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ABSTRACT 

An identifled dopaminergic neuron. termed right pedal dorsal 1 

(RPeD 1 ) is an important component of the central respiratory pattern 

generating network in the fresh water snail Lymnaea stagnalk.  In semi- 

intact. isolated brain and cell culture preparations. RPeDl is required for 

respiratory rhyrhmogenesis. However. its prectse role in the control of 

respiratory behallor in the intact animal has not yet been determined. In 

this study. u tiking a variety of behavioral. electrophysiological and 

morphological techniques. I systematically disrupted RPeD 1's axonal 

projections to the periphery or selectively destroyed it. The effects of 

these perturbatfons on: 1) normal resptratory behavior. 2) respiratory 

patterned activlty and 3) regeneration were examined. The data 

presented in this study provide the first direct evidence that an identified 

respiratory CPG neuron [RPeDI) is necessary for respiration in the intact 

animal. 
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C-R ONE: INTRODUCTION 

1.1. RHYTHMIC BEHAVIORS 

1.1.1. Respiration 

In most vertebrate species. respiration is a multi component 

behavior. which serves to regulate their arterial ovgen and carbon 

dioxide levels. This. in turn is aided by the respiratory musculature 

whose activities are controlled by the central newous system (Feldman 

and McCrimxnon. 1999). The central nenTous system-derived motor 

activity is further regulated by peripheral feedback from various 

chemoreceptors (Milsom and Brffl. 1986: Burleson and Smatresk. 1989) 

and mechanoreceptors (Milsom. 1 QgOb), which play important roles In an 

animal's feedback system and maintain its internal homeostasis. 

Chemical homeostasis involves a balance between carbon dioxide, oqgen 

and pH levels: all of which vary among different species. depending upon: 

1) whether the animal is a lung breather. 2)  levels of cutaneous carbon 

dioxide excretion (frogs and some turtles). and 3) the solubility of gases 

Ln the ventilatory system . 

The respiratory rhythm that underlies breathing beha~lor in 

vertebrates is generated in the absence of afferent fibers (von Euler. 

1986). however the peripheral input ensures that the Bnal motor pattern 

is behaviorally relevant. For example. both central and peripheral 
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chemoreceptors in the decerebrated animal (von Euler. 1 986). central 

chemoreceptors in the isolated brainstem preparation (Harada et al.. 

1985). and other forebrain and midbrain components tn the intact 

animal (cortex. hypothalamus. and cerebellum) have been shown to alter 

ventilation. but they are not necessary for this behavior (Aminoff and 

Sears. 197 1 : Tenney et al.. 1977). The higher brain regions also serve to 

coordinate respiration with a variety of other activities such as speech 

(Eldridge et al.. 198 1: Holstege. 1989; Mitchell. 1993: Arltav et al.. 1995: 

Waldrop and Porter. 1995). SpeciAcaUy, speech involves the coordination 

of muscles found in the face. tongue and upper alrway. Coordinatton 

between these acMties also tnvolves feedback from many other regions of 

the brain [anterior limb cortex. subcallosal g s n s .  gyms rectus, midbrain 

periaqueductal gray, and brainstem nuclei) (Feldman and McCrlmmon. 

1999). It therefore, seems safe to postulate that the respiratory drive may 

originate in the central nervous system (specifically the brainstem which 

includes the medulla, pons. and spinal cord) (Rarnirez and Richter. 1996) 

in the absence of peripheral feedback, however the later may serve to 

fine-tune the final patterns of this respiratory activity. Together. both 

central and peripheral elements allow the animal to modulate its 

breathing behavlor in accordance with the metabolic demands (Feldman 

and McCrimmon. 1999). 

1.1.2. Bimodal respirators 
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Bimodal respirators are capable of exchanging gases both through 

their lungs (aerial) and skin (aquatic). Among vertebrates. the bimodal 

respirators fall between two extremes: the air breathers ( m e  reptiles, 

birds. and mammals), and the water breathers (which include most fish). 

Some species may either display rhythmical breathing episodes which 

are indicative of continuous gas exchange activity (teleost fishes, birds. 

and mammals). or exhibit periodic breathing patterns. The later may 

either be: a) episodic (fresh water turtles and crocodiles) (Vitalis and 

Milsom. 1986). b) a single episodic event (marine turtles. snakes, and 

lizards). or c )  both (carp. eels. suckers. and dogfish (Shelton et al.. 1986). 

Some animal species may also be required to u W e  the latter (both 

patterns) during: hibernation (Milsom et al.. 1986)- stress, exercise or in 

response to an increase In the body temperature (Shelton et al., 1986). 

Eildence shows that despite similar rhythm generatlng mechanisms 

observed throughout various different vertebrate species, the pattern 

utilized by any given organism is dependent upon its metabolic state and 

the environment in which the animal is maintained (Milsom. 1988). 

1.2. NEURONAL BASIS OF RHYTHMIC BEHAVIORS 

1.2.1. Central pattern generatom 

Rhythmic behaviors such as  feeding, locomotion, and respiration 

are controlled by pattern generating neurons, which are often termed as 
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central pattern generators (CPG) (Delcom>m. 1980: Kristan. 1980: 

Selverston, 1980; Getting. 1989: Harris-Warrick and Johnson. 1989: 

Pearson. 1993). The CPG are further classifled into two main groups: 1 ) 

the intrinsic pacemakers and 2) the networks oscfflators. In the 

pacemaker model. rhythm generation is a function of intrinsic membrane 

properties of individual neurons: whereas the network model relies upon 

synaptic interactions between the CPG neurons (Grillner and Wallen. 

1985: Getting. 1986). 

1.2.1.1. Intrinsic pacemaker or bwster neurons 

The neuronal networks based on pacemaker cells can be divided 

into hvo categories (Selverston et al.. 1983): 1 ) Mendogenous bursters" 

(Alilng. 1968): and 2) the 'conditional bursters" (Getting. 1988). Since 

the endogenous bursters exhibit intrinsic membrane oscfflations that are 

a function of their inherent membrane conductances (calcium and 

potassium). they can therefore generate rhythmical bursts Ln the absence 

of synaptic inputs. 

The conditional bursters on the other hand, require tonic inputs 

for their activity. These inputs may either be synaptic or humoral (eg. 

dopamine. serotonin. octopamine. proctlin. and muscarinic agents - see 

Harris-Warrtck, 1988: Marder and Meyrand 1989; Harris-Warrick. 199 1 ). 

The bursting neurons display voltage-dependent oscillations. where 

depolarization from the resting membrane potential triggers membrane 
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osctllations which lead to an increase in the spiklng activity [Meech. 

