; 1/7 LNs).  The conductance during sGC blockade also decreased in both 

PNs and LNs, and the ability of the neurons to respond to presynaptic stimulation was 

also modified (7/7 PNs; 3/7 LNs).  At least one PN, however, responded to NO and sGC 

blockade differently, and many of the neurons affected by NO / sGC manipulation did 

not contain discernable levels of sGC (8/15 PNs, 9/13 LNs) as detected with 

immunocytochemistry.  These results suggest that NO maintains the resting membrane 

properties and excitability of many olfactory neurons through both sGC-dependent and 

independent signaling.   

 

Putative roles for NO in olfactory neurons: 

NO likely modifies the excitability of a number of neurons in the AL.  This has 

major implications for odor coding, since NO is a diffusible messenger that has several 

molecular targets (see next section, Putative molecular targets of NO).   Previous studies 

have shown that increased levels of NO are produced in response to odor (Collmann et 

al., 2004), and this study has provided evidence that the production of NO likely causes 

changes in the conductance and excitability of target neurons.   Therefore, NO could play 

a role in encoding the strength of the stimulus by modulating the conductance of AL 

neurons in a concentration-dependent manner, ie. high concentrations of odor would 

cause more NO to be produced and a greater depolarization or driving force in the neuron 

to produce more action potentials.  Increased NO in a particular glomerulus could also 

aid in encoding the odor’s identity through, for instance, synchronization of the activated 
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neurons in an odor-activated glomerulus (Christensen et al., 2003).  There was also 

evidence in this chapter that supports the idea that NO modifications in a presynaptic 

neuron (either an ORN or an LN) may lead to changes in the excitability of other 

neurons.  If ORNs, are in fact, modified by NO, then the synaptic efficacy of the ORN / 

AL neuron synapse would likely be compromised by NOS inhibition.  Similarly, if LNs 

require NO for maintaining excitability, NOS inhibition could lead to a loss of inhibitory 

output from that neuron, resulting in changes, including increased excitation from a loss 

of inhibition, in postsynaptic neurons’ responses to odor.  Thus, NO has the capability of 

modifying inter-glomerular signaling, such as lateral inhibition (Lei et al., 2002; 2004), 

through modifications in the excitability of LNs.   

NO blockade was also found to cause dramatic changes in resting activity. This 

suggests that low levels of NO may be produced during “spontaneous” or non-evoked 

activity.  Therefore, the possibility exists that low levels of NO are tonically produced to 

modulate the intrinsic membrane properties of many AL neurons.  This hypothesis 

suggests that NO may “prime” AL neurons by increasing their conductance.  Thus, when 

a moth encounters a new odor, the AL neurons will be more likely to respond to the 

stimulus because their spiking threshold is lowered by the slight change in conductance.    

The results of this study suggest that AL neurons may be affected by NO through 

several different mechanisms, and that the neurons are heterogeneous in their responses 

to NO and sGC blockade.  For instance, some PNs burst when NO blockers were applied, 

while some showed increases in activity.  The differences could be due to a variable 

population of PNs and their ability to respond to NO.  The variable levels of sGCir in 
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PNs suggest that this could likely be the case.  LNs are even more diverse in their 

morphology (Matsumato and Hildebrand, 1981; Homberg et al., 1988) and sGCir was 

found in very few LNs (see Chapter 4 for a complete characterization of sGCir in AL 

neurons).  Therefore, there may be distinct subpopulations of AL neurons which are 

affected by NO, including a particular population of sGC-containing neurons which are 

modified by NO in a specialized manner (see below).   

 

Putative molecular targets of NO: 

The results from this study suggest that NO likely modulates neuronal excitability 

through sGC-dependent signaling in a subset of neurons.  NO binding of sGC causes an 

increased production of cyclic guanosine monophosphate (cGMP), a cyclic nucleotide.  

Cyclic nucleotides, including cGMP and cyclic adenosine monophosphate (cAMP) can 

activate cyclic nucleotide gated channels (CNGCs), which are nonspecific cation 

channels.  Concurrent with the findings in this study, when NO and sGC were blocked, 

there was a decrease in membrane conductance of the neurons which could be due to a 

loss of the influx of cations through CNGCs.  Therefore, NO dependent increases in 

cGMP could lead to lower thresholds in the post-synaptic AL neurons by decreasing the 

current threshold necessary for generating spikes.  

An increase in RMP and a decrease in AP Amp were also observed during NO 

blockade, which does not fit with the hypothesis of NO opening CNGCs since NO 

blockade should then cause a decrease in the RMP.  While it is possible that NO 

deactivates CNGCs (Lynch, 1998), and therefore NO blockade would result in the influx 
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of cations, this does not explain why there was a decrease in AP Amp nor a decrease in 

conductance.  CNGCs, therefore, are likely not the only ion channels being affected by 

NO blockade.   

Increased levels of cGMP can also activate cGMP-dependent protein kinases 

(PKGs) which could phosphorylate other ion channels or activate phosphatases to modify 

ion channels (White, 1999).  One obvious candidate for PKG modulation would be 

potassium (K+) channels; if the efflux of K+ was blocked, there could be an increase in 

the RMP due to the depolarizing current, an inability to repolarize, and a decrease in the 

waveform amplitude due to the loss of the driving force.  Evidence for NO-induced 

cGMP modification of K+ channels has been described in molluscan neurons.  Jacklet and 

Tiemann (2004) found that NO blocks a calcium-dependent potassium channel and a 

small increase in a persistent inward sodium current in the metacerebral cell of Aplysia.

This resulted in a decrease in conductance in the neuron, and an increase in the 

excitability due to the increase of depolarizing current in the cell.  Zsombok et al. (2000) 

found a similar mechanism for in Helix neurons.  In both of the mollusk experiments, NO 

addition caused an increased RMP and decreased conductance, while in these 

experiments, NO blockade caused similar effects.  Future experiments using patch- or 

voltage-clamping may be beneficial for understanding the exact mechanism for NO / 

cGMP effects on K+ channels.   

Finally, phosphodiesterases (PDEs) are also activated with increased levels of 

cyclic nucleotides.  These proteins can break down cyclic nucleotides into their non-

activated forms, which could temporally limit the effects of NO in these AL neurons, and 
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allow for subsequent NO signaling events to be coded properly.  Furthermore, PDEs 

could possibly be activated through cross-talk of other signaling systems, which would 

allow for further modifications of cellular excitability. Presently, several molecular 

cloning projects in the Nighorn laboratory have identified partial clones of CNGCs, 

PKGs, and PDEs in the Manduca AL and antenna.  Future studies which manipulate 

these targets, either through pharmacology or RNA-interference (RNAi), could aid in our 

understanding of NO’s mechanism of action. 

Notably, few neurons that were affected by both NO and sGC blockade contained 

sGCir, and one neuron had different responses to sGC and NO blockade.  This suggests 

that the effects on conductance and resting activity could be through other signaling 

mechanisms in some neurons.  One likely mechanism is through S-nitrosylation of ion 

channels (see Ahern et al., 2002 for a review).  S-nitrosylation is the process where NO 

bonds covalently with alkyl sulfur atoms on proteins and small organic compounds to 

form S-nitrosothiols (SNOs). S-nitrosylation is thought to require higher levels of NO 

than sGC activation, and has slower kinetics (Ahern et al., 2002).  This idea is 

controversial, as lower concentrations of NO are now thought to be modifying proteins 

through S-nitrosylation.  The ion channels include Ca2+-activated K+ channels in rat brain 

(Shin, et al., 1997),  P/Q type Ca2+ channels in cultured mammalian neurons (Chen et al., 

2002),  CNGCs in rats (Broillet and Firestein, 1996), Na+ channels in rat baroreceptor 

neurons (Li, et al., 1998), N-methyl D-aspartate (NMDA) receptors (Manzoni et al., 

1992), and GABAA receptors expressed in Xenopus oocytes (Fukami, et al., 1998,) and 

frog melantotrophs (Castel and Vaudry, 2001).  Modulation of any of these ion channels 
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could easily lead to changes in conductance.  Also, if NO S-nitrosylates GABA receptors 

on PNs and LNs in the AL, inhibitory signaling in the AL could be compromised if NO 

was blocked.  This study, did indeed find evidence for a loss of inhibition in both PNs 

and LNs when NO was blocked (increases in odor responses, changes in onset to AN 

stimulation). Decreased chloride (Cl-) levels could also account for the decrease in RMP, 

as Cl- typically buffers the RMP and keeps it near the Cl- equilibrium.  As described for a 

cGMP-dependent pathway, modulation of K+ channels directly by S-nitrosylation would 

also result in changes in excitability.  There is some very preliminary evidence that S-

nitrosylation does take place in Manduca. Antibodies to SNOs have been applied to the 

Manduca AL, and both neurons and glial cells seem to have SNOir, although much  more 

labeling seems to be present in glial cells (Nighorn and Gibson, personal 

communication).  Future studies using immunocytochemistry can be done to examine this 

possibility further.   

 

A potential model for NO signaling in the Manduca AL: 

While the neuronal and molecular targets in Manduca are likely diverse and 

complex, the results from this study have suggested a possible model for NO modulation 

in the AL (Fig. 3.18).  This model predicts that both sGC-dependent and –independent 

signaling occurs in AL neurons to modulate their conductance.   This model only shows a 

couple synapses, but it is likely that NO may also diffuse within a glomerulus to allow for 

a greater activation of all neurons involved in coding a particular odor.   
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Caveats for interpreting these results:  

The results discussed in this chapter provide clear evidence that NO manipulation 

leads to changes in the excitability of many neurons.  While most neurons had consistent 

responses to both NOS and sGC blockade, there were variable effects in some neurons 

which could be explained by the heterogeneity of the AL neuron population.  

Alternatively, some of the diversity of effects could be explained by method of NO 

manipulation.  Namely, pharmacological agents can have multiple, uncharacterized 

effects due to strange reactions within the model system.  Thus, two drugs were used in 

this study to block NO, in order to show that the drugs were specifically acting on NOS.  

Both L-NAME and 7NI had similar effects in PNs and LNs, which suggests that the 

effects were due to NOS inhibition.  Only one drug was used to block sGC, but the 

effects of NO and sGC blockade were similar in many neurons, which suggests that the 

drug was specific.  Notably, the drugs were bath applied and different levels of drugs 

could have penetrated the brain differently in each preparation which could explain some 

of the variability in different neurons. Also, for the sGC and NO blockade comparison, 

the effects of these drugs at the concentrations used may not be entirely comparable.  

Thus, the differential effects from NO and sGC blockade in PN14 may have been a result 

of the efficacy of the drugs and not a separate mechanism.  Finally, sGC 

immunocytochemistry may not be a sensitive enough method to detect the levels of sGC 

in a neuron.  Further, only the alpha subunit is being labeled by this antibody, so the 

presence of the beta subunit would also be required in these neurons for sGC to be 

functional.  
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Conclusions: 

 In summary, these findings suggest that NO plays a major role in shaping the odor 

response by modulating the conductance and resting activity of AL neurons.  Further, 

many neurons require NO signaling to maintain their ability to respond to odor. While 

NO likely targets sGC in many neurons to exert these effects, the lack of sGCir in many 

neurons suggests that other mechanisms such as S-nitrosylation of ion channels, or 

modulation of intrinsic circuitry, are also required.   
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CHAPTER 4. SOLUBLE GUANYLYL CYCLASE AND NEUROPEPTIDE 

IMMUNOCYTOCHEMISTRY REVALS PUTATIVE TARGETS OF NITRIC 

OXIDE IN THE ANTENNAL LOBE OF MANDUCA SEXTA 

 

4.1 INTRODUCTION 

 Soluble guanylyl cyclase (sGC) is a heme-containing obligate heterodimeric 

protein consisting of α and β subunits.  sGC is part of a cellular signal transduction 

cascade: the heme moiety is bound by either nitric oxide (NO) or carbon monoxide (CO) 

to create the molecule, 3’,5’- cyclic guanosine monophosphate (cGMP), which can then 

act on a number of downstream targets to regulate the intrinsic properties of a cell (see 

Baranano and Snyder, 2001; Friebe and Koesling, 2003, for reviews).  cGMP can have 

direct effects on downstream targets such as cGMP-dependent protein kinases (PKGs or 

cGKs), cyclic nucleotide-gated channels (CNGCs), and phosphodiesterases (PDEs).  

Modifications of these targets can lead to changes in ion levels, and hence, the 

excitability of a neuron.  

The NO / cGMP signaling system likely plays a role in olfaction in both 

vertebrates and invertebrates (see Breer and Shepherd, 1993, Bicker, 2001 for reviews).  

In the moth, Manduca sexta, the α and β subunits of sGC (MsGCα1 and MsGCβ1) have 

been cloned and characterized (Nighorn, 1998). Both subunits were localized using in 

situ hybridization (Nighorn, 1998) and immunocytochemistry (Collmann et al., 2004) to 

intrinsic neurons in the antennal lobe (AL), the primary integration center for odor 

information in the insect brain (comparable to the vertebrate olfactory bulb: Strausfeld 
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and Hildebrand, 1999; Christensen and White, 2000). Conversely, Manduca NO synthase 

(MsNOS), the molecule which produces NO, was cloned and localized to the olfactory 

receptor neurons (ORNs).  The sequence of MsNOS is similar to the vertebrate neuronal 

NOS (nNOS) and requires calcium for activation.  Furthermore, NO has been shown to 

be produced focally within the AL when odors were presented to the antenna (Collmann 

et al., 2004), which indicates that excitation in the ORNs likely allows for sufficient 

increases in intracellular calcium and NOS activation.   

NO produced presynaptically in the ORNs could therefore regulate the 

excitability of many postsynaptic AL neurons through sGC-dependent signaling.  

Collmann et al. (2004) began characterizing MsGCα1 immunoreactivity (sGCir) in 

Manduca to understand the possible targets of NO.  The results from this paper suggested 

that sGCir was in a number of cells in the AL, but they were not specifically identified or 

counted.  They did use double-labeling techniques to show that GABAergic neurons in 

the LC contained sGCir, but these neurons could be PNs or LNs (Hoskins et al., 1986).  

They also found that the single serotonergic neuron (5HTir) contained sGCir, which 

indicates that NO signaling through sGC may be involved in regulating neuromodulation 

in the brain.   

These previous studies in Manduca suggest that sGC is likely found in AL.  The 

identity of the individual neurons which contain sGC is still unclear, especially in the LC 

which contains a mixed population of neurons.  Also, sGCir appears to be in every 

glomerulus, but it is unknown whether all neurons within a glomerulus express sGCir 

equally.   
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This study has attempted to characterize the sGCir neurons in the Manduca AL in 

several ways.  First, the total number of sGCir neurons in each cell body cluster was 

counted and compared to the total number.  To better characterize whether any of the LC 

neurons were sGCir, double labeling with several neuropeptides which have been shown 

to be localized primarily to LNs were completed.   Finally, in order to discern what types 

of neurons contain sGCir, and whether glomeruli are innervated by a heterogeneous 

population of neurons, individual neurons were filled with a dye, labeled with MsGCa1 

antibody, and then examined for coexpression. The results from this study show that PNs 

are more likely to contain sGCir than LNs, but a particular subset of LNs do contain 

sGCir.  Further, several LNs have sGCir colocalized with neuropeptide-ir, which 

provides further evidence that NO may be involved in the regulation of neuromodulation 

within the olfactory system. 

 

4.2 MATERIALS AND METHODS 

Animals and preparation: 

Manduca sexta (L.) (Lepidoptera: Sphinigdae) were reared on artificial diet in the 

laboratory from eggs.  One to four day old males and females were dissected and either 

prepared for intracellular dye fills by established procedures (Christensen and 

Hildebrand, 1987) or were immediately immersed in fixative for immunocytochemistry.  
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Individual neuron morphology and sGC  immunocytochemistry:

In some preparations, individual or small numbers of AL neurons were injected 

with Lucifer yellow (LY; Sigma) or Alexa 488 dye (Molecular Probes, Eugene, OR) by 

passing hyperpolarizing current (0.2-1nA) for 3-15 minutes through a sharp, borosilicate 

capillary (1mM outer diameter, 0.75 or 0.58 mm inner diameter; Sutter Instruments, 

Novato, CA) with a intracellular amplifier (Dagan Instruments IX2-700, Minnesota) .  