1 979). Moreover. both endogenous and conditional bursters are 

expected to exhibit various membrane conductances which allow them 

to: 1) reach threshold for their bursting activity (Feldman and Smith. 

1989). 2) generate a repetitive Iiring pattern; and 3) terminate bursting 

activity (Ramirez and Richter. 1 996). 

A variety of different conductances are active during patterned 

bursting activity. For instance. increased sodium, and calcium 

conductances found wlthin the bursting neurons depolartze the 

membrane and trigger an initial burst discharge. The resulting 

enhancement of calcium conductance in turn increases the potassium 

conductance which hyperpolarizes the cell, and thus terminates the 

burst discharge. A decrease in calcium conductance. then reduces the 

drive for potassium ions and the cycle repeats (Calabrese. 1977; Smith. 

1980). Since, the burst generation relies heavily upon these membrane 

conductances. any synaptic input that can modulate such ionic currents 

may easily influence the pattern of bursting actiblty in these oscillating 

neurons. 

1.2.1.2. Network oecillators 

In a variety of vertebrate and mvertebrate species. rhythm 

generation is a function of emergent network properties (Selverston. 

1 983). These properties become apparent when synaptic and membrane 
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properties of neurons within a network interact. The neuronal 

interactions may either rely upon electrical: chemical excitatory. 

inhibitory or mixed excitatory and Inhibitory connections (Getting, 1983; 

Selverston et al.. 1983). Neurons that are part of any given circuit may 

also utilize intrinsic characteristics; such as post-inhibitory rebound. or 

delayed excitation and may thus auto-regulate the outcome of flnal 

patterned discharge (Getting. 1988). Both the rhythm and pattern 

generating properties may be dimcult to separate since rhythm 

generating properties can alter timing and shape of the rhythmic cycles 

(Ramirez and Richter. 1996). Furthermore. intrinsic properties of burster 

neurons can ampi@ synaptic input, synchronize rhythmic activity. or 

trigger activity/ termination. which together decide the pattern generated 

by the neural circuit (Ramirez and Richter, 1996). 

1.2.1.2.1. Chemical lsynaptic C O M ~ C ~ ~ O M  

Generally. the synaptic connections found in invertebrate and 

vertebrate systems share a number of common features (Marder and 

Calabrese. 1996). however, significant differences between vertebrate and 

invertebrate systems arise due both to transmitter release and response 

properties of any given cell pair. The chemical synaptic connections 

between the CPG neurons may either be: 1) pure excitatory. 2)  inhibitory. 

or 3) mixed excitatory and inhibitory. 4) monosynaptic or plysynaptic. 5) 

unidirectional or bidirectional 6) slow or fast etc. All these parameters 
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contribute significantly towards the net outcome of a patterned motor 

activity and are therefore, considered critical for network analysis. 

1.2.1.3. Command neurons 

Central pattern generators that control the crustacean forgut 

(Meyrand et al. 1991; Nusbaum et al.. 1992). sud-mmhg in leech 

(Susbaum et al., 19871 and lamprey (Grillner et al.. 1991). and other 

rhythmic behaviors in various species are thought to be under the 

control of an "on and off switch" mechanism (Dean et al., 1995). In the 

half-center model, the switch that turns the patterns on and off is the 

tonic excitation that emanates either from a single neuron or a 

homogenous population of identical neurons [Kristan. 1980). These 

switches and their neuronal counterpart were earlier labeled as 

"command neurons* (Kupfermann and Weiss. 1978). According to 

Kupfermann and Weiss. for a neuron to be classlfled as a command cell: 

1) it must Are in a manner that is appropriate for that particular 

behavior. 2 )  it must be sufficient. and 3) necessary for that behavior. 

Specifically. a neuron in question should fire Ln phase with 

spontaneously occurring behavior. When stimulated electrically. it 

should be sufficient to trigger the entire behavioral program. Finally. 

when silenced either by hyperpolarizing current or following its selective 

killing. the behavior should no longer occur. If a neuron fulfills all of the 

above criteria, then according to Kupferman and Welss (19781, it can be 
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classified as a command cell. Since neurons fulfilling all of the above 

criteria have not yet been identified. the command neuron concept has 

now been reformulated as 'command systems". In a command system 

configuration. varfous functionally and behavioral related neurons 

interact with one another to produce a complete behavioral program. 

Furthermore, since in many system examined to date, the so-called 

command elements have also been found to interact with other lower 

order CPG neurons. therefore. it seems safe to suggest that most motor 

programs are controlled by 'polymorphic networks" (Getting and Dekin. 

1 985). According to this concept. the interaction between numerous 

CPGs underl-ying varies dllferent behaviors produce behaviorally or 

functionally meaningful movements (Getting and D e w .  1985). 

1 2.1.4. Peripheral feedback 

Evidence from a number of vertebrate and invertebrate species 

supports the idea that neurons embedded within a given CPG network 

are capable of generating rhythmical motor output in the absence of 

sensory input. However. peripheral feedback is important for the 

initiation. modulation. and termination of most rhythmic behaviors 

(Delcomyn. 1 980). In other preparations. peripheral feedback may also 

act to provide important timing cues for the Anal motor activity (Marder 

and Calabrese. 1996). Rhythmic behaviors observed both vertebrate 

and invertebrate models reflect the importance of interaction between 



CPGs and peripheral elements in the control of rhythmic behaviors. A 

few examples where interactions between the central and peripheral 

elements have been observed are cited below. These include: limb 

movement in cats and coakroaches (Pearson and Duysens. 1976). 

swimming tn dogfish (Grlllner and Wallen. 1982) and tadpoles 

(Stehouwer and Farel. 1980). respiratory output in mammals (von Euler. 

1985). wing movements in locusts (Wendler. 1978). and feeding in the 

gastropod (Benjamin, 1983; Benjamin and Rose. 1985). To understand 

the neuronal basis of rhythmic behavior, the identification and 

characterization of the CPG neurons. the peripheral elements, and 

synaptic interactions is considered essential. 

1 -2.1 -4.1. Respiratory rhythmogencsis in vertebrates 

The precise identity and the location of mammalian respiratory 

rhythm generating neurons has not yet been fully determined. The 

brainstem is believed to house a rhythm generatlng circuit which effects 

efther cranial motor neurons that hnervate airway resistance muscles or 

spinal cord motor neurons which innervate respiratory pump muscles 

(Feldman. and McCrimmon. 1999). A variety of actfaties can effect 

breathing such as sleep, emotional state. cardiovascular activity. 

temperature changes, exercise. mechanoreception and chemoreception 

(Feldman. and McCrlmmon. 1999). During the sleep-wake cycle for 

example, even though breathing is a continuous phenomenon, the 



underlying neural circuitry is nevertheless subjected to continuous 

modulation White, 1990). Neurons innervating the thorax muscles 

(specifically phrenic and thoracic respiratory motor neurons) are involved 

in the inspiratory phase (diaphragm muscle activation) (Berger et al.. 