The brain was then excised and immersed in 4% formaldehyde fixative solution, pH 7.2, 

for at least 3 hours, dehydrated through a graded series of ethanol solutions, and cleared 

with methyl salicylate (Sigma-Aldrich; for protocol, see Appendix H).  Cleared brains 

were imaged as whole mounts (optical sections, 2-3µM thick) with a laser-scanning 

confocal microscope (Nikon PCM 2000, equipped with a 457 nm argon laser; Zeiss 510 

Meta LSCM with an Argon laser, 458 line, LY filters) and operated by Simple PCI 

software (C-Imaging Systems, Cranberry Township, PA) or Zeiss software (Version 3.2). 

Images were processed and false-colored with Simple PCI software.  Once the 

morphology was characterized, the brain was rehydrated through a graded ethanol series, 

washed with PBS, embedded in agarose, and sectioned with a vibrating microtome 

(100µM thick sections).   Sectioned tissue was blocked with 5% normal donkey serum in 

0.5% TritonX-100 in PBS for one hour at room temperature.  The Anti-M. sexta sGC α
subunit 1 (MsGCα1; Collmann et al., 2004) custom polyclonal antiserum (Bethyl 

laboratories Inc., Montgomery, TX) against the peptide 

CIREALKDYGIGQANSTDVDT was applied to the sections overnight at room 

temperature (1:2500).  The following day, the sections were washed and donkey anti-goat 
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Cy3 secondary antibody (Jackson ImmunoResearch, West Grove, PA) was applied at 

1:250 in blocking solution either overnight at 4ºC or 4 hours at room temperature. 

Sections were mounted in 60% glycerol in PBS and imaged on the laser-scanning 

confocal microscope, and false-colored with Simple PCI software.  

 

Neuropeptide and sGC colocalization:

Excised brains were immersed with 4% formaldehyde fixative solution overnight, 

and then rinsed in PBS, embedded in agarose, and sectioned to 100 µM thick sections.  

Immunolabeling with the MsGCα1 antibody was completed in the same manner as 

described above.  After labeling with sGC, the brains were washed, blocked, and the 

primary antibodies to various neuropeptides were applied to individual brains (Appendix 

H). All neuropeptide antibodies were generously supplied by Norman T. Davis, 

University of Arizona, Tucson, AZ.  The specificity for each peptide antibody has been 

previously tested with competitive enzyme-linked immuno-sorbent assay (ELISA) 

analysis. The allatostatin antibody, specific for the ASB2 allatostatin (recognizes the 

peptide AYSYVSEYKRLP-VYNFGL-NH2), was made in rabbits and found to be 

specific for that peptide sequence in cockroach (Reichwald et al., 1994) and a similar 

sequence (AKSYNFGLamide) in Manduca sexta (Davis et al., 1997). Because the 

antiserum recognizes several allatostatins, labeling with the anti-allatostatin serum will be 

referred to as allatostatin-like immunoreactivity (ASLir). The allatotropin antibody made 

in rabbits was found to specifically label Manduca allatotropin (recognizes the sequence: 

H-GFKNVQMMTARGF-NH2), although it did have cross-reactivity with a locust 
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myotropin (Veenstra and Hagedorn, 1993), so labeling with this antibody will be referred 

to as allatotropin-like immunoreactivity (ATLir). The FMRFamide antibody, also made 

in rabbits, was also found to be specific for FMRF-NH2 sequences, and labels many 

FMRFamide-like (FALir) containing neurons in the Manduca brain (Homberg et al., 

1990).  Antibodies for rabbit anti-tachykinin-related peptides (TRPs; more specifically, 

locustatachykinin-I; made by Dick Nässel) preabsorbed with antisera revealed no 

immunolabeled structures in the noctuid moth, Spodoptera litura (Kim et al., 1998).  All 

neuropeptides were applied to the brains at a 1:2500 dilution overnight, rinsed the 

following day, and then a donkey anti-rabbit Cy5 antibody (Jackson ImmunoResearch) 

was applied at 1:250 in blocking solution overnight at 4ºC. Sections were mounted in 

80% glycerol in PBS and imaged on the laser-scanning confocal microscope, and false-

colored with Simple PCI software.  

 

Data analysis: 

 Cell bodies were measured for their sGCir by visual inspection by two parties.  If 

the cell body contained immunoreactivity in two separate fluorescent spectra (LY and 

Cy3 for sGCir; Cy3 for sGCir and Cy5 for neuropeptides), it was considered to be double 

labeled.  Total cell counts were measured, and average cell numbers were reported as ± 

standard deviation.  No calculations were used to correct for cell bodies counted across 

sections (e.g. Abercrombie factor), as the bottom-most cells in any section could not be 

counted due to the inability to visualize them.  Furthermore, when the Abercrombie 

factor was applied, the total cell body numbers were at least 20% below that of published 
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results using the same antibodies in Manduca (FALir: Homberg et al., 1990; ASLir: Utz 

and Schachtner, 2005). Finally, a non-biased approach using stereological methods 

(Howard and Reed, 1998) overestimated total cell numbers by 20% and had considerable 

variability.   

 

4.3 RESULTS 

sGCir in each cell body cluster: 

 The results of MsGCα1 immunolabeling confirm previously published findings 

that many AL neurons have sGCir (Fig. 4.1; Collmann et al., 2004).  In order to get a 

better representation of the sGC immunoreactive population, the total number of sGCir 

neurons was counted, and then the percent of the total number of cell bodies in each cell 

body cluster (as reported by Homberg et al., 1988)  was calculated (Table 4.1). All of the 

counts for this study were completed in males.  

 
TABLE 4.1. sGC IMMUNOREACTIVE NEURONS IN EACH CELL BODY 

CLUSTER 
 

Cell cluster Total number  sGCir % Total sGCir 
Anterior 16.02 ± 2.3 (12) 14.25 ± 3.6 (12) 89.0 % 
Medial 218.02 ± 16.0 (12) 201.75 ± 9.85 (4) 92.5 % 
Lateral 991.36 ± 71.15 (10) 273.56 ± 44.9 (16) 27.7 % 

Table 4.1. The total number of neurons in each cell cluster has been reported in male 
moths (± standard deviation, number of cell groups counted in parentheses; Homberg et 
al., 1988).  In this study, the sGCir neurons were counted and reported as total number (± 
standard deviation) and percent of the total.   
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There was some variability in the AC neurons: in some brains, at least 17 neurons 

contained sGCir, but some had as little as 8.  AC neurons may have been lost during 

sectioning, although every attempt was made to only count AC neurons all contained 

within a single section.  Most of the neurons in the MC contained sGCir, although about 

10% did not.  Finally, only a third of the LC neurons contained sGCir.  These results 

suggest that many PNs, and some LNs may contain sGCir. 
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sGC and neuropeptide double labeling in the LC: 

While the sGC immunocytochemistry results suggest that many neurons in all cell 

body clusters likely contain sGCir, the identity of these neurons is unclear. This is 

particularly true for the LC, which contains a mixed population of PNs and LNs.  

Examination of the output tracts would not be sufficient, since MC PNs are also labeled; 

further, examining GABAergic-ir is not sufficient because PNs also contain GABAergic-

ir (Hoskins et al., 1986)).  Therefore, in order to better identify whether any of the 

neurons in the LC which contained sGCir were LNs, double labeling with neuropeptides 

shown to be localized to LNs were completed (FALir: Homberg et al., 1990; ASLir: Utz 

and Schachtner, 2005; ATLir: Utz and Schachtner, personal communication; TRPir: NT 

Davis, personal communication). 

sGCir was found in about 28% of the total number of LC neurons (Table 4.1), 

while the total number of neurons labeled by each neuropeptide varied (Table 4.2).  The 

total cell bodies labeled for ASL and ATL are comparable to counts previously reported 

(Utz and Schachtner, 2005; Utz and Schachtner, personal communication).  The number 

of FALir neurons was lower than has been previously counted (~80 neurons; Homberg et 

al., 1990). TRPir has not been previously reported in the Manduca AL.  
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TABLE 4.2. sGC AND NEUROPEPTIDE IMMUNOREACTIVITY IN LATERAL 
CLUSTER NEURONS 

 
Peptide Neuropeptide N Double N % Double 

ASL-ir 35 ± 3 24 ± 3 70 
ATL-ir 102 ± 1 23 ± 6 22 
FAL-ir 52 ± 3 15 ± 5 29 

TRPs 12 ± 1 0.5 ± 0.6* 4.3 

Table 4.2. The total number of cell bodies containing each neuropeptide, and both sGC 
and the neuropeptide (double) were counted (n = 4 animals ± standard deviation).  The 
percent of the total number of sGCir LNs which also had neuropeptide labeling was also 
calculated.  *Only two neurons in one preparation contained both TRPir and sGCir, thus 
the standard deviation is high. 
 

Figure 4.2 shows the ASLir (green) and sGCir (red) in a horizontal section of the 

whole brain.  Strong ASLir labeling was found in several LC cell bodies (Fig. 4.2C), 

which was co-expressed with sGCir labeling in a majority of the neurons (Fig. 4.2B,

4.2D).  The neurons in the LC are both PNs and LNs, so it was important to examine the 

output tracts of the AL for neuropeptide-ir (Fig. 4.2F). No ASLir labeling was found in 

the output tracts of the AL, or in the other cell body clusters (Fig. 4.2E, AC; data not 

shown for MC).  These results indicate that the ASLir neurons were likely LNs, which is 

also supported by data from other studies in M. sexta (Utz and Schachtner, 2005.) 
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ATLir neurons were also counted, and there were more ATLir neurons than the 

other neuropeptides tested (Table 4.2).  Unlike ASTir neurons, strong double labeling 

with ATLir and sGCir was found in only about 20% of the neurons (Fig. 4.3B-D).  One 

neuron in the putative AC contained ATLir (arrow, Fig. 4.3A). These results suggest that 

some ATLir neurons could be PNs, although no output tracts were found to contain 

ATLir (Fig. 4.3E, inset).  ATLir was also found to be concentrated within the mushroom 

bodies and central complex of the brain (Fig. 4.3E).  
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FALir was found in about 50 LC neurons, but only 20% contained sGCir (Fig. 4.4 

A-D).  No FAL-ir was found in the output tracts (Fig. 4.4F) or other cell body clusters 

(AC, Fig. 4.4E, data not shown for MC) which indicates that the neurons with double-

labeling were likely LNs. 
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TRPir was found in the basal portion of all glomeruli and had a punctate staining 

pattern within each glomerulus (Fig. 4.5A).  Only 12-15 neurons contained TRPir in the 

LC, and no staining was found in other cell body clusters (data not shown). Very few 

TRPir neurons contained sGCir (Fig. 4.5, A-D).  Only one animal was found to have 

neurons which had double-labeled cell bodies.  A major neurite was found in the output 

tract of another animal that contained TRPir (Fig. 4.5F), so these neurons could be PNs.   
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sGCir in individual neurons: 

 The neuropeptide labeling likely confirms that at least some LNs contain sGCir. 

PNs also contain sGCir, but there are some that do not. In order to confirm the identity of 

the neurons that contained sGCir, individual neurons were filled with fluorescent dyes, 

imaged, and then sectioned and labeled with MsGCa1 antibody (Table 4.3).   

 
TABLE 4.3. INDIVIDUAL sGC IMMUNOREACTIVITY BY NEURON TYPE 

 
Neuron Type # Filled # sGCir % sGCir 

PNs:                  AC 8 6 75.0 % 
MC 27 16 59.3 % 
LC 7 3 42.9 % 

POa 4 2 50.0 % 
PNs TOTAL 46 27 58.7 % 

LNs:                    Ia                8 0 0 %
Ib 38 15 39.5 % 

IIa 1 0 0 %
IIb 12 1 8.33 % 

UN* 13 4 30.8 % 
LNs TOTAL 72 20 27.8 % 

Table 4.3. The PNs were divided by cell cluster; all PNs were likely Type PIa, while 4 of 
the LC PNs were Type POa as defined by Homberg et al., 1988 (some of the projections 
could not be followed).  The LNs were also divided into different subtypes (Matsumato 
and Hildebrand, 1981). * Unknown neurons (UN) were neurons that had cell bodies in 
the LC but the projections were not completely filled, so they could be either LNs or PNs.   
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A high percentage of AC neurons were found to contain sGCir, and these results 

were confirmed with individual fills, as 75% of the total AC neurons contained sGC 

immunoreactivity (Fig. 4.6).  Several of the AC neurons did not have cell bodies filled; 

this is likely due to accidental removal of the cell bodies during the desheathing process.  

The projections of the neurons were therefore examined for sGCir in those PNs (Fig. 

4.6B).   

 

The majority of PN cell bodies are housed in the MC. MC neurons typically have 

dense dendritic arborizations in one glomerulus, and also projections leading to 
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protocerebrum via the inner antenno-cerebral tract (IACT; Homberg et al., 1988).  27 MC 

neurons were filled with LY, and 60% of the neurons were found to be sGCir (Table 4.3).   

One goal of this study was to identify whether PNs innervating the same 

glomerulus all contained sGCir.  PNs from distinct glomeruli were difficult to record 

from in consecutive animals.  Fortunately, fills from similar neurons innervating identical 

glomeruli were completed in two macroglomerular complex (MGC) PNs and their sGCir 

could be compared.  The MGC in Manduca is a fusion of two major glomeruli, the toroid 

and the cumulus, each of which is innervated by PNs which are tuned to a specific 

component of the pheromone blend (Christensen and Hildebrand, 1987; Hansson et al., 

1991). Hansson et al. (1991) reported MGG PNs which innervated the cumulus and the 

toroid and responded to both C15 and Bombykal, the two major components of the 

pheromone blend. Two of these multi-glomerular PNs were filled in this study, one of 

which contained sGCir (Fig. 4.7A).  The other MGC PN did not contain sGCir (Fig. 

4.7B). Therefore, PNs innervating the same glomerulus or glomeruli may contain 

different levels of sGCir.  Two cumulus-specific PNs were also filled, and both did not 

contain sGCir, but one toroid-specific PN did contain sGCir (data not shown).  More 

neurons will need to be filled in order to understand if toroid neurons typically contain 

sGCir, while cumulus neurons do not.  
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The lateral large female glomerulus (latLFG), a sexually dimorphic glomerulus 

found only in female Manduca, has been shown to be important for the processing of 

linalool, a component of many hostplants used in oviposition (Reisenman et al., 2004).  

Like the MGC, the latLFG contained at least one sGCir PN (Fig. 4.7C), which indicates 

that sGC may play a role in sex-specific odor processing in both male and female moths.  

 Fills were also completed from MC PNs in sexually isomorphic glomeruli (n = 

21, Fig. 4.7D).  Thirteen (62%) of these PNs contained sGCir.  These results suggest that 

both sexually dimorphic and isomorphic glomeruli contain sGCir MC PNs.  

The cell bodies of some PNs are also within the LC.  Seven total LC PNs were 

filled, but less than half contained sGCir (Table 4.3, Fig. 4.8). One LC PN had 

arborizations in a glomerulus dorsal to the latLFG and contained strong sGCir (Fig. 

4.8A). Two PNs were filled which innervated the same glomerulus, but only one 

contained sGCir (Fig. 4.8B, C). Therefore, individual glomeruli for both sex-specific and 

general odor processing are innervated by a mixed population of sGCir and non-sGCir 

PNs in at least two glomeruli. Finally, some LC PNs, POa neurons, innervate several 

glomeruli, especially the MGC and have outputs via the outer-antenno-cerebral tract to 

the AL-isthmus and surround protocerebrum (Homberg et al., 1988).  Four POa LC PNs 

with arborizations in the MGC were also filled. Two contained sGCir (example in Fig. 

4.8D), and the other two did not (data not shown).  These results provide further evidence 

that PNs with similar arborizations have variable levels of sGCir.  
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sGC immunolabeling in the LC revealed that only 1/3 of the neurons with cell 

bodies there contained sGCir. The individual fills of these neurons confirmed these 

findings, as only 22% of identifiable LNs contained sGCir, with another 6% of neurons 
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with unknown morphology also labeling for sGCir (putative PNs or LN cell bodies 

without traceable arborizations). Most LNs which contained sGCir had symmetrical 

arborizations within all the regular glomeruli (Type Ib LNs, Fig. 4.9A), but not every 

Type Ib LN contained sGCir (Fig. 4.9B). Only one other type of LN was found to contain 

sGCir: the Type IIb neuron which has symmetrical arborizations within all the regular 

glomeruli and the MGC (Fig. 4.9D).  Notably, only 1/12 (8.3%) of Type IIb neurons 

collected in this study contained sGCir, which suggests that many LNs which innervate 

the MGC do not contain sGCir. Both types of LNs with asymmetrical arborizations (type 

Ia LNs, arborizations in regular glomeruli, Fig. 4.9C; Type IIa, arborizations in regular 

glomeruli and MGC, Fig. 4.9E) did not contain discernable levels of sGCir.  Only one 

Type IIa neuron could be identified, so more asymmetrical neurons will need to be filled 

in order to determine if the entire population lacks sGCir.   
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4.4 DISCUSSION 

 This study provides anatomical evidence that sGC signaling likely plays a major 

role within the AL in many neurons.  sGCir has been found within all cell clusters of the 

AL, including the MC, AC, and LC.  Double labels with neuropeptides show that some of 

the LC neurons are likely LNs, but individual fills and double labels of neurons with 

sGCir show that the LNs which contained sGCir are of a particular morphology, namely 

those LNs which send symmetrical arborizations into all glomeruli. PNs which innervate 

a particular glomerulus or set of glomeruli also contain variable levels of sGCir, which 

indicates that the PN population within a glomerulus may be heterogeneous and 

therefore, variable in their responses to NO and other signaling molecules.   

 

sGC in the moth antennal lobe: 

 An antibody to the MsGCα1 subunit was used in these studies to examine the 

sGCir of the neurons in the AL.  While this antibody likely predicts the coexpression of 

the β1 subunit in at least a subset of these neurons, there are some indications from in situ 
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hybridization studies which suggest that not all neurons contain the same levels of both 

isoforms (Nighorn et al., 1998).  The α1 subunit was found to strongly label most cells in 

the MC and some in the LC, but labeling was weak or missing in some other neurons of 

the LC.  The β1 subunit, however, showed no strong labeling in the LC, but similar 

labeling in the MC as the α1 subunit.  An antibody to the β1 subunit has been made, but 

the labeling is very weak and the localization results have been variable.  Therefore, all 

results presented here are presented with the caveat that β1 expression has not been 

examined in each individual neuron, and the ability of NO to modify the neuron would 

require the co-expression of each subunit. 

 

sGCir mass labeling versus individual neuron fills: 

The percentage of individually filled neurons which contained sGCir was lower 

than the estimated cell body cluster counts (i.e., 60% filled MC PNs versus 92% MC cell 

bodies labeled with sGCir).  This discrepancy could be due to a selection bias during the 

injection, as only neurons with large neurites can typically be held long enough to inject 

the hyperpolarizing current necessary to fill the cell.  Another possibility is that the sGC 

was in the cell, but just not expressed at high enough levels to see it.  In support of this 

hypothesis, increased cGMP labeling was found when 3-(5'-hydroxymethyl-2'-furyl)-1-

benzyl indazole (YC-1), an sGC activator that works through NO-independent allosteric 

mechanisms, was applied prior to conduction cGMP immunocytochemistry in the locust 

(Ott et al., 2004). The authors suggested that the total cell numbers containing cGMP 

may be greater than previously considered.  Another possibility is that the LY 



143

fluorescence may overwhelm the Cy3 signal in the confocal, but this is unlikely because 

the wavelengths are considerably different (458nm for LY, 565nm for Cy3). Finally, the 

possibility exists that the LY somehow interferes with the ability of the MsGCa1 

antibody to bind to the available sGC, but this is unlikely as some cells do contain both.   

 

Antennal lobe glomeruli are innervated by a heterogeneous population of sGCir PNs and 

LNs: 

 This is the first study to show that individual glomeruli are innervated by a mixed 

population of both sGCir and non-sGCir PNs.  Furthermore, only LNs which have 

symmetrical arborizations across glomeruli contain sGCir.  These results suggest that NO 

may act through sGC-dependent signaling in only a specific subset of neurons within 

each glomerulus.  NO may act through other signaling systems or directly modify 

proteins or ion channels through other mechanisms such as S-Nitrosylation (Ahern et al., 

1998) in neurons which do not contain sGCir.  Alternatively, sGCir neurons may synapse 

onto neurons which do not contain sGCir to regulate their activity.  Putative evidence for 

this effect on the neural circuitry has been found (see Chapter 3).   Furthermore, if NO 

acts through sGC signaling on only neurons which have symmetrical arborizations across 

all glomeruli, inter-glomerular signaling, such as lateral inhibition, may be different in 

LNs which do not contain sGCir.  More asymmetrical neurons, especially those which 

innervate the MGC, will need to be filled in order to understand whether sGCir is 

common among these neuronal types.   
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More neurons will also need to be filled in order to understand if toroid- 

innervating PNs typically contain sGCir, while cumulus innervating-PNs do not.  In 

Bombyx mori, Seki et al. (2005) recently found that cGMP immunoreactivity is only 

found in the Bombykol sensitive PNs, which innervate a region similar to the toroid in 

Manduca. Therefore, toroid PNs may be more likely to use sGC/cGMP dependent 

signaling than cumulus PNs.  

 Finally, the physiology of sGC-ir neurons and their reaction to NO blockade may 

be different than non sGC-ir neurons (see Chapter 3).  Future studies could examine this 

possibility in more detail.  

sGC and neuropeptide colocalization: 

 Colocalization studies have previously been completed which showed that sGCir 

was in a number of GABAergic neurons and the single 5HTir neuron in the Manduca AL 

(Collmann et al., 2004).  These results suggested that some LNs did contain sGCir, but 

PNs have also been found to be GABAergic (Hoskins et al., 1986).  The colocalization 

experiments with neuropeptides found primarily in LNs, therefore, was an important step 

in identifying whether LNs contained sGCir.  Furthermore, these results suggest that NO 

has the ability to modulate the properties of several different biochemically distinct 

neurons within the AL through sGC. 

 Not much is known about the neuromodulatory functions of these neuropeptides 

within the AL.  Neuropeptides have often been considered as co-transmitters that are 

released along with a primary neurotransmitter to shape the activity pattern of the 
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neuronal circuit in which it is found (Nässel, 2002). Allatostatin peptides, which were 

originally characterized by their ability to inhibit juvenile hormone (JH) synthesis in the 

corpora allata (Woodhead et al., 1989), have been localized to both the adult and 

developing ALs in Manduca (Allatostatin, Type Ia; Utz and Schachtner, 2005). The 

researchers identified similar numbers of neurons containing ASLir at eclosion as found 

in this study.  Interestingly, they also found that the number of ASLir neurons increased 

as adults age, which could reflect changes related to neuroplasticity as the animal 

experiences an increasingly complex odor environment.  Allatotropin has been shown to 

activate JH synthesis (Taylor et al., 1996) and has also been localized to the Manduca AL 

(Utz and Schachtner, personal communication). They also found that similar numbers of 

LNs labeled for ATLir, and also some AC PNs and putative POa neurons contained 

ATLir.  FMRFamides are a family of peptides which are often found in interneurons in 

many neuronal circuits including the AL of Manduca (Homberg et al., 1990). Homberg et 

al. (ibid) found about 30 more FALir neurons in the LC then this study; this discrepancy 

could be due to the counting method used (their method was not described).  

Interestingly, FALir was colocalized with some GABAir in some neurons, which 

indicates the possibility that some of these neurons release both neuropeptides and 

neurotransmitters.  Finally, TRPs are a diverse group of peptides, which are related to the 

vertebrate tachykinins, including substance P, the peptide responsible for the transmission 

of pain impulses from peripheral receptors to the central nervous system (Nässel, 1999). 

TRPir has not been described in the Manduca AL previously, although similar numbers 
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appear to be present in the LC of another noctuid moth, Spodoptera litura (Kim et al., 

1998).   

The neuronal co-localization of sGC and neuropeptides, along with the co-

localization with GABA and 5HT, suggests that NO-mediated signaling could play a 

major role in shaping the odor response.  For instance, LNs which contain GABA, sGC, 

and neuropeptides could be involved in lateral inhibition within the AL.  Also, increases 

in cGMP due to activation of sGC by NO could result in the release of these 

neuropeptides, which putatively could act in a positive feedback loop to modify the 

release of more NO from the ORNs.  NO could also function to synchronize neuronal 

activity; thus, neurons within a glomerulus which contain sGC may be co-activated and 

increase their synchronicity.  If neuropeptides are co-currently released with typical 

transmitters from these co-activated neurons, this may provide greater gain control or 

activation in the postsynaptic neurons. 

 

sGC localization / function:  

sGC and cGMP have been localized in the olfactory system of both invertebrates 

and vertebrates (Gibb and Garthwaite, 2001; Bicker et al., 1996; Hopkins et al., 1996; 

Kendrick et al., 1997; Elphick and Jones, 1998; Fujie et al., 2005). In adult rats, the 

location of sGC has been studied using cGMP immunocytochemistry (after NO 

stimulation) (Hopkins et al., 1996).  The β1 isoform is expressed throughout all of the 

layers including the glomerular layer, axons in the external and internal plexiform layers, 

and in a few somata and axons of the granule cell layer.  Alternatively, the α1 subunit 
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was found only in the granular and glomerular cell layers, but not in the mitral and tufted 

cells.  In contrast, in the sheep, β1 is expressed ubiquitously, but α1 is detected only in 

mitral and tufted cells (Kendrick et al., 1997). In locusts, sGC has been localized 

primarily to a subset of interneurons within the AL (Bicker et al., 1996) although later 

studies using the sGC-activator, YC-1, found cGMP expression in the ORN axons (Ott et 

al., 2004). Interestingly, the location of sGC and cGMP expression in individual neurons 

did not entirely overlap in locusts (Ott et al., 2004).  It is important to note that cGMP can 

be produced from non-soluble forms of guanylyl cyclases, including membrane-

associated (receptor GCs) and novel forms which have been cloned and identified in 

Manduca (Nighorn et al., 2001; Morton and Hudson, 2002). Therefore, cGMP expression 

does not always indicate the coexpression of sGC.  NOS expression varies across species 

as well: in rats the periglomerular, granule, and short axon cells contain NOS as adults 

(Hopkins et al., 1996); in sheep, NOS is found in both mitral and granule cells; and in 

locusts, NOS is found in ~50 local interneurons, 20 of which also contain cGMP (Bicker 

et al., 1996).  Manduca is the only species described thus far which has NOS in the 

presynaptic ORNs. 

While the location of NOS and sGC varies among species, the function of NO 

may be conserved (Breer and Shepherd, 1993).  This hypothesis is based on the unique, 

highly conserved spherical shape of the first synaptic neuropil in the AL / olfactory bulb, 

the glomerulus.  In the glomerulus, primary ORNs synapse onto secondary local cells 

within a spheroidal bundle.  If NO is produced anywhere within that sphere, its diffusion 

could affect the entire set of neurons within the glomerulus, without the need for 
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conventional means of communication between those neurons.  Therefore, an odor 

activating a particular set of ORNs could potentiate NO production and result in 

glomerular-wide effects (such as synchronization or modulation), or selectively activate 

sGC-dependent signaling in a subset of cells which express this NO target.  cGMP 

production could lead to modifications in the membrane properties of the cell due to the 

binding of cGMP to cyclic nucleotide gated channels (CNGCs), which have been 

localized within the Manduca antenna and AL (Nighorn, personal communication).  The 

binding of CNGCs by cyclic nucleotides often leads to an influx of cations, which 

depolarizes the neuron.  NO could potentially affect other cells which do not express sGC 

through other mechanisms such as S-nitrosylation (see Ahern et al., 2002 for review).  

 

Conclusions: 

In summary, these results suggest that NO, which is produced in the AL in the 

presence of odor, can act on a subset of neurons through sGC-dependent signaling.  Most 

PNs contained sGCir, but a single glomerulus is likely innervated by both sGCir and non-

sGCir PNs, which indicates that NO may be acting on only a subset of PNs or through 

sGC-independent signaling.  Only LNs which have symmetrical arborizations across all 

glomeruli, including regular glomeruli and the MGC, contain sGCir.  Several LNs which 

contain sGCir also contain neuropeptide-ir, which suggests putative roles for NO-

mediated modulation of AL circuitry, and thus, shaping of the olfactory response.  NO-

mediated modulation may be conserved across phyla, but the location of the molecular 
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players varies across species, so these hypotheses will need to be tested further to confirm 

their validity.  
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CHAPTER 5. SUMMARY AND CONCLUSIONS 
 

5.1 SUMMARY OF RESULTS 
 

The experiments in this thesis show that NO has profound effects on olfactory 

neurons and their ability to process and encode odor information.  A multidisciplinary 

approach was used to understand the function and potential targets of NO in the olfactory 

system of the moth, Manduca sexta. The primary goal was to examine the effects of 

pharmacological NO manipulation in olfactory neurons by recording their activity in vivo 

either as large population subsets or as individual neurons.  Further, the involvement of a 

potential target of NO, soluble guanylyl cyclase (sGC), was described by showing that 

the effects of NO and sGC blockade were similar in some neurons, and by examining 

which neurons contain MsGCα1 immunoreactivity (sGCir). The results of these 

experiments indicate that many antennal lobe (AL) neurons were affected by NO, but 

only a small subset (~90% PNs; ~20% LNs) contains sGCir.  Moreover, in one case, 

different effects were elicited when NO and sGC were blocked in the same neuron. 

Therefore, NO likely targets sGC in some neurons, but acts through other signaling 

mechanisms to exert its effects in others.  

 

5.2 MODEL FOR NO SIGNALING 

The purpose of this thesis was to examine how NO affects the function of 

olfactory neurons.  Initial experiments with extracellular ensemble recordings showed 

that the resting and odor-evoked activity of large populations of neurons were affected 

when NO and sGC were blocked (Chapter 2).  The ensemble experiments revealed a 
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diversity of responses across neurons, the details of which were obscured by technical 

difficulties in identifying individual neuron responses.  To better characterize these 

diverse individual responses, the activity of individual neurons was monitored during NO 

and sGC blockade using intracellular recordings (Chapter 3).  These results showed that 

many AL neurons, including both projection neurons (PNs) and local neurons (LNs) were 

affected by NO and sGC blockade.  Specifically, the resting membrane conductance of 

these neurons was modified, which caused changes in both steady state and evoked 

activity.  sGC is likely not the only target of NO in the AL, since many neurons that 

showed changes to NO blockade did not demonstrate detectable levels of sGCir, and 

blockade of NO and ODQ caused different effects in the same neuron.  Furthermore, a 

thorough investigation of sGCir in the AL also revealed that not all neurons in the AL 

contained sGC (Chapter 4).  PNs that innervated the same glomerulus contained different 

amounts of sGCir, and only symmetrical LNs expressed sGCir.   

These results suggest that low levels of NO are likely tonically produced in the 

AL to modify neuron conductances through sGC in some neurons or through alternative 

mechanisms in others.  This hypothesis predicts that low levels of NO are present without 

experimental odor presentation.  This low amount must be enough to drive both sGC and 

non-sGC mediated effects since blocking NO affects resting activity even in neurons that 

do not express sGC.   