1984: Goshgarian and Rafols, 1984; Dobbins and Feldman. 1994). 

Expiration on the other hand, is mediated by abdominal and thoracic 

motor neurons which are active between phrenic discharges (internal 

intercostal muscle activity) (Monteau and Hilaire. 199 1 : Berger and 

Bellingham. 1995). The phrenic neurons display a variety of transmitter 

phenotypes including classical and non-classical neurotransmitters 

(Fedorko et al., 1987; Bianci et al., 1995; Feldrnan and Smith, 1995). 

Neurotransmitters may play a role in regulating respiratory 

rhythmogenesis over varying responses including: neural excitability over 

narrow and wlde time ranges. cycle-cycle mediation of synaptic currents. 

ventilatory responses to changes in blood gas. different altitudes. during 

development and aging (Feldman and McCrimmon, 1999). Five 

respiratov phases have been lmpllcated durlng respiration including: 

active inspiration, end-bspiratory pause. passive expiratory air flow. 

active expiration, and end-expiratory pause (Milsom, 1990). Premotor 

neurons, the most prominant of which are found in the ventrolateral 

medulla and are called the ventral respiratory group, provide synaptic 

input (excitatory and inhibitory) to the motor neuron (Feldman, 1986: 

Monteau and Hilaire, 1991). The premotor neurons are not involved in 



the rhythm generating circuit. rather they translate this rhythm into a 

pattern for the motor neurons (Feldman, and McCrirnmon. 1999). The 

Botzinger complex that innervates the ventral respiratory group and 

spinal cord produces reciprocal inhibition in the respiratory network. 

most likely during the silent periods of the cycle. Between the Botzinger 

complex and ventral respiratory group . is located the preBotzinger 

complex. The preBotzinger complex situated within the vertebrate 

medulla appears sufficient for the respiratory rhythm (Smith et d., 1991; 

Schwarzacher et al.. 1995). Based on recordings from a number of serni- 

intact and isolated slice preparations. various models have been 

proposed to account for the respiratory rhythm in mammals. For 

instance. a three-phase network - the hybrld model has recently been 

proposed to account for the resptratory patterned activity. According to 

this model. the primary oscillator consists of two respiratory neurons. 

rr-hic h exhibit reciprocal inhlbitorq. connections (Richter et al.. 1992 1. 

Similarly. a hybrid pacemaker-network model (Onimaru. 1995; Smith et 

al.. 1995) whose primaxy oscillator consists of a group of synchronized 

neurons. can also generate the pacemaker respiratory activity in 

mammals (for review see Funk and Feldman, 1995). 

Despite recent advances in our understanding of the neuronal 

control of respiration in vertebrates (including humans), the mechanisms 

underlying the generation. maintenance, and modulation of the 

respiratory rhythm are essentially unknown. Specifkally. several 



questions regarding the location 

of the respiratory rhythm wlthin 

anatomical identity 

the medulla remain 
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and the generation 

unanswered. These 

gaps in our knowledge are due in large measure to the complexity of the 

vertebrate respiratory neuronal network and to the complex nature of the 

respiratory behavior itself. These difficulties can however, be overcome by 

using a simpler invertebrate model. 

1.2.1.4.2. Need for a model system 

An ideal molluscan invertebrate model to investigate neural control 

of respiratoxy behavior must however. posses a number of important 

characterfstics. In particular: 1) it should be a pulmonate whose tidal air 

breathing responds as a mammalian air breather does to alterations in 

the respiratory environment (for example hereased or decreased levels of 

ox>?gen). 2 )  the respiratory behavior should be easily observable. 3) the 

central nervous system should be comprised of individually identified 

neurons amenable to electrophysiological studies. Dr Syed's strateB has 

been to develop such a model system for determining mechanisms 

underlying respiratory rhythmogenesis. As outlined below, the 

respiratory system of the pond snail Lymnaea stagnalts meets the above 

stated requirements quite well. 

1.3. LYMNAEA AS A MODEL SYSTEM FOR STUDIES ON THE 

RESPIRATORY RHYTHMOGENESIS 
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To understand fundamental cellular and synaptic mechanisms 

u nderlylng respiratory rhythmogenesis, our laboratory has opted to 

develop a simple invertebrate model where the neuronal basts of 

respiration can be investigated from the whole animal to an identified 

neural network level. Utilizing intact, semi-intact. and isolated brain 

preparations from the mollusk Lymnaea stagnalls. one of the main 

objectives of my research was to determine the tnvolvement of an 

indi~ldually identifled respiratory CPG neuron in the neural control of 

aerial breathing behavior. 

1.3.1. Respiration in Lyrnnaea 

The primary mode of respiration in Lymnaea is aerial (60%) 

however. if the water is well oxygenated. adequate gas exchange (40%) is 

achieved via the skin and lung ventilation is significantly reduced or 

suspended (Jones. 1961). If the water is made hypordc (Nitrogen is 

bubbled through). aerial respiration increases dramatically (Lukoulak et 

al.. 1 996). Regardless of its environmental conditions, the hypoldc animal 

exhibits either a single (often prolonged. lasting u p  to one minute). or 

several (blef  5- 10 /minute) repetitive opening and closing movements of 

its pneumostome before submersing under water. An animal's metabolic 

state and the quality of its previous respiratory activity also determine 

the timing for subsequent visits to the water surface. In s u m m q .  

Lymnaea is a hypoxia driven breather whose respiratory behavior is well 



14 

characterized and whlch can also be manlpulated experimentally [Syed 

and Wtnlow. 199 1 a; Lukowiak et al., 1 9 9 6 .  1998). 

1.3.2. Respiratory CPG in Lymnaeu 

Dr Winlow's laboratory was the first to describe both the 

respiratoxy behavior and motor neurons that control the respiratory 

musculature in Lymnaea. (Syed and Winlow. 1991a. b). The CPG 

network that underlies respiratory rhythmogenesis consists of three 

intemeurons: input three interneuron (IP31). visceral dorsal four (VD4). 

and right pedal dorsal one (RPeD1). In vivo. studies indicate that these 

three intemeurons alone produce the respiratory rhythm. 

The Lymnaea circuit resembles a classical half center model of the 

kind proposed by Brown in 1 9  1 1 .  A picture therefore. emerged, which is 

analogous to respiratory rhythm generation in mammals. That Is.  the 

rhythmic motor output originates in two half centers (IP3I and VD4). 

which oscillate only when they recelve lnput from a common excitatory 

drive such as RPeD l (Syed et al., 1990). Consistent with other examples 

of the half center model, the Lymnaea respiratory CPG assures 

coordination of antagonistic muscles but is not inherently rhythmic. 

1.3.3. Respiratory CPG in semi-intact. bolated preparations. and in 

vitro (cell culture) 



15 

During spontaneous respiratory activity recorded in the semi- 

intact animals, RPeDl fires a burst of action potentials in phase with 

pneumostome opening movements. These bursts in RPeDl result from 

IP3I activity. Similarly. in the isolated brain preparations. RPeDl flres 

alternating bursts of action potentials in phase with IP3I activity. 

Furthermore, in an in vitro reconstructed network, RPeDl has been 

shown to be neces sw  for rhythmogenesis. This pattern of excitatory 

activity in RPeDl is unique to the respiratory rhythmic discharges seen 

in both semf-intact and isolated brain preparations (Syed and Winlow, 

199 1 a. b). In quiescent preparations. where spontaneous respiratory 

activity is absent. direct lntracellular stimulation of RPeDl can trigger 

either a single respiratory episode. or a series of rhythmical patterns of 

alternating inspiratory and expiratory discharges (Syed and Winlow. 

1 99 1 b). In addition to the above ascribed roles for RPeD 1 in respiratory 

behavior. several unpublished data suggest (Inoue et al. unpublished) 

that RPeDl also receives both chemosensory and rnechanosensory 

inputs from the pneumostome area. For tnstance, superfusion of the 

pneumostome area with hypoxic saline increases the firing frequency of 

RPeD1. At the water interface, as the pneumostome breaks through the 

mechanical barrier (water tension). RPeDl receives a strong excitatory 

drive. Gentle stroking of the pneumostome with a fine brush can 

simulate this mechanosensory input. Stronger mechanosensory inputs 

(noxious stimulus) on the other hand, inhibits RPeD1 activity 
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concomitant with pneumostome closure (Lukowiak et al., 1996, 1998). In 

a semi-intact animal. direct intracellular stimulation of RPeD1 was also 

found to induce pneumostome opening movements in the absence of IP31 

activiw (Inoue unpublished). This occurred only if the pneumostome was 

above the water interface. Under water (saline), RPeD I stimulation failed 

to induce pneumostome opening. suggesting that the peripheral feedback 

was Important. 

1.4. OBJECTIVES AND HYPOTHESES 

Taken together, the above studies demonstrate that both 

behakloral and neuronal components of the respiratory rhythm 

generation in L ymnaea are well characterized. Data from semi-in tac t. 

isolated ganglionic and cell culture studies demonstrate that RPeDl 

plaq-s an important role in the respiratory rhythm generation. However 

its precise involvement in respiratory behavior of intact animals has not 

yet been determined One of the main objectives of this study was to 

determine: What role does RPeDl play in the control of breathing 

behavior in the intact animal? UWing.  intact. seml-intact and isolated 

ganglion preparations. I tested the hypothesis that RPeD1 was 

n e c e s s q  for respiratory behavior In an intact Lymnaea. To test this 

hypothesis directly, I selectively and systematically disrupted RPeDl's 

peripheral and synaptic connections by surgical procedures. The 

resulting perturbations in the respiratory behavior were examined 
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visually, whereas motor patterns were investigated electrophysiologically. 

RPeDl was then allowed to re-grow I t s  axonal processes and the effects 

of this regeneration on the restoratfon of normal respiratow behavior 

were examined. 



CHAPTER TWO: MATERIALS AND METHODS 

2.1. ANIMALS 

Laboratory raised stocks of the fresh water snail Lymnaea stagnulls 

were used in all experiments. Animals were maintained in well aerated 

pond water a t  room temperature and fed lettuce. Snails with a shell 

length of approximately 12-15 mm were used in all expximents. 

2.2. SURGICAL PROCEDURES 

2.2.1. Intact animals 

Prior to surgery. all animals were anesthetized by injecting 50 

mmol magnesium chloride ( 1 -3) ml directly into the foot musculature. 

Once injected. magnesium chloride generated an immediate response 

which resulted in the paralyses of the foot musculature. The animals 

were then placed on a dissection tray with its foot facing downwards. The 

tentacles were pinned down to the bottom of a dissection dish and the 

shell was pulled backwards. A dorsal midline incision was made to 

expose the central ring ganglia. Using a fine. Are-polished glass pipette. 

the central ring gangUa was exposed and a pair of flne forceps was used 

to crush the axons of interest. Specifically. 1) crushes were made either 

between the right pleural and parietal ganglia (ipsilateral side). or on the 

contralateral side: 2) the right internal and external parietal nerves or 

the left parietal nerve was c ~ s h e d  or 3) RPeDl's soma was selectively 
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ablated or LPeDl's soma was selectively removed using a sharp glass 

microelectrode. In sham operated animals, only a skin incision was 

made. The animals were then returned to a well-aerated tank and 

allowed to recover from surgery. N o  suture was necessary because the 

incision was small enough to mend itself. 

2.2.2. Isolated brain preparations 

To remove the central ring ganglia from the intact animals. the de- 

shelled snails were placed in a solution of 25% Listerine (In normal 

saline) for 10 minutes. Once fully anaesthetized. the animals were 

pinned down in a dissection dish containing standard Lymnaea saline 

(Sac1 40.0 mU. 1.7 mM KC1. 4.1 mM CaCl,. 1.5 mM MgCb. HEPES) 

buffer to pH 7.9. A midline incision was performed to expose the central 

ring ganglia and this was subsequently dissected out of the animal via a 

pair of fine scissors (see Syed and Winlow. 1991a). 

2.3. BEHAVIORAL OBSERVATIONS /ANALYSIS 

Follorrlng surgery and subsequent recovery, the behavioral 

responses of all animals were monitored in two ways: I )  visual 

inspection. 2) time-lapse video recordfng. For visual inspections. the 

animals were placed in a 500-L beaker contaning pond water and the 

pneumostome opening and closing movements were monitored over a 

period of one hour. 
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For time-lapse recordings. the respiratory movements were 

monitored via a RCA video recorder (Pro 8. image stabilization). Due to 

the reflective nature of water. the observation recorded on a recorder were 

difficult to discern clearly. therefore the visual inspection was preferred 

in most instances. 