NO has already been shown to be produced in a concentration-dependent manner 

(Collmann et al., 2004), so there are likely concentration-dependent increases in 

conductance of the postsynaptic neurons within an odor-activated glomerulus as well.  
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Olfactory receptor neurons (ORNs) may also be modified by NO, which would provide a 

potential mechanism for feedback or synaptic plasticity (Chapter 3).   A potential model 

describing this signaling process is outlined in Figure 5.1.  
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5.3. IMPLICATIONS FOR ODOR PROCESSING 

 Significant research has been conducted in several brain systems to examine the 

role of NO as a neuromodulator (Prast and Philippu, 2001).  More specifically, NO has 

been found to modify firing rates of single neurons from almost all brain regions 

identified (see ibid, Table 1).   The results from this study fit well with these findings, as 

NO blockade caused a change in the firing rates of olfactory neurons by modifying their 

conductance.  Therefore, NO probably acts in concert with typical neurotransmitters such 

as GABA and acetylcholine to change the excitability of olfactory neurons.  

By affecting individual components of the olfactory system, large scale changes 

in the overall odor code are likely.  The results in Chapter 3 suggest that low levels of NO 

may be produced which are constantly modifying the conductance of AL neurons.  This 

may be a “priming” mechanism, in which subtle conductance modifications allow for the 

resting membrane potential of the neurons to remain near the threshold to fire action 

potentials. NO-mediated conductance changes may actually be responsible for the low 

levels of spontaneous activity which are observed in AL neurons, since blockade of NO 

caused decreased or no activity in some AL neurons.   

In addition, NO could affect odor coding through post-translational modifications 

of AL synapses. For instance, increased production of NO in an ORN due to greater 

exposure of a particular odorant would lead to increased levels of cGMP in some AL 

neurons. Significant increases of cyclic nucleotides could lead to increased gene 

transcription through cyclic-AMP response element binding protein (CREB).  CREB-

activated transcription has been shown to be important for modulation of long-term 
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synaptic connections in many species (Korzus, 2003). NO might also mediate feedback 

inhibition of ORNs by AL neurons to regulate its production. While there is no 

anatomical evidence that AL neurons have direct synaptic feedback onto the ORNs, it is 

possible that chemicals released from activated AL neurons could act like hormones to 

modify the ORNs’ ability to release neurotransmitter.  This hypothesis is strengthened by 

the immunocytochemistry experiments which showed that sGCir is colocalized to 

neurons containing neuropeptides (Chapter 4), serotonin, and GABA (Collmann et al., 

2004).    Furthermore, if NO directly affects ORNs by modifying ion channels or 

monoamine transporters (not shown in Fig. 5.1), there could be an intracellular feedback 

mechanism which modifies the release of neurotransmitter.  

 NO probably also modulates synaptic interactions in postsynaptic AL neurons. 

NO is likely produced in the axon terminals of ORNs, where it diffuses freely to exert its 

effects.  NO imaging experiments have shown that the diffusion seems to be limited 

spatially within particular, focal areas, depending on the odorant used (Collmann et al., 

2004).  Thus, NO may be spatially constrained within a glomerulus, likely by the glial 

sheath which surrounds each glomerulus.  This hypothesis fits nicely with previous 

findings which have shown that odors are at least partially encoded spatially within the 

AL of Manduca (Christensen et al., 1987; King et al., 2000; Guerenstein et al., 2004, 

Reisenman et al., 2004, 2005). Therefore, the direct effects of NO are probably 

constrained within a small region of the antennal lobe.  Future experiments using NO 

imaging have been planned to examine this hypothesis in more detail. 
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While NO likely diffuses anywhere within a glomerulus, this thesis has also 

provided evidence that the responses of individual subsets of AL neurons to NO 

manipulation are heterogeneous (Chapter 3).  Particularly, PNs, the majority of which 

showed burst-like activity when NO was blocked, may have a different mechanisms of 

NO action than LNs, which rarely burst.  This is not unexpected, as previous studies have 

shown that the odor responsiveness, biochemical makeup, and morphologies of these 

neurons are considerably different (reviewed in Christensen and Hildebrand, 2002b). 

Furthermore, neurons that innervated the same glomerulus contained variable levels of 

sGCir, which suggests the effects of NO are not comparable across all neurons in any 

given glomerulus.  The output of individual PNs within a glomerulus, therefore, could be 

different depending on NO’s mechanism of action. Thus, mushroom body and lateral 

horn neurons postsynaptic to these PNs may be receiving different information from PNs 

innervating the same glomerulus.  Also, lateral inhibition among neighboring glomeruli 

may be affected by NO signaling.  Increased levels of NO in an odor-activated 

glomerulus could increase the excitability of a GABAergic LN, which would lead to 

potentiated release of GABA onto postsynaptic neurons in a non-odor-activated 

glomerulus.  Future studies using dual intracellular recordings could examine this 

hypothesis.   

 Spatial and temporal coding mechanisms probably act in concert to create the 

odor code in Manduca (Christensen et al., 1998). The short-lived nature of NO as a gas 

also implicates NO signaling in temporal regulation of the olfactory code.  Any effects 

from increased levels of NO would likely be transient due to its ability to quickly diffuse; 
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however, NO’s half-life as a free radical is thought to be 3-5s, which is an eternity for 

temporal coding (O-Dell et al., 1991; Schuman and Madison, 1994), although this half-

life could be changed greatly by the local environment. Therefore, the initial effects of 

NO could potentially be involved in temporal coding, while continued exposure to 

odorants may result in more long-term modifications in the olfactory pathway.  

This hypothesis has behavioral implications as well.  Moths locate an odor source 

by detecting concentration differences by flying in a zigzag or “casting” pattern through 

the plume (Tumlinson et al., 1989).  Thus, a moth would come in contact with greater 

concentrations of odorants as it contacted an odor plume which would lead to increased 

levels of NO production in the activated subset of glomeruli.  Also, as the moth moved 

closer to the odor source, increased levels of NO would be formed, and increased 

modulation in the AL would occur.  These short bursts of odor exposure, and hence, NO 

production, likely lead to increased excitability in odor-activated neurons which could 

result in increased sensitivity to the behaviorally relevant odor.   

 

5.4 A CONSERVED ROLE FOR NO SIGNALING: 

 NO has been found in the olfactory system of every species that has been 

examined thus far.  Thus, the function of NO may be highly conserved even though NOS 

and sGC are expressed in different neuron types in many species. For instance, in the 

locust, NOS and sGC have both been localized in the LNs of the AL, and no NOS is 

present presynaptically in the ORNs (Elphick et al., 1995; Bicker et al., 1996; Homberg, 

2002). Despite these differences, NO could still potentially modulate the conductance of 



158

olfactory neurons.  Activated ORNs would allow for increases in calcium in many cells, 

not just in ORNs, so increases in NO would likely result no matter where NOS is located.  

Similarly, the molecular targets of NO, such as sGC and other ion channels, may also 

vary, but the intrinsic circuitry of the olfactory system may be set up in a way that the 

neurons which are modified by NO shape the output of other neurons which are not.  

Finally, the unique spheroidal shape of the glomerulus may provide a critical boundary 

for NO, which would limit its effects to only those neurons which are activated by a 

particular odor.  The half-life of NO is also short, so the effects would be temporally 

restricted to allow for new information to be processed as the animal continually samples 

its odor environment.  

 

5.5. CONCLUSIONS AND FUTURE STUDIES 

 The results in this thesis have provided initial evidence that NO functions within 

the olfactory system to modulate the conductance and excitability of many neurons. NO 

blockade using two different pharmacological agents caused similar effects, which 

suggests that NO levels were likely decreased and the effects were specific.  Blocking 

NO synthesis inhibits the production of not only the free radical, NO, but also other NO 

byproducts, such as peroxynitrates, which could putatively exert the observed effects.  

This is unlikely, since blockade of sGC caused similar effects in many neurons, and in 

three cases, the same neuron.  Future experiments could be done with cPTIO at different 

concentrations, or other NO scavengers to resolve this issue.  Also, unfortunately, NO 

donors were never successfully administered to the antennal lobe, except in one case by 
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direct injection into the course neuropil.  Future experiments using caged NO compounds 

may resolve this problem, and such compounds have been tested and shown to be useful 

in other animals (Gelperin et al., 2000). These compounds are also available for 

commercial use and are relatively inexpensive (Gelperin, personal communication). To 

circumvent the problems of bath application, NO donors or blockers could also be 

injected directly into the neuron through the recording electrode (West and Grace, 2004) 

or through pressure injection through another electrode. 

 Future ensemble recordings will be difficult due to the changes in waveform 

amplitude elicited by NO blockers.  Careful control of the threshold level may allow for 

the characterization of many units across the antennal lobe.  This method could therefore 

be used to discern whether NO plays a role in population dynamics, such as synchrony.   

 The responses of individual neurons to NO blockade and addition could also be 

explored in more detail.  For instance, this study examined the responses to only two odor 

pulses, separated by 5s.  Future studies could examine a neuron’s ability to respond to 

repetitive odor stimuli, by changing the duration and interpulse intervals between stimuli.  

Inter-glomerular signaling, such as lateral inhibition, can also be explored using dual 

impalements, but these experiments are difficult.  Patch-clamp experiments with cultured 

neurons will be useful in discerning differences between individual cell type responses to 

NO. 

 Future studies have also been planned to examine potential roles for NO 

modification of the ORN.  Responses in both patch-clamp and EAG recordings can be 
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monitored while NO levels are manipulated. These results will be crucial in determining 

sGC-independent effects of NO on olfactory neurons, since ORNs lack sGC.  

 Finally, more neurons should be filled and examined to properly characterize the 

sGC phenotypes across AL neurons.  For instance, this study has shown that toroid-only 

PNs in the macroglomerular complex (MGC) may contain sGCir, while cumulus-only 

neurons do not (neurons that innervated both the cumulus and the toroid had sGCir). 

While this is an intriguing possibility which would have considerable implications for 

pheromone coding, more neurons should be identified.  Also, only neurons that innervate 

all glomeruli appeared to contain sGCir, but very few asymmetrical neurons were filled.  

If only symmetrical neurons do contain sGC, then these findings could be important for 

understanding the effects of NO on inter-glomerular circuitry, such as lateral inhibition.   
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APPENDIX A: MULTI-UNIT NEURAL ENSEMBLE RECORDINGS FOR 
SILICON MICROARRAYS: BATH APPLICATIONS 

 
I. SETUP 
 
1) Drugs: 
 Make fresh concentrations of drugs that day (especially L-NAME and raise pH to 
6.9).  Place each drug / concentration in a separate 60mL syringe above the prep and 
wash through until tubing junction; wash any residual drug with extra saline before 
putting prep in place. 
 
2) Odors: 
 Make fresh odor syringes that day.  A 1cm piece of filter paper is placed inside 
each syringe and varying concentrations of odors are applied.  The syringe is plugged 
until immediately before odor delivery. Controls should also be made including all 
odor vehicles (mineral oil and cyclohexane) and a blank syringe to verify that the 
responses are evoked by odor, and not mechanical stimuli.   
 
3) Activate electrode: 
 Electrodes should be stored in a dry, dark location until use (mine are stored in the 
first drawer on the right from the in situ imaging computer in 608; there are 12 
unused electrodes, and 8 used, but usable electrodes there).  When the electrode is 
first used, the impedances should be calculated (there is an impedance meter in Room 
625) and the results recorded along with the original impedances supplied by the 
Center for Neural Communication Technology, U Michigan (All information 
regarding the multi-unit probes is in a TDT binder located next to the rig computer, 
Antarctica, which includes baseline and activated impedance levels for all electrodes 
(1-16).  A feedback form was completed for electrodes 1-8 and sent to the CNCT in 
December 2003, for their grant review.).  To activate the electrode, place in probe 
saline (0.1M PBS: 1.52g monobasic NaH2PO4, 10.87g dibasic NaH2PO4, 3.68g NaCl 
in 1L ddH2O; pH to 7.1-7.3) and attach headstage to 2, 9V batteries.  Gently activate 
(charge) each contacting the battery charge with each channel via the headstage, and 
remeasure impedances.  Optimal impedances will be between 0.5-2 MΩ, and all 
within 0.5 MΩ of each other. After the recording, if there is any debris on the 
electrode, it can be lightly swept with a wet paintbrush.  Store used electrodes in DI 
water; and use until the impedances are too high or too varied.  
 
4) Set-up prep:  
 a. Position moth in tube so that antennal lobes are upward.  If EAG is desired, clip 
off tip of right antenna and place into saline-filled electrode holder on the left Leica 
micromanipulator.  EAG acquisition is through the Dagan Intracellular amplifier, so 
turn this on and monitor using Channel 1.  
 b. Place electrode into headstage (be sure that you put the top prongs of the 
electrode into the top hole of the headstage or you will get no signal).  Then position 
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electrode parallel to right antennal nerve and insert into antennal lobe until the top 
recording site is just below the surface (may have to poke with force at first, and then 
gently insert the rest of the probe; often move up and down a little if units are not 
being obtained). Insert reference electrode into left optic lobe.   
 c. The final step will be to attach reference electrode to the back of the headstage 
via alligator clip, and then remove microscope from prep area.  Wait a half hour to 
allow to achieve unit stability (unit activity will often be depressed at first when 
probes are inserted). 
 
5) Hardware:  
 Turn on preamplifier (RA16PA), then main TDT amplifiers (RA 16 Medusa), and 
audio monitor (MS2, but also the signal is amplified further through the WPI FC-23B 
DC Amplifier above TDT hardware).   
 The stimulator (RP2.1) controls the odor stimulus via the PP16 digital I/O board 
through output B2. In order to turn on the solenoid for switching the air flow during 
odor stimulation, have to plug in the 2, 9V battery powered controller on shelf behind 
rig (red plug must go into red side, or else this controller will not work).  For odor 
stimulation, turn on air tank regulators; the left air tank controls constant air, while 
right air tank controls odor-stimulated air.  Monitor the air flow from each with the air 
flow meter on the shelf (Alicat Scientific). For these experiments, the solenoid 
switched the control air from tubing directly pointed at the antenna to an odor syringe 
in separate tubing next to the control air, but you get fewer control air responses when 
the odor is directly injected into the constant air stream (current setup), so this method 
should be used for any future multi-unit experiments.  
 The RP2 is also an input device, so the EAG signal enters there and is displayed 
in the controller software (although the resolution is pretty poor; you’ll probably have 
to talk to someone at TDT if this feature is necessary in the future). 
 
6) Software:  
 The TDT software has all been lumped into a big project which contains all the 
necessary components for each protocol (description also found in TDT folder beside 
Antarctica).  The protocol for bath applications of drugs is called: 200um settingsb 
and is found in C:\Tank Data\200um settings\200um settings b on Antarctica.  The 
solenoid will make several clicking sounds when the controller software (below) is 
turned on; if it fails to, the batteries are either dead or the computer is not finding the 
hardware.  If this occurs, there will also be an error message when the software is 
opened.  To resolve the error, close the software, then both amplifiers and the 
stimulator; turn on the hardware again, then open the software.  
 Each project has several components, all of which are listed on the left side of the 
project window. The workbench is the main area where all components are linked and 
set-up.  The protocol is the main name of the type of recording: these recordings are 
done in a tetrode configuration in a 4x4 array, thus called Tetrode 4x4.  The devices 
are a list of all hardware that is used in the protocol: each amplifier is responsible for 
4 of the 16 channels, and the configuration which runs each is called an .rco file.  
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RCO files are uniquely created configurations for each data set and can be configured 
in the RPVdsEx software from the left panel (all of our configurations were done by 
Tim Tucker, Victor Rush, or Madhu Karnani at TDT).  The .rco file for the 4x4 
tetrode is called “4 -Channel Tetrode with Narrow Filtering.rco”.  The tanks are the 
names of each individual data set, which is divided into blocks (see next paragraph).  
Each time you press record, you will begin a new block.  A limited number of tanks 
can be listed at any given time, so after you are done with each tank, it should be 
deleted.  The stores are a list of each type of data that is being collected, as 
determined by your .rco file.  Next in the left window is the OpenBrowser window: 
this is where you export your data to other file types so that you can analyze it and 
examine your entire data set, block by block.  This process will be described in detail 
later.  Below the Browser is the OpenScope, which is basically an oscilloscope in 
which you can view your data in either real time or after the data has been recorded.  
Finally, in the lowest part of the left window are two controllers.  The Stim_Ctrl is the 
window in which you control your odor delivery.  You can change the parameters of 
the odor delivery by right clicking on each parameter, after you click on the pencil 
mode of the window (window by default, is in play; green arrow).  The other 
controller (Controller_1) shows all 16 channels of data in real time.  Each channel is 
represented in a square, and the threshold levels for each channel can be changed by 
dragging the line up and down in that window.  To change the amplitude of the 
signal, press shift and left click on the window, moving it either up or down. 
Complete this for each channel before recording, and keep the threshold for the entire 
recording session.  The software also has an auto-sort feature which can set thresholds 
and identify individual units.  To use this, right click on each channel square, and 
select “auto-sort”.  This feature was not used for any of the recordings in this study. 
 
7) Recording: 
 The first step is to create a new tank for that day’s recordings.  Each tank is 
named for the day and the prep #, e.g., A050925.  Each treatment for that tank is 
called a block.  A block of data is collected any time you record, until standby or idle 
is activated.  Once you create the block, highlight it, and then press enable and 
update.  All your data will now be stored in that block. You can also test to make sure 
the block is working, by right clicking on the block and then selecting “test block”.  
You will get an error message if there is a problem. 
 
8) Pre-screen odorants: 
 Before you start recording, screen unit activity with various odorants (5 total 
odors representing different chemical functional groups including aromatic, 
monoterpenoid, aliphatic, pheromone, other).  You can screen the activity without 
recording by running the workbench under “Preview” mode. Choose 3 odorants that 
elicit the best responses in the units for that prep.  
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9) Reset tank: 
 Sometimes the tank will malfunction or begin recording, even if you were in 
preview mode.  To help with this, click on tanks, then on your tank for that day, right 
click, and press “reset tank”.  
 
II. PROTOCOL 
 
1) Use worksheet (Appendix B) to record all stimuli 
2) Press record; record spontaneous, resting activity (90s) (Before) 
3) Stimulate with  3 odors and controls at 5 x 200mS (5 s ISI) (Before) 
4) Change saline flow to Treatment (Saline control or drug) 
5) The flow rate is ~1mL / min; to allow for the treatment to move through the 

tubing, wait 2min 
6) Record resting activity (90s) (During A) 
7) Record odor responses (During A) 
8) At 8 min, switch back to saline wash 
9) Record resting activity (During B) 
10) Stimulate with odors (During B) 
11) Wait until drug effect wears off; minimum time is 4min post saline wash for 

control saline or low concentrations; maximum time is 20min for high 
concentrations of L-NAME (in retrospect, these times should have all been the 
same for the wash, so the statistics would be more meaningful) 

12) Record resting activity (After) 
13) Record responses to odorants (After) 
 
14) Repeat 1-13 in Tankb for Treatment #2 
15) Repeat 1-13 in Tankc for Treatment #3 
16) Repeat 1-13 in Tankd for Treatment #4 
17) Repeat 1-13 in Tanke for Treatment #5 
 
18) Typically these drugs had profound effects on the activity of the neurons, and 

after 3-4 hours of recording the activity were no longer similar to pre-drug levels.  
Therefore, only about 5 treatments (including saline and DMSO controls) could 
be completed.  

 
III. POST-RECORDING SETUP 
 
1) Hardware: 
 Set workbench to idle.  Turn off all hardware including preamplifier before 
removing electrode (this will prevent shorts in the preamp). 
 
2) Histochemistry: 
 Remove animal and dissect brain and prepare for histochemistry (see Appendices 
D and E). 
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3) Exporting data: 
 Each block of data is exported separately.  To do this, go into OpenBrowser and 
right click on each block and tank and choose the correct one.  Along with the TSnps 
(unit activity time stamps; anything above the threshold levels you have set will be 
captured and stored as TSnps), you can also export the stimulus time stamps in this 
window.  To export stimulus time stamps, left click on the entire row (double click on 
the # on the left, #21 for odor time stamps (sTTL; tTTL are for pico-spritz time 
stamps).  Select the file type “NEX”, which will allow you to import into 
Neuroexplorer where all data analysis will occur, give it a name (I typically saved it 
in the same tank folder to keep everything together).  To export TSnps, click on top 
row for first channel (#5).  Make sure that Time and Channel columns both say “all”.  
When you left click on this channel, it will export all 16 channels together.  Choose 
the file type as “PLX” for Plexon.  The spike scaling factor should be set at 
12000000, but this number may change depending on your spike amplitude.  To 
calculate the scale factor divide 30 by your maximum spike amplitude, which can be 
determined by looking at your spike heights in the OpenBrowser window.  The 
equation is: Spike Factor = 30 / Max Amp * 10^5 (the maximum is in µV, so you 
multiply by 10^5 to get the correct units).  For large tanks, this process may take a 
considerable amount of time.  I have often closed and then reopened the browser once 
the exporting was successful; without doing this the browser will try to go through the 
entire data set in the lower window, for seemingly, no reason. TDT has claimed to 
have fixed this problem in newer versions of their software, but I would avoid all 
updates unless completely necessary, for fear that something else would go wrong. 
 
4) Sorting units: 
 There are 2 versions of Offline sorter on Antarctica; all data in this study were 
sorted using “Offline sorter” and not “New Offline sorter”.  There are various features 
that make the new one appealing, but there were some bugs which deterred me from 
using it.  Open the data, and then under “data type” in the left window, select 
“tetrode”.  The data will reconfigure from 16 channels to 4 channels.  Click on one of 
the 4 channels and then you can begin to examine the “clusters” based on various 
parameters such as principle components, peak-valley ratios, etc (choices are along 
the top).  Most of the units in this study could be sorted using PC1 in the X-axis, 
peak-valley E1-E4 in the Y-axis, and a variety of variables in the Z-axis.  This sorting 
method takes considerable practice and patience, and guidance from professionals 
such as Vince Pawlowski, Hong Lei or Andrew Dacks would be highly suggested.  
Once you have completed sorting a channel, save it as a new file; do this until all 4 
tetrodes have been sorted to avoid losing data from the program crashing. When 
finished, save the file as “.nex” in the file menu, so you can analyze the data in 
Neuroexplorer. One other note: if there are too many timestamps in the block, the 
program will likely crash or delete some stamps.  You can avoid this by keeping your 
threshold levels high during recording to avoid capturing noise. 
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5) Confirming units: 
 Once the data are in Neuroexplorer, you can add the odor timestamps by cutting 
and pasting from the stim file or by “copy selected variables to another file” in the 
edit menu.  
 In order to make sure that the unit you have captured is not some type of regular 
oscillation (or 60 Hz noise), a power spectral density analysis can be run.  If the 
timestamps reflect captured noise, there will be a large spike at the peak oscillation 
frequency (such as 60Hz).  
 Next, you have to make sure that each separated unit is actually a unique unit.  
You can do this by running a crosscorrelogram analysis for each unit. The 
crosscorrelogram shows the conditional probability of the selected unit spiking at a 
given time of another unit spiking at that time.  Therefore, if two units are actually the 
same, there will be a peak in probability around time zero. Finally, a multivariate 
analysis can be done (Wilks’ Lambda test) to compare each unit and confirm that 
each unit is significantly different.   
 
6) Analyzing unit activity: 
 To analyze resting activity, select the analysis called “rate histograms”.  For this 
data, 90s of resting activity was examined before (0-90s), during 3min (450-540s), 
during 8min (770-860s), and after (depended on treatment; typically last 90s of block) 
the treatment. For most units, there was no change at this time period, although there 
were exceptions which are noted in the Results section). The data was displayed in 5s 
bins by # spikes / s, and the raw data for each was collected (Under “View”: 
Numerical results window) for statistical analysis.  Figures were made by applying a 
Gaussian smooth.  Resting activity was also normalized across all treatments and 
times for each unit and shown as a color plot, with peak minimum and maximum 
frequencies presented as hot and cold colors.  This plot was prepared using the 
following line of Matlab code where i = 1- the number of rows (# units) and zeros (1, 
the number of columns (treatments)): 
 
data_n=[];for i=1:97;data_n(i,:)=data(i,:)./max(data(i,:));end;figure;pcolor([[data_n 
zeros(97,1)];zeros(1,17)]);shading flat;colorbar;axis square; 

 
Bursts were analyzed by Nex’s “Burst analysis” algorithm.  The parameters were: 

0.01s maximum interval to start; 0.01s maximum interval to end; 0.01s minimum 
interval between bursts; 0.02s minimum duration; 4 minimum spikes / burst. The 
parameters were chosen based on preliminary L-NAME experiments, but should 
probably be tweaked for future analyses, as bursts were not as well captured during 
the 7NI and ODQ experiments.   
 To analyze the odor data, it needs to be reconfigured as “BLDbefore, BLDduring, 
BLDafter, and the 5 time stamps for each of the 5 stim pulses will be listed below.  
To examine the odor response before, during, and after with a histogram and raster 
plots, choose the “Perievent rasters” analysis.  In the pop-up window, choose 
“Multiple-reference events for each row”.  Pick the odors of interest before, during, 
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and after.  Then obtain the numbers and apply the smoothing, as done for the resting 
activity analysis. 

The odor data was also analyzed using MATLAB programs written by Hong Lei 
(netresponse.m; in C:\Temp\Matlab file on Antarctica). This program requires the 
time of stimulation (stim_on) and the spike (spikes) timestamps for the unit of choice:  
 
function [netresp,comb]=netresponse(spikes,stim_on); 
%input: "spikes" is a vector for unit timestamps and "stim_on" is a  
%vector of time stamps for stim onset; time unit: seconds; 
win_resp=input('Response window (sec)?   '); 
netresp=[];post_stim=[];pre_stim=[];comb=[]; 
for i=1:length(stim_on); 
 

post_stim=find(spikes>stim_on(i)+0.15 & 
spikes<=stim_on(i)+0.15+win_resp);%considering 0.15 sec of stim delay 
 pre_stim=find(spikes<stim_on(i)+0.15 & spikes>=stim_on(i)+0.15-win_resp); 
 pre_spikes(i)=length(pre_stim);post_spikes(i)=length(post_stim); 
 if length(pre_stim)>0; 
 netresp(i)=(length(post_stim)-length(pre_stim))/length(pre_stim); 
 else 
 

netresp(i)=(length(post_stim)-length(pre_stim))/(length(pre_stim)+1); 
 end 
 comb=[comb [pre_spikes(i);post_spikes(i);netresp(i)]]; 
end 
figure;bar(netresp,0.5); 
save c:\temp\comb -ascii; 
 

Once each unit’s odor response has been determined, it can be compared across 
time and significant changes can be measured.  
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APPENDIX B: MULTI-UNIT RECORDING WORKSHEET 
Date/ Prep Name:_______________________________________     Age: ____  Sex: __ 
Probe #: ________   Used?: ____  Impedance: ________MΩ
Location:      Odors Used: ________ 
 ________

________ 
 ________

________ 
 ________

________ 
Block: Block: Block: Block: Block:
90 s spont 90 s spont 90 s spont 90 s spont 90 s spont 
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APPENDIX C: MULTI-UNIT NEURAL ENSEMBLE RECORDINGS FOR 
SILICON MICROARRAYS: PICOSPRITZER INJECTIONS 

 
I. SETUP 
 
1)  Drugs: 
 Make fresh concentrations of drugs that day (especially L-NAME and raise pH to 
6.9).  Take a multi-barreled pipette (Frederick Haer & Co; either 4-barrelled or 7-
barraled; find in 3rd drawer down from in situ imaging computer on right) and fill 
each barrel with drug of interest, using one for saline and another for drug control 
(such as degassed SNAP).  Next, insert a needle attached to tubing (use Abbot 
laboratories Butterfly 23 x ¾ 12” Tubing; remove green butterfly plastic part for 
space.  These are located on the shelf above the in situ imaging computer, to the 
right).  Epoxy each needle in place by applying the adhesive and then moving each 
needle in and out of the barrel a bit.  Allow this to sit until the epoxy hardens (15min).  
Do not reuse, as many of the NO donors have limited half-lives.  
 
2) Picospritzer calibration 
 The tips of the electrode will need to be broken and fire-polished.  This is best 
done under a dissecting scope: with fine forceps, gently break the ends evenly until 
the fluid comes to the tip through capillary action.  Then fire-polish the tips.   
 To calibrate, attach tubing to manifold on rig.  The manifold is connected to a 
Picospritzer (Parker Hannifin Corporation, General Valve, NJ) which delivers 
pressurized nitrogen to the desired barrel, and thus pushes out a measurable amount 
of liquid, depending on the amount of pressure applied. To calibrate, use the 
“Picospritzer volume indicator.xls” file found in C:\Caroline\New\Protocols.  There is 
an ocular in the dissecting scope which has unit measurements: measure the size of 
the droplet for each pulse duration.  The volume is determined by calculating the 
volume of a sphere based on the diameter that was measured for each droplet. A 
linear curve can then be made, and a volume for any duration can be determined. 
Complete the calibration for each barrel.  
 
3) Odors, electrode activation: 
 Same as bath application  
 
4) Set-up prep:  
 a. Position moth in same way as bath application 
 b. Place electrode into headstage in the same way as bath application. Once in 
place, gently position the picospritzer tip in desired location.  If tip diameter is small, 
it can be inserted into the neuropil, otherwise the drug can be delivered topically to 
the brain.  
 c. Attach reference electrode.  
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5) Hardware:  
 Same as bath application, just remember to turn on Picospritzer and gas driving it 
(nitrogen).  Make sure the pressure is not too high (measured on the Picospritzer ~1-
10 psi is good).   
 
6) Software:  
 The Picospritzer sends an output signal to the TDT software through the “Marker 
Output” to the A1 input on the PP16, and the stimulus marker is shown on the bottom 
left of the Controller_1 window.   The picospritzer injection can either be manually 
controlled by pressing the red button on the front of the hardware, or it can be 
controlled through TDT (through B8 on the PP16).  A program has been written to 
pair the odor pulse and the picospritzer pulse.  This program should be automatic if 
the 200um settingsb.rco file is in use for the controllers. If it is unwanted, just detach 
the BNC cable from B8.  
 
7) Recording: 
 Create a new block, as previously described for bath applications. 
 
8) Pre-screen picospritzer / odors: 
 Pre-screen all odorants as described.  For the picospritzer, check to make sure 
that saline injection does not cause a mechanical effect; it does, reposition it and 
retest. 
 
9) Reset tank 
 

II. PROTOCOL 
 
1)   Use worksheet (Appendix B) to record all stimuli 
2)   Press record; record spontaneous, resting activity (90s) (Before) 
3) Stimulate with  3 odors and controls at 5 x 200mS (5 s ISI) (Before) without 

picospritz pulses 
4) Apply each treatment at: 1x 50ms first; if no response, 5x50ms; if still n/r, 

increase at highest concentration to 100ms, 500ms, 1s, 1 min ISI; note “best 
duration” which is minimum duration needed to get a response 

5) If any units responsive to any treatments (but not saline), go to 6.  If not 
responsive, try greater volume of highest concentration of drug (increase duration 
of treatment, and apply treatment repetitively).  If still not responsive, move pico-
spritzer and repeat 4 (new block). 

6) In a new block examine duration (concentration) effects on spontaneous activity  
a. Record 90s spontaneous activity 
b. Record response of each treatment injected at: 50ms, 100ms, 500ms, 1s  in 

random order, 1 min ISI 
7) In a new block, examine the effects on odor-evoked activity 
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a. Record 90s spontaneous activity 
b. Record response to odors and control again 
c. Apply each treatment pulse at best duration as determined in 4 while each 

odor pulse is presented for each odor and controls 
d. Repeat c (new block) 
e. If time allows, add longer durations of treatment and test c. 

8) Check picospritzer output after experiment to make sure the tips did not break  
 

III. POST-RECORDING SETUP 
 
1) Hardware, histochemistry: 
 Same.  
 
2) Exporting data: 
 The tTTL pulses are the picospritz timestamps.  Export these as .nex files.   
 