2.4. ELECTROPHYSIOLOGY 

To record intracellular activity, the isolated central ring ganglia 

(see above) were plnned down to the bottom of a dissection dish 

containing normal Lymnaea saline. The connective Ussue sheath 

surrounding the ganglia was removed by a pair of fine forceps. whereas 

the inner sheath was softened by protease (Sigma type XIV: bacterlal- 

pronase E. P-5 147). Conventional sharp electrode recording techniques 

were used to monitor htraceilular activity (see Syed and Winlow. 

199 1 b). Specifically. glass rnicroelectrodes ( 1 -5rnm) were pulled on an 

electrode puller (Koff 700c) and these were filled with a saturated 

solution of potassium sulfate (resistance 30-60 Mohm). Neurons were 

impated by the aid of Leitz micronanipulators. Membrane potentials 

mere ampWied using an amplifier (Neurodata IR283). displayed on an 

oscilloscope (Tektronlx 5 1 13) and recorded on a Astro-Med chart recorder 

(Dash N ) .  

2.5. INTRACELLULAR INJECTION OF THE DYE LUCIFER YELLOW 
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To visualize the morphologic profiles of both normal and 

regenerated RPeD 1 neurons. intracellular dye injection techniques were 

utilized. Central ring ganglia were isolated from both normal and 

operated animals and maintained in normal Lymmea saline. 

Microelectrode tips were filled with 3-5% solution of Lucifer yellow (CH- 

Sigma] and back-Ned with lithium chloride (0.1%). Resting membrane 

potential and action potential parameters were used to confirm the 

intracellular impalement. Lucifer Yellow was injected lonophoretically @- 

appl-ying hyperpolarizing current pulses (MGP-I Multichannel Pulse 

Generator stimulator). A blue filter, mounted in front of the Ught source 

was used to determine the successful injection of the dye. The injected 

preparations were left overnight in the reffigerator (4°C to allow spread of 

the dye. These were subsequently Bxed in 10% formalin (pH 7.3. PO, 

buffer) overnight tn the reffigerator. and then cleared by using a series of 

increasing concentrations (50% .70% -90%) of ethanol (30 minutes each) 

leading up to 100%. Ethanol served as a dehydrating agent. Following 

e than01 treatment, the preparations were placed in to dlmethyl sulfoxide 

(DMSO) for 10 minutes. followed by methyl salicyate and then mounted 

on glass slides. The dye-lnjected preparations were then observed under a 

fluorescent microscope (Zeiss. Axloskop) and the preparations were 

photographed via a 35mm camera (MC 80). 

2.6. CHEMICALS 
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Dopamine (Sigma. H8502) was dissolved in normal Lymnaea saline 

containing sodium metabisulfate (Sigma S 15 16) solution (ml/L) to 

prevent photo oxidation. The solution was diluted to obtain a M 

concentration. (Spencer et al.. 1996). A peristaltic pump (Gilson. 

Minipuls 2) (total volume replaced in two minutes) utas used to deliver 

various solutions directly to the isolated brain. 

S uipiride (Biochemicals Inc .), a dopamine antagonist was diluted 

in DMSO to prepare a M solution. 

2.7. STATISTICS 

Statistical analysis was performed on data using the Student's t 

test for two groups (GB stats). The Fisher's exact test was used to 

indicate significant differences between data that either quantified the 

absence or presence of a certain phenomenon (Sigmastat: Jandel 

Scientific. San Rafael. CA). Differences were considered to be significant 

if p < 0.05. Data were displayed either as  a percentage or mean 4- SD. 

Behavioral observations were performed blind. The researcher performing 

behavioral observations was in most instances unaware of the exact 

surgical procedures performed on the animals. 
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CHAPTER THREE: RESPIRATORY BEHAVIOR IN LYMNAEA: ROLE 

OF THE GIANT DOPAMINE CELL (RPeDl) 

3.1.1. Respiratorg behavior of the mollusk Lyrnnaea stagndis 

The fresh water mollusk Lyrnnaea stagnalfs. is a bimodal breather. 

which uses either continuous gas exchange with water, or lung exchange 

(aspirational lung breathing) with the atmospheric air (Jones. 196 1). For 

atmosphere gas exchange to occur, the hypox~c animal surfaces and 

opens its respiratory orifice - the pneumostome. This provides an w a y  

between the lung and the atmosphere (Figure 3.1). Durlng pneumostome 

openings. the mantle cavity muscles contract and the lung gas is expired 

into the atmosphere (expiration). These muscles then relax. allowing a 

passive re-inflation of the lung by its elastic recoil. The pneumostome is 

then closed by the contracuon of pneumostome closing muscle 

(inspiration) (Syed and Winlow, 1991a). Aerial respiration occurs 

primarily in the hypoxic environment. In well-oxygenated water. 

adequate gas exchange i s  provided via the skin and the lung ventilation 

is reduced significantly. In contrast. when water is made hqpoxic or 

hypercapnic. the aerial respiratory drive increases dramatically and the 

animal either exhibits prolonged openings of its pneumostome or the 

frequency of these ventilatory movements increases dramatically (Syed 



Figure 3.1 A photomicrograph of Lymnaea stagnalls. To fulfil its 

respfratory needs an hypoxic animal visits the water surface. At the 

water interface. the snail opens and closes its respiratory orifice. the 

pneumostome (P). Scale bar 5 mm. Figure taken from Syed and Winlow. 

1991a. 
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and Winlow. 1991a). This pattern of breathing in Lymnaea resembles 

that of amphibia. reptiles and diving mammals (MLlsom. 1990a). 

3.1 -2. Neural elements of central respiratory rhythm generation 

Utilizing semi- intact and isolated brain preparations. Syed and 

colleagues (Syed and Winlow. 1991a. b) have identified various muscle 

groups that control the opening and closing movements of the 

pneumostorne. as well as motor neurons that innewate these muscles 

(Syed and Winlow. 1991a. b). Similarly, the central pattern generating 

neurons (CPG) underlying resp i ra to~  behavtor in Lymnaea have also be 

identified and characterized (Syed et al.. 1990). Specifically. the 

respiratory CPG is comprised of three interneurons: right pedal dorsal 1 

(RPeD 1). input 3 interneuron (IP3I) and visceral dorsal 4 (VD4). IP3I and 

VD4 control expiration and inspiration respectively, whereas RPeD 1 

initiates the respiratoxy behavior. Although, in semi-intact and isolated 

brain preparations, RPeDl proved sufficient to trigger the respiratory 

rh>-thmogenesls (Syed and Winlow. 1991b). its precise role/s in the intact 

animal are yet to be determined. 

3.1.3. RPeD 1 is an identified neuron 

RPeDl is a well characterized neuron that is part of the neural 

network underlying respiratory behavior in Lymnaea. P r e W a x y  

evidence from the Syed laboratory shows that RPeD1 receives 

chemosensory information from the periphery regarding hypoxia, which 
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increases its spiking activity [Inoue et al.. 1996b). At the water interface. 

as the pneumostome breaks through the water Nm. RPeDl receives an 

additfonal mechanosensory input. which in turn induces a burst of 

spikes in this neuron (Inoue et al.. 1996b) This level of excitability in 

RPeD1 is generally considered sufficient to trigger the respiratory 

episodes in both IP3I and VD4. 

3.1.4. RPeD 1 Morphology 

Figure 3.2 shows the ganglionic lo cati on of RPeD1. Its soma is 

situated on the dorsal suxface of the right pedal ganglia. Intracellular 

injections of fluorescent dye Lucifer yellow revealed that RPeD 1 has a 

single large axon. which (after passing through right pleural. parietal and 

\%ceral ganglia) projects towards the perlphee. These peripheral 

projections are carried via the right internal and external parietal: and 

the anal (visceral ganglia) neme. In both the right parietal and visceral 

ganglia. RPeDI gives off many fine branches before leaving the central 

ring gangba. All of the above newes innervate pneumostome and the 

mantle areas (Syed and Winlow, 1991a). 

One of the main objectives of this study was to test the hypothesis 

that RPeD 1 is necessary for respiration in the intact animal. 

3.2. RESULTS 

To dewe  RPeDl's contributions in the control of respiratory 

behallor in the intact animal. I systematically disrupted its peripheral 



Figure 3.2 A. Photomicrograph of the isolated central ring gangha from 

Ly mnaea. Photograph shows the ganglionic location of various neuronal 

somata that were used in the present study. RPeDl = right pedal dorsal 

1 ;  VD4 = visceral dorsal 4; G .  H.1,J.K = G .  H.1,J.K cells. Scale bar 100 pm 

(Figure modifled from Feng. 1998). B. Llne drawing of the central ring 

ganglia of Lymnaea stagnalfs. RPeD 1 is located in the right pedal ganglia 

(RPeGj. It's main axon (see arrow) projects towards the periphery via the 

right internal and external parietal newes (1 and 2); and the anal nerve 

that originates from the vlsceral ganglia (3). LCeG. RCeG = left and right 

cerebral ganglia: LPeG. RPeG = left and rlght pedal ganglia: LPIG. RPlG = 

left and right pleural ganglia: LPG. RPG = left and right parietal ganglla: 

VG = visceral ganglia 
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projections towards the pneumostome and mantle cavlty areas. To 

conflrm the effectiveness of my crushes. RPeDl was axotomized in the 

intact animals and the central ring ganglia were isolated for dye 

injections. Lucuer yellow (3%) was injected ionophoretically into RPeD 1's 

soma and the preparations were subsequently fixed and processed for 

fluorescent microscopy. As shown in Figure 3.3. the axotomy did indeed 

sever RPeD 1 axon completely. 

3.2.1. Avotomy of the internal and external parietal nerves 

disrupted normal respiratory behavior 

To determine whether nerves innewating pneumostome and mantle 

cavity area were required for normal respiratory behavior in the intact 

animal. the right internal and external parietal nerves and the anal 

nenre were either cut or crushed (Figure 3.4), and the respiratoq- 

behatlor was examined. Specincally. since the above nerves carry 

RPeD 1's axons towards pneumostome and mantle areas, I predicted that 

severing these projections would disrupt the normal respiratory behavior. 

To test this possibility, animals were anesthetized. dissected and the 

above nerves were exposed. These were either cut by a pair of fine scissors 

or crushed via forceps. The animals were allowed to recover from surgery 

and their respiratory behavior was monitored either by time-lapse video 

recordings or via visual inspection. Since the animals receiving nerve 

cuts did not survive more than two days after the initial surgery (n= 14). 

nerve cmshes were performed. Specifically. in the experimental animals 



Figure 3.3. Morphology of RPeD1. A) Intracellular dye injection 

techniques were used to reveal the morphological projections of RPeD1. 

EPN = external parietal nerve; IPN = internal parietal nerve; AN = anal 

nerve. B) Lucifer yellow was injected into RPeDl following a connective 

crush between the right pleural (PLG) and parietal ganglia (PG) (see 

arrow). This demonstrated that the axon that passes through these 

connectives was indeed axotomized. Scale bar 100 pm. 



Normal Morphology Of RPeD1 

RPeDl Morphology Following Axotomy 



Figure 3.4. Line drawing of the central ring ganglia showing various 

surgical protocols that were employed in this study. Internal and external 

parietal nerves were crushed in the experimental animals (1). or the left 

parietal nexve was crushed in control animals (2) .  Connectives between 

the pleural and parietal ganglia were crushed in the experfmental 

animals (3  ), or connectives between the contralateral ganglia were 

crushed In control animals (4). RPeDl was selectively killed in the 

experimental animals (5). whereas LPeDl was ablated in control animals 

(6) .  
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the above peripheral nerves were 'crushedw, whereas in the control 

animals the left parietal nerve (which does not contain RPeDl's axon) 

was crushed. The animals were allowed to recover from surgery in well- 

aerated tanks. Since the nerves crushed in the experimental animals 

contain either one or two of the RPeDl's axonal branches, I postulated 

that these snails would fail to breath. The respiratory movements 

exhibited by the experimental animals (3 2 0.9; n = 16) were significantly 

fewer than the control group (8.1 z 1.6; n = 16) (p < 0.05) (Figure 3.5). 

These differences were however not significant on days three 

(experimental. 3.0 t 1.1: control. 6.3 r 1.9) and seven (experlmental, 5.6 

2 2.1: control. 5.0 t 1.7). The data shown in Figure 3.5 demonstrate that 

RPeDl's peripheral projections are important for normal respiratoxy 

behavior. However. since these newes carry both afferent and efferent 

projections from other neurons as well. these data do not provide 

unequivocal evidence that RPeD 1 is indeed necessary for respiration. 