3) Sorting & confirming units: 
 Same. 
 
4) Analyzing unit activity: 
 Resting activity can be calculated in the same way as bath application activity, but 
the timing of drug effects is on a much smaller time scale (10s), so the activity was 
averaged before, during, and after injection for 10s.  
 Perievent histograms can be done for multiple stimuli, otherwise rate histograms 
will be most useful for determining activity.  Once each unit’s odor response has been 
determined, it can be compared across time and significant changes can be measured.  
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APPENDIX D: SPURR’S RESIN FOR EMBEDDING PROTOCOL 

Day 1:  
____   Dissect brain from head including optic lobes.  Cut animal’s R antennal nerve 
 longer than the L.  
____   Remove trachea from brain 
____   Place in 1-2% glutaraldehyde in 0.1M phosphate buffer for at least 1 hr 
 (glutaraldehyde increases the contrast of the glomeruli / probe marks with the rest 
 of the antennal lobe) 
____   Dehydrate through a series of increasing concentrations of ethanol (30%, 50%, 
 70%, 95%, 100% x 3 @ 10min each) 
____  Wash with acetone (2 @ 10min each) 
____  Apply 1:1 mixture of Acetone: Spurr’s(*) (2 hours) 
____  Apply Spurr’s (2 hours) 
____  For embedding and subsequent polymerization, place in oven at 64°C for 12-18  
 hours or until hardened 
 
Day 2:  
___    Section  at 50µM on sliding microtome 
 
All rinses should be done on rotating shaker table at room temperature 
 

*Spurr’s plastic (Electron Microscopy Sciences, Ft. Washington, PA): 
 

Spurr’s components are toxic: wear gloves and work under the hood: 
 

ERL 4206  10.0g 
 DER 736 6.8g 
 NSA  26.0g 
 DMAE  0.4g 
 
Vigorously mix with a stir bar for 10min until the mixture appears white and frothy.  
Then let sit for 10min until the mixtures is clear.  Draw into two 20mL syringes.  Store in 
sealed jar in freezer; store for up to 2 weeks.   
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APPENDIX E: NOS  / sGC ANTIBODY PROTOCOL 

Day 1:   
____   Dissect brain from head including optic lobes.  Cut animal’s R antennal nerve 
 longer than the L.  
____   Remove trachea from brain 
____   Place in 4% Paraformaldehyde fix O/N (4% PFA = 1g Paraformaldehyde + 
 12.5mL H2O; heat on plate at line between 1 and 2; when clearish-gray, add 2 
 drops NaOH; then add 12.5mL 0.2M NaPO4 buffer; keep no longer than 2 weeks) 
 
Day 2:  
___    Rinse 3x in PBS (1/2-1hr each) (heat agarose) 
___    Vibratome in 7% agarose, 100µM sections in PBS 
___    Place sections in 250µL 5% NDS (in PBSAT) block 1hr, RT 
___    Add 1:150 dilution (16.67µL of 1:10 working dilution) universal NOS (uNOS) 
 antibody, and 1:2500 dilution (1µL of 1:10 working dilution) of MsGCα1

antibody (O/N, RT) 
 
Day 3:  
___    Wash 3x PBST 
___    Block in 250µL 5% NDS (in PBSAT), 1hr, RT 
___    Add 1:250 dilution (1 µL) Donkey-anti Rabbit FITC secondary antibody (NOS), 
 and Donkey-Anti Goat Cy3 (sGC) either 4hr RT or O/N at  
 4°C 
 
Day 4:  
___   Wash 2x PBST 
___   Wash 1x PBS 
___   Add sections to carbonate-bicarbonate buffered 80% glycerol (*) (FITC is pH 
 sensitive) 
___   Image on confocal microscope using Argon 588 laser for NOS, Green HeNe for 
sGC 
 

*Carbonate-bicarbonate buffer: 
 Na2CO3: 0.8g 
 NaHCO3: 1.456g 
 ddH2O: to 500mL 
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APPENDIX F: COMPLETE RESULTS AND ANALYSIS OF MULTI-UNIT 
RECORDING EXPERIMENTS 

I. NO Blockade: L-NAME 

 L-NAME was bath applied to the entire brain during two sets of multi-unit neural 

ensemble recordings.   In the first set of experiments, 13/16 (81%) of the animals tested 

showed observable changes in resting state activity at concentrations of 100µM, 1mM 

and 10mM.  However, the pH of the L-NAME in these experiments was not raised to pH 

6.9 (physiological levels) so this data was not included in the analysis. When these 

experiments were repeated in a second set of recordings with the correct pH, higher 

concentrations were required to elicit the same response, however, this difference could 

have also been due to the use of a different vial of L-NAME.  During the second set of 

recordings, 18/18 (100%) of the animals showed  changes in activity, although only 8 

were analyzed because the other 10 brains were not sufficiently washed after drug 

application to return to baseline activity.  Wash times varied depending on the 

concentration of drug (10mM required 10min; 25mM required 15min; 50mM required 

20min).   

 Before the activity could be analyzed, the units needed to be separated in N-

dimensional space using the cluster cutting algorithms in Offline Sorter.  However, one 

notable effect of L-NAME was that the amplitude and slope of the waveform changed 

sufficiently during the experiment (Fig. 2.2, see also Chapter 2.3: Results).  The 

amplitudes of unit waveforms were constant at the beginning of the experiment, so a 

threshold level was set high enough to capture units without capturing noise.  However, 

after the drug was applied, the amplitudes of many units decreased and the unit 
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timestamps were no longer captured, since they fell under the preset threshold level.  

Waveforms could still occasionally be captured on other channels (because the tetrode 

configuration used in these recordings acquires units across 4 channels), but this was 

uncommon.  The slope could still be calculated if the unit was captured in another 

channel, however this parameter also deviated from the pre-drug state (Fig. 2.2B).  

Unfortunately, the peak width and height, as well as the slope, are often the easiest 

parameters in which to sort units.  However, when a unit showed such massive changes, 

sorting was difficult (Fig. 2.2C).  This caveat should be noted when trying to derive 

meaning from this data: when there is a decrease or no activity because of the drug, it 

could mean that the unit was still firing but it was not being captured because it was sub-

threshold or that the sorting was tainted by other units which showed similar decreases in 

amplitude or slope.  This caveat should also be noted for odor responses: if there was a 

decline in odor responsiveness during drug, it could be due to the unit not being captured 

anymore. Also, in the case of projection neurons, the spike amplitude fluctuates during an 

odor response; therefore all of the spikes may not be captured if the threshold is not set 

perfectly for that neuron (discussed in Pawlowski et al., 2005, Figure 14.3). Despite these 

caveats, it is important to note that many units failed to show any resting or odor-evoked 

activity during high concentrations of L-NAME.   
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The 8 animals (Preps 1-8) analyzed during L-NAME applications had a total of 

97 sortable, distinct units (average = 11.9 units / animal; minimum = 11 units, maximum 
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= 13 units).    The activity for each unit was examined across the entire protocol for each 

treatment and concentration.  An example of the activity across all treatments is shown in 

Figure 2.3A for Unit 1a, Prep #1.   

The average firing rate was then calculated for 90s before, 3min during, 8min 

during, and after L-NAME application for each unit (Fig. 2.3B).  The activity across all 

units was then examined, and a significant decrease in activity was found during the 

25mM and 50mM L-NAME applications (Fig. 2.3C). The effects of L-NAME also 

appear to be concentration dependent, as 50mM application caused the greatest decrease 

in activity.   
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 By examining the average activity across 90s intervals, some information about 

the temporal responses to L-NAME in some units was lost.  For example, in many units, 

there was an increase in activity within 3min of L-NAME application (saline control: n = 

6 units (6%); 10mM: n = 37 units (38%); 25mM: n = 39 units (41%); 50mM: n = 29 units 

(30%)).   Figure 2.4 illustrates an example of increased resting activity in one unit at the 

beginning of the L-NAME application.  During 25mM and 50mM L-NAME application, 

there was a large increase in activity preceding the decrease at 8min (the sharp decline 

which followed probably reflects when the unit waveform amplitude fell below threshold, 

and thus, was no longer recorded; see Figure 2.2).  This increase was apparent when the 

average activity was calculated before, during 3min of, during 8min of, and after L-

NAME application for this unit (Fig. 2.4B).  However, when the activity was averaged at 

3min for all units (n = 97), there was no notable change in activity from baseline (Fig. 

2.3C).   
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Along with the average activity, the peak maximum and minimum activity were 

calculated across all treatments for each unit (Fig. 2.5).  The average activity was 

normalized and then color-coded across all treatments.  Unit activity was diverse across 

all units.  Many of the units had peak maximum activity at the beginning of the recording 

session, before saline was applied.  However, 22 units showed maximum activity during 

3min of 10mM L-NAME application, which is when increased activity was observed in 

many units.   Most units had peak minimal activity during 50mM L-NAME activity; 19 

units (20%) had no activity at all during this treatment.    
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 The peak increases in activity were also accompanied by unit bursting (Fig. 2.6).  

64/97 (66%) of all units showed burst-like activity during the recordings.  The total and 

maximum numbers of bursts occurred during 10mM and 25mM L-NAME applications, 

which is the same time when the rate of activity increased (Table 2.1).  Several units 

appeared to have increased burst-like activity around 3min, when the increase in activity 

was found (Fig. 2.6A).  Following these bouts of bursts, many units did not spike at all, 

but began bursting again after wash, followed by normal, pre-drug activity after 10-

20min of saline wash.  The average number of bursts during each 90s interval was 

counted for all units before, during 3min, during 8min, and after L-NAME and saline 

applications (Fig. 2.6B).  There was a significant increase in burst numbers during 10mM 

L-NAME application, and an increase, albeit not significant, during 25mM L-NAME 

application.  There was also a significant decrease in number of bursts after 8min of 

25mM and 50mM L-NAME, which reflects the general loss of all activity during this 

time in most units.  
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TABLE 2.1. BURST ANALYSIS FOR L-NAME APPLICATION 
 

Treatment Total # 
Bursts 

Max # 
Bursts 

Saline: B
D3
D8
A

259 
239 
395 
259 

49 
52 
42 
32 

10mM: B
D3
D8
A

387 
601 
640 
285 

109 
165 
173 
70 

25mM: B
D3
D8
A

511 
614 
200 
423 

179 
211 
69 
162 

50mM: B
D3
D8
A

390 
563 
52 
353 

91 
223 
19 
158 

Table 2.1: The total and maximum # bursts during 90s is shown for all treatments before 
(B), during 3min (D3), during 8min (D8), and after (A) L-NAME application.  The 
greatest total # bursts occurred during 3min of 25mM L-NAME application, while the 
maximum # bursts occurred during 3min of 50mM L-NAME application.  
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 L-NAME, therefore, likely causes changes in neuronal excitability which is 

manifested as bursts, followed by an inability to fire action potentials.  These results are 

unfortunately muddied by an average activity decrease between each treatment: by the 

end of the experimental recording session, the average activity was half of what it was at 

the beginning of the recording.  In order to understand whether this decline was a result 

of the drug treatments, or some other factor (such as desheathing the brain), two animals 

(Preps 9 & 10) were prepared in the same manner as for drug treatment, but only saline 

was applied (Fig. 2.7, Fig. 2.8).  Although only 2 animals were examined, both showed 

greater than 50% decreases in activity from the beginning of the recording (Fig. 2.7).  

Further, 34% of the units had maximum activity at the beginning of the recording session, 

while 94% showed minimum activity at the end (Fig. 2.8).  These results indicate that the 

some other factor besides drug application likely caused some of the activity loss seen 

over the course of the recordings.   
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 The results from the saline-only preparations suggest that some activity decreases 

in all experiments were likely due to some factor relating to the experimental set-up.  

However, in all preparations when drugs were applied, there were distinct changes in the 

activity during the drug application which could be washed.  For instance, during high 

concentrations of L-NAME application, the waveform amplitudes decreased over time 

until there were no units present; the saline washed caused the unit amplitudes to 

consistently increase until they were near pre-drug levels.  Therefore, the effects that 

were seen during L-NAME application were likely an affect of the drug and not the 

preparation. 

The resting activity was therefore affected by NO blockade.  These results suggest 

that NO blockade probably affects the resting membrane potential of individual neurons 

and thus affects their ability to maintain resting, spontaneous firing of action potentials.  

If this hypothesis is true, another important question is whether AL neurons can still 

respond to evoked stimulation when NO is blocked.   To test this, the odor-evoked 

activity was measured in several units in all eight preparations.  All units which 

maintained responses across the entire treatment protocol for each odor are listed in Table 

2.2.  The odor responses were similar to previously published findings in Manduca 

(Christensen et al., 2000; Lei et al., 2004). For instance, pheromones often caused 

increased spiking in Shank 1 units, which was placed in the MGC. However, units in 

other shanks were also excited by pheromone, which suggest that these units may be 

recorded from local neurons, which have broad odorant response profiles, or output tracts 

of projection neurons which are located more medially.  
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TABLE 2.2. ODOR RESPONSIVE UNITS: L-NAME 

Prep # Total # 
Units 

BLD  
Units 

CYC 
Units 

LIN 
Units 

MES 
Units 

ZHP 
Units 

1
A040724

13 1a,1b,1c,2a 
2b,2c,3a 

n/a n/a 3a,4a,4c,4d 3a,4a 

2
A040727

13 1b,1c,2b,2c
2d,3d 

n/a 1a,2a,2b,2c
2d,3d,3e 

n/a 1a,2a,2b
,2d 

3d,3e 
3

A040730
12 2a,2b,2c,3b

3d,4b 
n/a 2b,2d,4b n/a n/a 

4
A040802

11 3c n/a 3c n/a 3c 

6
A040826

11 1a,1b,1c,2a 
2d,3b 

n/a 2d,3b,4b 2d,3b,4b n/a 

7
A040827

12 1a,1b,2a,2b
2c,3a,3c 

n/a n/a n/a 3a,3c,4c 

7
A04030 

12 1a,1c,2b,2d
3c 

n/a n/a 4c n/a 

8
A040831

13 1a,1d 3d n/a n/a n/a 

Totals 97 total 
75 odor 

 
40 

 
1 14 8 12

Table 2.2.  Odor responsive units during L-NAME treatments.  In 8 preparations, 75 of 
97 units (77%) responded to odor throughout the entire treatment protocol.  Most units 
responded to BLD (40 / 75; 53%).  Totals reflect a consistent N for all treatments (N 
varies during 7NI and ODQ applications by treatment). Units are labeled by shank # (1-4, 
with the most lateral being 1; a-d indicates sorting letter, which were random) 
 

The unit responses during L-NAME treatment varied across units.  A 

representative unit is shown in Figure 2.9.  During saline and 10mM L-NAME 

application, the unit response to BLD was consistent (during 3min of saline, the response 

was less, but this was likely due to an error in presentation, rather than an effect of saline 

treatment).  However, after 25mM and 50mM L-NAME were applied, there was a drop 

in the # spikes during the response (Fig. 2.9B).  The net # spikes (Fig. 2.9C) and average 

instantaneous frequency (ISF; Fig. 2.8D) were also calculated.  The net # spikes showed 
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no clear trend in unit responsiveness, while there was a decrease in ISF during 50mM L-

NAME application.   

 The average # spikes, net # spikes, and ISF were then calculated for all odor-

responsive units for each odor and control vehicles across all preparations (Fig. 2.10).  

50mM L-NAME application caused the most notable changes in average # spikes, net # 

spikes, and ISF for BLD and MES.   

It is important to keep in mind, however, that the resting firing rate of many of 

these cells has been manipulated during NO blockade, and thus, their ability to respond to 

odor is likely compromised.  This point is especially important when analyzing the net # 

spikes.  In order to calculate net # spikes, the resting activity of the unit was subtracted 

from the evoked activity, and then divided by the resting activity.  Hence, if there was no 

resting activity, which is the case for high concentrations of L-NAME, then the net # 

spikes will be relatively high compared to when there is more resting activity.  Thus, the 

net # spikes may actually appear to increase during L-NAME application (like in ZHP for 

25mM) even if the unit responded with fewer spikes. The net # spikes, therefore, 

probably does not accurately reflect odor-evoked activity during high concentrations of 

L-NAME application.   
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 L-NAME, in summary, affected both the resting activity and the odor-evoked 

activity of many units in the AL.  The effects were concentration dependent: low 

concentrations caused unit bursts in some units, while high concentrations of L-NAME 

caused unit bursts followed by complete loss of activity.  The activity changes were also 

reflected during odor-evoked activity in many AL neurons with a reduction in both the # 

spikes and ISF during the odor response.    For future studies, the best concentration of L-

NAME to use would likely be 15-20mM, as 10mM sometimes caused effects, and 25mM 

was harder to wash out.  

 

II. NO Blockade: 7NI 

 In order to show that the effects on resting and odor-evoked activity were caused 

by NO blockade and not an extraneous effect of L-NAME, four animals (Preps 11-14), 

with a total of 45 units were bath applied with 7NI (average = 11.25 units / animal; 

minimum = 11 units, maximum = 12 units).    As in the L-NAME preparations, the 

activity for each unit was examined across the entire protocol for each treatment and 

concentration.  Several concentrations were tested, and not all concentrations were tested 

in every animal due to time constraints.  In one animal (Prep 14), the saline control could 

not be done because the activity after 1mM application dropped to near zero.  

 An example of one unit’s activity can be found in Figure 2.11A. The large 

increases (arrows) indicate when odor (pheromone blend) excited this unit, but the resting 

activity was calculated when no odor was present.   The average activity of this unit 

increased slightly during vehicle application, and decreased during 1mM 7NI application 
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(Fig. 2.11B).  The activity across all units was also averaged, and a significant decrease in 

activity was found after 8min of 250µM and 1mM 7NI applications (Fig. 2.11C). Like L-

NAME, 7NI application caused a diversity of activity changes across units (Fig. 2.12).  

The maximum activity was found at the beginning of the recording sessions (n = 10; 

22%), but there were also maximum peaks during 3min of 100µM 7NI, and after 500µM

7NI (n = 4 for both; 6%; Fig. 2.12).  Like L-NAME, the minimum activity was during the 

highest concentration (n = 13; 29%).  

The effects of 7NI were similar to L-NAME at high concentrations, although the 

activity decreases were not as severe.  The waveform amplitudes also decreased, similar 

to what was seen for L-NAME (data not shown).  Also, 7NI did not take as long to wash 

out as L-NAME; all wash times were 10min for all concentrations of 7NI.  These results 

could be due to the smaller sample size for the 7NI applications or the difference in drug 

mechanism / concentrations.  Finally, 7NI, when dissolved in 0.5%-1% DMSO and 

saline, did not cause notable changes in the pH of the solution.   
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Along with decreases in average rate, 7NI also caused changes in burst-like 

activity similar to L-NAME (Table 2.3).  There was a significant increase in # bursts 

during 8min of 500µM 7NI application.  While the calculated average number of bursts 

was much lower for 7NI than L-NAME, this result probably does not reflect the actual 

number of bursts during 7NI application, as the observed bursting pattern during the 

recordings was similar for both drugs.  To better capture all bursts, future analyses could 

be done using different parameters for the burst analysis (e.g. reducing the minimal # 

spikes / burst from 4 to 3). 
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TABLE 2.3. BURST ANALYSIS FOR 7NI APPLICATION 

 
Treatment Total # 

Bursts 
Max # 
Bursts 

Avg # 
Bursts 

SEM 
 

Saline: B
D3
D8

n = 34 A

19 
56 
50 
86 

6
33 
28 
53 

0.56 
1.65 
1.47 
2.53 

0.23 
1.05 
0.91 
1.75 

Vehicle: B
D3
D8

n = 45 A

94 
88 
137 
65 

59 
61 
40 
33 

2.09 
1.96 
3.04 
1.44 

1.49 
1.47 
1.24 
0.99 

100µM: B
D3
D8

n = 45 A

75 
112 
122 
80 

47 
56 
37 
41 

1.67 
2.49 
2.71 
1.78 

1.19 
1.68 
0.96 
1.24 

250µM: B
D3
D8

n = 22 A

59 
47 
42 
39 

36 
27 
19 
20 

2.68 
2.13 
1.91 
1.77 

1.94 
1.49 
1.00 
1.22 

500µM: B
D3
D8

n = 45 A

39 
63 
216  
82 

22 
32 
59 
64 

0.87 
1.40 

4.80 * 
1.82 

0.62 
0.96 
2.05 
1.48 

1mM: B
D3
D8

n = 23 A

0
145 
9

142 

0
121 
9

138 

0
6.3 
0.39 
6.2 

0
5.4 
0.4 
6.13 

Table 2.3. The total, maximum, and average number of bursts was calculated during 90s 
for all treatments before (B), during 3min (D3), during 8min (D8), and after (A) 7NI 
application.  The mean during 8min of 500µM 7NI application is different than before 
treatment, but not during 3min or after (* p < 0.05; Repeated-Measures ANOVA; 
Tukey’s post-hoc test).   
 

Odor-evoked activity was also monitored during 7NI application.  25 units (56% 

total units) were odor responsive throughout the entire treatment protocol, and every 

preparation had at least one BLD-responsive unit (n = 12; 48% total odor responsive; 
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Table 2.4).  An example of one BLD-responsive unit can be found in Figure 2.13.  This 

unit had a decrease in # spikes, net # spikes, and ISF during 3min of 1mM 7NI 

application.  The average # spikes (Fig. 2.14A), net # spikes (Fig. 2.14B), and ISF (Fig. 

2.14C) were also calculated for all units by odor.  The number of odor responsive units 

was low for each odor, so significance could not be calculated, but there were decreases 

during 500µM 7NI application (3min and 8min) for BLD and LIN.  The LIN and MES 

responses were weak during 1mM 7NI application, which may be due to the deterioration 

of the preparation and not the effects of the drug.    

 
TABLE 2.4. ODOR RESPONSIVE UNITS: 7NI 

 
Prep # Total #  

Units 
BLD  
Units 

LIN 
Units 

MES 
Units 

11 
A041109 

12 1a,1b,1c,2b
2c,3d 

n/a 3a 

12 
A041110 

11 1a,1b,1c 2d,3b 2d,3b 

13 
A041111 

11 1b n/a n/a 

14 
A04116 

11 1a,1c 2c,2d,3a,3e
4a,4c 

4a,4d 

Totals 
 

45 total 
25 odor 

 
12* 

 
8* 

 
5* 

Table 2.4. Odor responsive units during 7NI treatments.  In 4 preparations, 25 of 45 units 
(56%) responded to odor throughout the entire treatment protocol.  Most units responded 
to BLD (12 / 25; 48%).  * N’s vary by concentration / treatment: BLD (saline: n = 10; 
vehicle, 100µM, 500µM: n = 12; 250µM: n = 3, 1mM: n = 9). LIN (saline, 1mM: n = 2; 
vehicle, 100µM, 500µM: n = 8; 250µM: n = 6); MES (saline, 1mM: n = 3; vehicle, 
100µM, 500µM: n = 5; 250µM: n = 2).   
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The effects of 7NI, therefore, were similar to L-NAME, with low concentrations 

causing burst activity, and higher concentrations causing a decrease in resting activity.  

The 500µM concentration gave the most consistent results across all units, so this 
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concentration should be used in future studies. Unlike L-NAME, 7NI did not require any 

pH manipulation, which makes it a more stable, and hence, desirable pharmacological 

tool.  No effects were seen when DMSO was applied, so the vehicle was not likely the 

cause of the effects seen when 7NI was applied.  The odor responses were also modified 

during 7NI application, especially at high concentrations.    

 

III. NO Blockade: cPTIO 

 Ten males were tested with bath applications of cPTIO with concentrations 

ranging from 10µM to 10mM.  There were no observable changes in activity or odor-

evoked responses when this drug was applied at any concentration.  Six males were also 

pressure injected with 100µM to 10mM injections of cPTIO at various durations, but no 

observable changes occurred.  These experiments were completed early while the multi-

unit recording setup was still being tweaked and may need repeating for confirmation.  

Further, many researchers have dissolved cPTIO in DMSO, so this may be a better 

vehicle for the drug than saline.  

 

IV. NO Addition: SPER 

 Three preparations were bath-applied with SPER at various concentrations.  No 

changes in activity or odor responses were observed, except at 1mM concentrations, 

where the units stopped firing entirely and did not return.  Several preparations (n = 4) 

were pressure injected with NO donors, but only one unit (Prep #15) showed responses to 

SPER without a mechanical response to saline control (Fig. 2.15).   Unit 3c (Prep #15) 
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showed concentration-dependent increases in activity when SPER was pressure injected 

five times (250ms each time; 100ms inter-stimulus interval) within 100µM of the third 

shank where Unit 3c was being recorded.  The multi-barreled pipette had been placed 

~10-20µM into the course neuropil.  No odor responses were tested in this preparation.   
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V. NO Addition: SNAP 

SNAP was bath applied in 4 preparations.  Application of 1mM SNAP was lethal, 

but no other responses or changes in activity were observed.  SNAP was also pressure 

injected into the course neuropil in 6 preparations at various concentrations.  No unit 

responses were observed without also observing a change when saline or degassed SNAP 

was applied.  The multi-barreled pipettes were placed at various locations and distances 

from the probes and at various depths including right above the brain, but there were still 

no responses.  

 

VI. sGC Blockade: ODQ 
 

The activity during sGC blockade was similar to that of NO blockade, especially 

at high concentrations where a large decrease in activity was found (Fig. 2.16).  Five 

animals (Preps 16-20), with a total of 35-63 units were bath applied with ODQ (average = 

12.8 units / animal; minimum = 11 units, maximum = 15 units). The activity during ODQ 

application was analyzed in the same manner as for NO blockade.  Like other units, unit 

3a (Prep #18) showed increased and burst-like activity during low concentrations (50µM) 

and decreased activity at high concentrations (Fig. 2.16A, B).  The average activity across 

all units was also significantly lower during 100µM, 500µM and 1mM ODQ applications 

(Fig. 2.16C).  Also, similar to the NO blockers, individual unit responses to sGC 

blockade were varied.  The maximum activity was seen prior to saline treatment, and the 

minimum activity was found during 1mM ODQ application (Fig. 2.17).   
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The average number of bursts was not as great when sGC was blocked as when 

NO was blocked (Table 2.5).  The maximum # of bursts was found after saline treatment 

(n = 101), and not during ODQ application.  However, there was a significant increase in 

number of bursts during 100µM ODQ application.  Again, the analysis parameters may 

be modified to better represent the bursts, which were also frequently observed during the 

ODQ applications.  

 
TABLE 2.5. BURST ANALYSIS FOR ODQ APPLICATION  

 
Treatment Total # 

Bursts 
Max # 
Bursts 

Avg # 
Bursts 

SEM 
 

Saline: B
D3
D8

n = 63 A

55 
80 
130 
131 

26 
36 
64 
101 

0.873 
1.27 
2.06 
2.08 

0.49 
0.71 
1.08 
1.62 

Vehicle: B
D3
D8

n = 63 A

40 
31 
69 
37 

16 
9
16 
12 

0.635 
0.492 
1.10 
0.587 

0.300 
0.204 
0.415 
0.231 

100µM: B
D3
D8

n = 63 A

44 
32 
91 
41 

10 
9
16 
16 

0.698 
0.508 
1.44 * 
0.651 

0.258 
0.193 
0.414 
0.284 

500µM: B
D3
D8

n = 52 A

45 
25 
22 
31 

13 
9
7
14 

0.866 
0.481 
0.423 
0.596 

0.333 
0.236 
0.165 
0.297 

1mM: B
D3
D8

n = 35 A

6
5
2
1

2
3
2
1

0.171 
0.143 
0.0571 
0.0286 

0.0777 
0.0943 
0.0580 
0.0290 

Table 2.5. The total, maximum, and average number of bursts was calculated during 90s 
for all treatments before (B), during 3min (D3), during 8min (D8), and after (A) ODQ 
application.  The mean during 8min of 100µM ODQ application is significantly greater 
than at other times during that treatment (* p < 0.05; Repeated-Measures ANOVA; 
Tukey’s post-hoc test).   
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The effects on odor-evoked activity were also comparable for sGC and NO 

blockade in many, but not all units.  36 (57%) of the total units responded to odor 

throughout the entire ODQ treatment protocol, and all preparations had at least one unit 

respond to BLD (n = 16), although one unit (Prep #18, unit 2d) was inhibited by BLD 

(Table 2.6).  The # spikes and ISF of Unit 2a (Prep #17) decreased during 100µM ODQ 

application (Fig. 2.18).  For all units, there were decreases in BLD responsiveness (# 

spikes, ISF) during 1mM, MES responsiveness (# spikes) during 500µM, and ZHP (ISF) 

during 1mM (Fig. 2.19).  Statistics could not be done due to the low sample size of 

preparations.   
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TABLE 2.6. ODOR RESPONSIVE UNITS: ODQ 

Prep # Total #  
Units 

BLD  
Units 

LIN 
Units 

MES 
Units 

ZHP 
Units 

16 
A041118 

13 1a,1b n/a 4c,4d 3a,4d 

17 
A041122 

15 1a,1c,2a n/a 3c,3d,4c,4d 2b,2c,2d,4d 

18 
A041123 

13 1b,2a,2b,2d 
2e 

n/a 3a,3b,3d,4a,
4b, 4d 

1b,2a,2b, 
4b,4d 

19 
A041130 

11 1a,1b,1d,2a, 
2d (-) 

2d (-), 3a n/a 2a,2c,2d,3c,
3d 

20 
A041201 

11 1b n/a n/a n/a 

Totals 63 total 
36 odor 

 
16* 

 
2* 

 
12* 

 
16* 

Table 2.6. Odor responsive units during ODQ treatments.  In 5 preparations, 36 of 63 
total units (57%) responded to odor throughout the entire treatment protocol.  Most odors 
had an excitatory response to BLD (15/36; 42%) or ZHP (16 / 36; 44%), but unit 2d had a 
net decrease in # of spikes (-), and was inhibited by BLD and LIN.  The inhibitory 
responses were not included in Figure 2.19 average odor responses, and the single LIN 
unit was also not included.  * N’s vary by odor / concentration / treatment: BLD (50µM, 
1mM: n = 5; saline, vehicle, 100µM: n = 16; 500µM: n = 11); LIN (saline, vehicle, 
100µM, 500µM: n = 2); MES (saline, vehicle, 100µM, 500µM: n = 12; 50µM: n = 6; 
1mM: n = 2); ZHP (saline, vehicle, 100µM: n = 16; 50µM: n = 5; 500µM: n = 11; 1mM: 
n = 7).  
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 In summary, the effects on both resting activity and odor-evoked activity during 

ODQ were similar to those seen when NO synthesis was blocked.  ODQ caused changes 

in resting activity at concentrations as low as 100µM, but consistent effects were seen at 

the 500µM concentration.  The effects on odor responsiveness were not as severe as seen 

during L-NAME application, but this could be a result of the lower number of 

preparations examined.  However, NO may mediate its effects through other signaling 

mechanisms besides sGC, so sGC blockade may not affect all neurons equally.  

 

VII. Histology 

 Two different histological methods were exploited for examining probe marks 

after recordings were completed.  The Spurr’s plastic embedding allowed for clear 

examination of probe marks and the glomeruli surrounding the probes (Fig. 2.20A).  This 

method was used for six brains (all of these preparations were not included in analysis 

above, but the probe marks were in similar locations); all brains showed detectable probe 

marks and glomeruli.  However, this method was time consuming, so the remaining preps 

in this study were prepared for immunocytochemistry with NOS and sGC antibodies 

(Fig. 2.20B).  The antibody staining allowed for accurate examination of the probe marks 

in 80% of the brains (n = 16 / 20 total brains).   
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APPENDIX G: INTRACELLULAR RECORDINGS: BATH APPLICATIONS 
 

I. SETUP 
 

1) Drugs and  
2) Odors 

Prepared as described in Appendix A.   
 