3.2.2. A right side pleural-parietal crush in the intact animal 

disrupted the normal respiratory behavior 

To further deflne RPeD 1's role in respiratory- behavior. its main 

axon was crushed a t  the connective site between the right pleural and 

parietal ganglia (Figure 3.4). Specifically, intact animals were 

anaesthetized and operated as described in Chapter Two. and their CNS 

exposed. Fine forceps were used to crush RPeD 1's axon a t  the right 



Figure 8.5. RPeD 1's peripheral projections via right internal and external 

parietal nerves were required for normal breathing. Either the right 

internal and external meta l  nerves (experimental). or the left parietal 

nenTe (control) were crushed. The number of breaths exhibited by 

experimental animals on day one after surgery was significantly lower (*) 

than control antmais (p < 0.05, t-test), whereas no significant differences 

were found on days three or seven. (n = 14) 
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pleural-parietal connective in the experimental animals. whereas the 

control animals received crushes on the contralateral side (i-e. 

connective between left pedal and pleural ganglia). The sham operated 

animals on the other hand, received only a skin incision. All three 

groups were allowed to recover from surgery and their respiraton 

behavior was monitored in water. Sham (1 1.0 2 1.8: n = 25) and control 

( 10.8 + 1.3: n = 40) groups exhibited normal respiratory behavior, while 

the experimental animals (0.1 L 0.1 : n = 73) failed to breathe on day 

three (Figure 3 -6). On day seven however, significantly less respi ra to~ 

movements were exhibited by experimental animals (1  -5 t 0.3) than 

sham (9.8 t 1.9) or controls (13.1 r 2.0) (p < 0.01). In their normal 

habitat (i.e. water). the experimental animals exhibited behavior that 

was quantitatively and qualitatively different from both control and 

sham groups. For example. both sham (2.7 t 0.3; n = 18) and control (2.8 

= 0.2; n = 36) anhnals visited the water surface more often than the 

experimental animals (0.9 t 0.1; n = 58) on day three (p < 0.01). and 

these \%its were alrnos t always accompanied by breathing movements 

(Figure 3.7). Experimental ( 1  -4  * 0.11. sham (2.3 2 0.3). and control (2.2 

t 0.2) animals exhibited similar behavloral repretofre on day seven (p c 

0.01). In contrast, neither did the experimental animals visit the water 

surface. nor were the respiratory movements performed as often. 

3.2.3. A right pleuraI-parietal c w h  reuulted in unusual behaviors 



Figure 3.6. A right pleural-parietal crush disrupted normal respiratory 

beha\lour in the intact animal. Data fiom the animals in which the 

connectives between the right pleural and parietal ganglia were crushed 

are compared with shamoperated and control animals. In control 

animals crushes were made between the left pleural and parietal gangiia. 

whereas the sham operated animals received a skin Lncislon only. The 

number of breaths exhibited by experimental animals were significantly 

l o ~ r  than sham or control groups (*) (p c 0.0 1 . t-test) on days 3 and 7. 

However. no significant differences were observed between sham and 

control groups. (experimental, n = 73; sham. n = 25;  control. n = 40) 





Figure 3.7. A right pleural-parietal crush disrupted the normal 

respiratory drive in the intact animal. The number of visits to the water 

surface by experimental animals were compared alth sham and control 

animals. and these were found to be significantly dmerent (*) (p c 0.01. t- 

test) on days 3 and 7. The differences between sham and control groups 

on these days were however not significantly different. (experimental, n = 

58; control. n = 36; sham. n = 18) 
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In addition to the absence of nonnal respiratory movements, the 

experimental antmals exhibited various behaviors that were different 

than the control and sham operated anlmals. For example. in water. a 

majority of the experimental animals did not feed on lettuce; they were 

less active and did not interact with other animals as compared with the 

control groups. In instances where the experimental animals did make it 

up to the water hterface, they preferred to remain there for longer 

periods of time. Interestingly. on many occasions. these experimental 

animals completely crawled out of the water. eventually landing on the 

table top (Figure 3.8). The number of animals that crawled out of the 

water on day three (n = 30 of 76;) were not slgniflcantly different than 

day seven (n = 8 of 24). Of the 20 anlmals examined, only two attempted 

to crawl out of the water on day nine. 

At the water surface. some of the experimental animals could not 

remain attached to the side wall of the tank and fell into the water. 

landing on the back of their shells. None of these animals were capable 

of reorienting themselves back onto their foot-pad. Moreover, they could 

not come out of their shell, and remained in that posltton for many 

hours (up  to 12 hrs). Both sham and control animals on the other hand. 

did not display the above motor abnormalities. Interestingly, however. I 

noted that once out of water. the experimental animals did exhibit 

pneumostome opening and closing movements and these were 

subsequently quantified in the next series of expertments. Moreover, for 



Figure 3.8. The right pleural-parietal connective crushed animals 

exhibited water avoidance behaviour. The percent of right side crush 

animals that crawled out of the water on day three was not significantly 

different than day seven (P = 0.0636. Fisher's exact test). However. the 

animals that exhibited this behaviour on day three were significantly 

higher than day nine (p = 0.015. fisher's exact test). (day 3. n = 30/76; 

day 7. n = 8/24: day 9, n = 2/20) 

Note: Control and sham operated animals did not exhibit such 

behaviour. 
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comparative purposes. this 'out of water" pneumostome movements were 

also analyzed in both control and sham animals. 

I found that all three groups of animals were indeed able to open 

and close their respiratory orifice under these conditions (Figure 3.9). 

The number of opening and closing movements exhibited by the 

experimental animals (5.2 t 1.3: n = 10) were however significantly Less 

(p c 0.01) than that of either control (15.3 = 1.6; n = 6). sham (24 2 3.5; 

n = 6). or normal (21 i 2.8; n = 5 )  group. Taken together. the above 

results show that in a normoldc environment. the experimental animals 

not only failed to exhibit normal respiratory behavior but that the right 

side cmsh induced a variety of abnormal behaviors. 

3.2.4. Hypoxia did not override the effects of a crush to the right 

pleural-parietal connective on normal respiratory drive 

The lack of respiratory drive in experfmentai animals kept in an  

aquatic environment (as compared with land). could be attributed to the 

fact that adequate gas exchange occurred through the skin. In the next 

series of experiments. all three groups were therefore. exposed to a 

hypoxic environment and their respiratory behavior anal>zed. 

Specifically. instead of air. 100% nitrogen was bubbled into the water 

and the respiratov behavior of all groups compared. Behavioral analysis 

performed after three days of surgery revealed that despite the fact that 

all animals were maintained under acute hypoxia. the experimental 

animals (n = 24) did not exhibit normal respiratory movements (Figure 



Figure 3.9. In a non -aquatic environment. right pleural-parietal crushed 

animals exhibited pneumostome opening and closing movements. The 

number of pneumostome openings observed in experimental animals 

maintained out of water for one hour were statistically significant (*) from 

sham, control and normal. animals (p c 0.01. t-test): whtle the number of 

breaths observed in sham, control. and normal groups were statistically 

insignificant. (experimental, n = 10; sham. n = 6; control. n = 6; normal. 

n = 5) 
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3.10). Control (8.3 2 2.1; n = 22) and sham (11.8 2 2.0; n = 211 animals 

on the other hand, were able to breathe at a rate that was comparable to 

normoMc animals. Together, these data show that regardless of their 

environmental conditions (normoxla or hypoxia). the experimental 

animals failed to exhibit normal respiratory movements. 