3) Making electrodes: 

Electrodes are pulled on the Sutter P-2000 laser puller in the Hildebrand lab. 
Borosilicate glass (1mM outer diameter, 0.75 or 0.58 mm inner diameter; Sutter) was 
used in all experiments.  The thinner glass (0.75) typically resulted in resistances 
around 250MΩ, which were good for recording from PNs and LNs.  Higher 
resistances can be achieved with the thick diameter glass.   
 
4) Set-up prep:  
 a. Moths are prepared for intracellular recordings as described in Christensen and 
Hildebrand, 1987.  Remove the head from the moth following dissection and 
desheathing of one antennal lobe, and pin it into the circular Sylgard dishes on a piece 
of Kimwipe, to provide constant contact with the saline. Apply saline immediately 
and regulate the level so that it is covering most of the antennal lobe.  If EAG is 
desired, clip off tip of right antenna and place into saline-filled electrode holder on 
the left Leica micromanipulator.  EAG acquisition is through Channel 1 on the Dagan 
Intracellular amplifier.  Place reference electrode into the left optic lobe, and position 
hook electrode under the antennal nerve if desired.  Reference electrode should be 
placed in bleach every month to rechloride the wire.  
 b. Fill tip of electrode with potassium chloride, or for dye fills, Lucifer yellow (or 
other intrinsic dyes), by placing it upside down into 4% Lucifer yellow (45 µL ddH20, 
5µL 2M LiCl, 1.5mG LY).  Fill the rest of the electrode with 2M lithium chloride. 
Place electrode into headstage filled with lithium chloride. Then position electrode 
above site of interest, and gently lower it.  Carefully monitor the activity until a stable 
recording is obtained.  Do not go below ~ 300µM, or you will likely be beyond the 
antennal lobe.  
 
5) Hardware: 

The hook electrode is activated manually through the Getting stimulator “Start” 
button.  For 1Hz stimulation the parameters are 10s cycle, 10mS delay, 1 pulse, 
1000ms train period, and 100µS duration.  For 10hz, change the train period to 
100ms. The stimulator drives the Dagan S940 Isolator adaptor, which is connected to 
the Dagan S-910 Stimulator output.  The amplitude of the hook pulse should be 
controlled on the Getting stimulator not the S-910 (pulse amplitude ~1.5-2.5 should 
be sufficient; if this doesn’t work, clean the hook electrode tips by scraping the metal 
on the end, and make sure the hooks are not in contact). Current injections are done 
either through the A-M Systems stimulator through the gate function on the Dagan 
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amplifier or by manually adjusting the current on the amplifier. Also, turn on 
oscilloscope to view waveforms and the RP2 stimulator for auditory monitoring and 
olfactory stimulation (see Appendix A, section E).  Turn on the Amplifier after the 
electrode is in place. The A/D Digidata converter will also need to be turned on 
before opening the Axoscope software. The air will need to be turned on as well and 
monitored with the AliCat meter.  Finally, plug in the solenoid controller (on window 
sill) for odor stimulation. 

 
6) Software:  
 The software for odor stimulation is through TDT OpenEX.  The protocol is 
called: JustStim and is found in C:\Tank Data\JustStim \JustStim. Axoscope is used 
for recording the spike waveforms and timestamps.  
 
7) Recording: 

Continuous recordings are made using a 20kHZ sampling rate protocol called 
“040322protocol.”. This protocol also includes an input channel for picospritzer 
activity if desired (see Appendix C for picospritzer information).  For hook electrode 
recordings, sweep recordings with overlapped responses can be made using the 
protocol “hookstim”.   
 

II. PROTOCOL 
 

1) Make a record of all stimuli (excel file) 
2) Press record; record spontaneous, resting activity (>10s) (Before) 
3) Record responses to Hook (10hz & 1hz, continuous and sweeps) 
4) Inject current steps, and record voltage changes 
5) Stimulate with  3 odors and controls at 2 x 200mS (5 s ISI) (Before) 
6) Change saline flow to Treatment (Saline control or drug) 
7) The flow rate is ~1mL / min; to allow for the treatment to move through the 

tubing, wait 2min 
8) Repeat 2-5 (During A) 
9) At 8 min, switch back to saline wash 
10) Repeat 2-5 (During B) 
11) Wait until drug effect wears off; minimum time is 4min post saline wash for 

control saline or low concentrations; maximum time is ~10min for high 
concentrations  

12) Repeat 2-5 (After) 
13) After wash, inject hyperpolarizing current into cell to fill it (0.1-1nA for 5-10 

minutes seems to be sufficient) 
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III. POST-RECORDING SETUP 
 

1) Hardware: 
 Set workbench to idle.  Turn off amplifier before removing electrode.  
 
2) Histochemistry: 
 Remove animal and dissect brain and prepare for histochemistry (see Appendix H 
for protocol including preparation for double labeling with sGC antibodies).   
 
3) Exporting timestamps: 

Timestamps can be exported using customized Matlab programs.  Set the window 
size to the time and traces of interest.  Save as “trace.atf” in the Matlab folder or 
directory of choice.  Run the “gettimestamps” Matlab program or, for odor stimuli, 
“Four_parameters_for_Caroline1.”  For control air odors, use “Control”.  For odor 
stimuli, the parameters in the Matlab program have been set up so that you need to 
save the odor trace with 1s prestimulus time, and then at least 3s post-stimulus time 
for each stimulus (Ask Carolina for clarification).  

 
gettimestamps.m
% Lei, Hong & Zhang, Jinhui 
% 2002-9-13 
 

% This program is used to load original data and highpass filt your signal if needed 
before running timestamps.m  
% Signal file has to be named as "trace.atf" and saved in c:\temp 
 
disp(' '); 
question=input(' May I load the stimD for you?  0 for No; 1 for Yes;      '); 
if question==1 
 [timeD,voltageD,stimD]=textread('c:\temp\trace.atf','%f%f%f','headerlines',10); 
else 
 [timeD,voltageD]=textread('c:\temp\trace.atf','%n%n%*[^\n]','headerlines',10); 
 stimD=voltageD; 
end 
figure;subplot(2,1,1);plot(voltageD);subplot(2,1,2);plot(stimD); 
disp(' '); 
answer=input('Do you want to highpass (300Hz) filt your signal?   0 for No; 1 for 
Yes;    '); 
if answer==1 
 

cd('c:\MATLAB6p5\jhz-matlab\extracttimestamps\filters'); 
 load FIR_Barlett_Hanning_300Hz_highpass_fs20k 
 voltageD_f=filter(Num,Den,voltageD); 
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 close all;figure;subplot(2,1,1);plot(voltageD);subplot(2,1,2);plot(voltageD_f); 
 

disp('  '); 
 disp('hit any key to continue.'); 
 disp('  '); 
 pause; 
 [APTime,stimTime] = timestamps(voltageD_f, timeD, stimD); 
else 
 [APTime,stimTime] = timestamps(voltageD, timeD, stimD); 
end 
clear answer;clear ans;clear Num;clear Den;clear question; 
%save c:\temp\APTime APTime -ascii; 
%save c:\temp\stimTime stimTime -ascii; 
 
Four_parameters_for_Caroline1 
Carolina Reisenman 
%put in the c:\temp the file of interest named as trace.atf 
% make A a vector with the data. Make T a vector with the time. 
 
cd c:\temp 
load T 
[realtime,A]=textread('c:\temp\trace.atf','%f%f','headerlines',10); 
 
plot(A) 
Ahat=savgol(A',11,3,0); %Savitzky Golay smoothing 
clear spikes i treshold1 treshold2 p 
p=length(A)-1; 
spikes=zeros(length(A),1); 
treshold1=input('Please enter lower threshold: ');         
treshold2=input('Please enter upper threshold: ');      
Ahat=Ahat'; 
close 
 
for i=2:p         
 c= Ahat(i,1) >= Ahat(i-1,1) & Ahat(i,1) > Ahat(i+1,1); 
 d= Ahat(i,1) > treshold1 & Ahat(i,1) < treshold2; 
 e= c & d; 
 if e==1 
 spikes(i,1)=1;  
 else  
 spikes(i,1)=0; 
 end       
end 
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time=T;     %vector time. from original data 
I=find(spikes>0);          % find spikes (i.e., values>0)     
ISF=diff(time(I));         % calculates the time interval between succesive spikes 
ISF=1./ISF;                % calculates the instantaneous spike frequency (1/time dif) 
 
%we had the ISF, now we need the time for plotting ISF vs. time. 
% we'll use the ISF/2 for the plotting, calculated as follows: 
 
ttime=time(I);               
n=length(ttime);              
for j=1:n-1 
 timeISF(j)=(ttime(j)+ttime(j+1))/2 
end 
timeISF=timeISF'; 
 
%plotting ISF vs time 
figure 
bar(timeISF,ISF,0.4,'k')   %plots as a bar graph timeISF vs ISF 
figure 
plot(time,A,'k')       % plots the original data 
plotISF=[timeISF,ISF];    %this variable has the 2 columns you need to plot the data 
with whatever program you like (e.g. sigmaplot, excel, origin, nex) 
 

%calculating the peak and mean ISF during stimulation  
%will define the temporal window of the response (as this varies from 
%animal to animal) using ginput. 
 
figure 
plot(T,A) 
XLIM([1 3])      %plotting at about the time of odor responses 
[xx,yy]=ginput      %select in graph the time at which response starts 
[xxx,yyy]=ginput     %select in graph where response ends 
close 
z=find(timeISF<xx); 
z=z(end)+1 
w=find(timeISF<xxx); 
w=w(end)+1; 
peak_odor_ISF=max(ISF(z:w)) 
close 
 
%number of spikes during response 
figure 
plot(A) 
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XLIM([20000 60000])  %select a portion that includes the response for sure.  
[m,mm]=ginput 
[n,nn]=ginput 
close 
number_spikes_odor=sum(spikes(m:n)) 
 
%number of spikes during resting 
c=n-m 
number_spikes_resting=sum(spikes(1:20000)) 
number_spikes_resting=(number_spikes_resting*c)/20000 
 
%difference in number of spikes 
net_spikes=number_spikes_odor-number_spikes_resting 
 
%duration of excitatory response: 
figure 
plot(spikes) 
a=input('please enter start of response:') 
b=input('please enter end of response:') 
spikes_response=spikes(a:b); 
bla=find(spikes_response>0); 
last_spike=bla(end) 
first_spike=bla(1) 
duration_of_excitation=((last_spike-first_spike)*50)/1000 
close 
%note: 50 is the sampling freq in us. 
 
%delay (in ms) 
ini=(a+first_spike) 
delay=(5000/100000)*ini  % check your sampling rate and the duration of the 
recording 
delay=delay-1000 
 
%timestamps 
time_stamps=time(I); 
 
peak_odor_ISF 
data_spikes=[net_spikes] 
duration_of_excitation 
delay 
 
Control 
Carolina Reisenman 
%that's a program for finding spikes, ISF, etc 
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% BY CAROLINA REISENMAN 
 
%first thing: put in the c:\temp the file of interest named as trace.atf 
 
% make A a vector with the data. Make T a vector with the time. 
 
cd c:\temp 
load T 
[realtime,A]=textread('c:\temp\trace.atf','%f%f','headerlines',10); 
 
plot(A) 
Ahat=savgol(A',11,3,0); %Savitzky Golay smoothing 
clear spikes i treshold1 treshold2 p 
p=length(A)-1; 
spikes=zeros(length(A),1); 
treshold1=input('Please enter lower threshold: ');         
treshold2=input('Please enter upper threshold: ');      
Ahat=Ahat'; 
 
for i=2:p         
 c= Ahat(i,1) >= Ahat(i-1,1) & Ahat(i,1) > Ahat(i+1,1); 
 d= Ahat(i,1) > treshold1 & Ahat(i,1) < treshold2; 
 e= c & d; 
 if e==1 
 spikes(i,1)=1;  
 else  
 spikes(i,1)=0; 
 end       
end 
 
time=T;     %vector time. from original data 
I=find(spikes>0);          % find spikes (i.e., values>0)     
ISF=diff(time(I));         % calculates the time interval between succesive spikes 
ISF=1./ISF;                % calculates the instantaneous spike frequency (1/time dif) 
 
ttime=time(I);               
n=length(ttime);              
for j=1:n-1 
 timeISF(j)=(ttime(j)+ttime(j+1))/2 
end 
timeISF=timeISF'; 
 
%calculating the peak ISF during stimulation  
%will define the temporal window of the response (as this varies from 
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%animal to animal) using ginput. 
 
z=find(timeISF<1.20); 
z=z(end)+1 
w=find(timeISF<1.7); 
w=w(end)+1 
peak_odor_ISF=max(ISF(z:w)) 
 
%number of spikes during stimulation 
number_spikes_odor=sum(spikes(24000:34000)) 
 
%number of spikes during resting 
 
number_spikes_resting=(sum(spikes(1:20000)))/2 
 
%difference in number of spikes 
net_spikes=number_spikes_odor-number_spikes_resting 
 
peak_odor_ISF 

 
4) Analyzing activity: 
 To analyze resting activity, the rate /s was determined for 10s of spontaneous 
activity and averaged.  Bursts were analyzed by examining the resting activity for >2 
spikes fired closer than 50ms in time.  The average voltage change during 500ms was 
measured for current injections, and the conductance was then calculated (g = I / V). 
Odor effects were averaged across two stimuli; net # spikes was calculated by 
subtracting the # spikes 1s prior to the stimulus from 1s after the stimulus.  
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APPENDIX H: LY / sGC / NEUROPEPTIDE ANTIBODY PROTOCOL 

Day 1:   
____   Dissect brain from head including optic lobes.  Cut animal’s R antennal nerve 
 longer than the L.  
____   Remove trachea from brain 
____   Place in 4% Lucifer yellow fix O/N (4% PFA = 1g Paraformaldehyde + 
 12.5mL H2O; heat on plate at line between 1 and 2; when clearish-gray, add 2 
 drops NaOH; then add 12.5mL 0.2M NaPO4 buffer; keep no longer than 2 weeks) 
 
Day 2:  
___    Dehydrate in an ethanol series (30, 50, 70, 90, 100% x 3, each for 10min) 
___    Place in methyl salicylate 
___    Image frontal whole mount using confocal; can store indefinitely in methyl  
 salicylate until ready for sectioning 
___    For sGC immunostaining, rehydrate with the ethanol series in reverse 
___    Rinse 3x in PBS (1/2-1hr each) (heat agarose) 
___    Vibratome in 7% agarose, 100µM sections in PBS 
___    Place sections in 250µL 5% NDS (in PBSAT) block 1hr, RT 
___    Add 1:2500 dilution (10µL of 1:10 working dilution) of MsGCα1 antibody (O/N, 

RT) 
 
Day 3:  
___    Wash 3x PBST 
___    Add 1:250 Donkey-Anti Goat Cy3 which has been spun down in the 5%  
 NDS block for 10min either 4hr RT or O/N at 4°C (no pre-blocking necessary) 
 
Day 4:  
___   Wash 2x PBST 
___   Wash 1x PBS 
___   Add sections to 80% glycerol 
___   Image on confocal microscope using Argon 457 laser for LY; Green HeNe for sGC 
 
For neuropeptides: 
___   The neuropeptide antibodies can be co-applied with the sGC antibody, although  

best staining was obtained when sGC was first applied. 
___   Block with 5% NDS, 1 hr, RT 
___   Apply neuropeptides (all made in rabbit: allatostatin, allatotropin, FMRFamide, and  
 tachykinin) at 1:250 O/N 
 
Day 5: 
___   Wash 3x PBST 
___   Add 1:250 Donkey-Anti Rabbit Cy5 which has been spun down in the 5%  
 NDS block for 10min either 4hr RT or O/N at 4°C (no pre-blocking necessary) 
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Day 6:  
___   Wash 2x PBST 
___   Wash 1x PBS 
___   Add sections to 80% glycerol 
___   Image on confocal microscope using Red HeNe for Cy5 
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