3.2.5. A right pleural-parietal crush resulted in an increased number 

of deaths 

Since the majority of experimental animals did not exhibit normal 

respiratory behavior. therefore. their mortality rate was much higher 

than that of the control snails. The numbers of deaths following right 

side crushes were therefore quantified. These data revealed that as  

compared with both sham (14.6%) and control (18.2%) groups. 

significantly larger numbers of experimental animals (62.2%) died after 

surgen- (accumulative death percentages calculated on da~r seven) (Figure 

3.1 1). These data demonstrate that in most instances. the right but not 

the left side crushes were generally fatal. 

The above experiments suggest RPeD 1's involvement in the control 

of normal respiratory behavior and for the perception of 

chernosensitivity. but they do not rule out the involvement of other, as  

yet unidentified neurons. whose axons were also axotomized during a 

right pleural-parietal crush. Therefore, an ultimate approach would have 

been to selectively ablate RPeD l (Figure 3.4). and this was achieved in 

the next series of experiments. 



Figure 3.10. Hqpoxla failed to induce the respiratory drive in right 

pleural-parietal crushed animals. The number of breaths exhibited by 

experimental. sham. and control groups were compared on day 3 and 7 

during nitrogen perfusion ( 1 hour). Breathing behavlour displayed by 

experimental animals was signiacantly different (*) from sham and 

control groups (p < 0.01), whereas no significant differences were found 

between sham and control groups on day 3 and 7. (experimental. n = 24; 

sham. n = 2 2 :  n = 21) 





Figure 3.11. Right pleural-parteta1 crushed animals died more 

frequently than their control counterparts. Accumulative quantiflcaticn 

of the percentage of animals that died following crushes performed on 

the right or left side connectives, or sham operated animals on days 1 

through 7. 
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3.2.6. RPeDl soma ablation disrupted the normal respiratory 

behavior 

To test directly, whether the disruption of normal respiratory 

behavior in the right pleural-parietal crush animals did indeed involve 

RPeD1. this cell was selectively ablated in the intact animal and the 

respiratory behavior was analyzed after recovery. Specifically. intact 

animals were anesthetized and operated as described above. The central 

ring ganglia were exposed and RPeD 1's soma was selectively destroyed via 

a sharp glass electrode. In controi animals. another identified neuron. 

left pedal dorsal 1 (LPeDl - the giant serotonergic neuron) was ablated: 

whereas, in sham operated animals only a skin incision was made. The 

three groups were allowed to recover from surgery and their respiratory 

behavior was monitored as described above. I found that the number of 

breaths exhibited by the experimental animals were significantly fewer 

than that of sham or control group on days one (1.1 t 0.3: n = 48). two 

(1.2 r 0.4: n = 40). three (1.5 =0.4; n = 25). and seven (2.1 t 0.6: n = 30) 

( p  ~0.01)  (Figure 3.12). While the number of breaths exhibited by sham 

(5.4 t 0.6: day one) and control groups (6.4 t 0.7; day one) were 

Indistinguishable after the &st two days of surgery; differences were 

nevertheless observed on days three and seven. Bj7 day three. sham 

operated animals (1 1 r 1.8; n = 25) began openlng their pneumostome at 

a significantly higher rate (p < 0.05) than that of the control animals (6.1 

t 1.1 ; n = 25). However, the incidence of breathing exhibited by control 



Figure 3.12. Ablation of RPeD 1's soma disrupted the normal respiratoq? 

behavlour in the intact animal. The number of breaths exhibited by 

RPeDl ablated and sham-operated or control animals were compared. 

RPeDl ablated animals on days 1 .  2. 3. and 7. displayed breathtng that 

was significantly different (*) from the breathing behaviour that was 

exhibited by sham-operated and control animals on all days post surgery 

(p < 0.01, t-test). While sham and control groups did not show any 

statistical differences on days 1 and 2, significant differences were found 

between them on days 3 and 7 (p < 0.05. t-test). (At the start of the 

experiment: experimental. n = 48; sham. n = 25: control. n = 25)  
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animals. decreased to the level of 4.8 = 0.7 (n = 23) by day seven (p < 

0.05). 

The second parameter examined was the number of visits made by 

each of the above groups [Figure 3.13). Speclflcally. in control animals (n 

= 23) the number of visits to the water surface were almost 

indistinguishable from those of sham operated animals (n = 18) on days 

one. three and seven. However, this parameter was reduced significantly 

tn the experimental animals (n = 48) as compared with both control 

groups on days one. three and seven. 

Following recovery, the death rate was also quantifled in all 

animal groups. These data revealed that as compared wlth sham or 

control animals. a greater percentage of experimental animals died 

following surgery (Figure 3.14). These data show that selective ablation of 

RPeD 1's soma disrupted the normal respiratory behavior. albeit this was 

not completely abolished. 

The severed axons from a variety of vertebrate and invertebrate 

species are known to suwive axotomy and maintain their functional 

properties (Bittner. 1988). Therefore, to rule out the possibility that in 

the absence of its soma. the RPeDl axon may have still been functional. 

pronase was injected intracehlarly. 

3.2.7. RPeDl soma ablation by pronase injection disrupted the 

normal respiratory behavior 



Figure 3.13. RPeDl soma ablation disrupted the normal respiraton- 

drive. The number of visits to the water surface were monitored following 

RPeD1 ablation and the data were compared with sham-operated 

(received a skin incision only) and control (LPeDl ablated) animals. On 

all days. experimental animals exhibited behaviour that was significantly 

different (*) from both sham and control groups (p < 0.0 1 on days 1 and 

3: p < 0.05 on day 7. t-test). (experimental. n = 48; sham, n = 18; control. 

n = 2 3 )  





Figure 3.14. RPeDl soma ablated animals died more frequently than 

their control counterparts. Number of accumulative deaths that occurred 

following the surgical removal of RPeD 1. or LPeD1. or sham-operated 

animals on days 1 through 7 are shown. 
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Since a number of RPeDl soma ablated animals did exhibit 

respiratory movements, the above data are although consistent with the 

hypothesis that RPeDl is necessary for normal respiratory output. they 

are not conclusive. To explore this possibflity further, both the soma and 

its axon were kflled via pronase injections. Specifically. the 

anaesthetized animals were prepared for surgery and pronase was 

injected directly into RPeDl soma. Following surgery. the animals were 

allowed to recover and their respiratory behavior was monitored from 

days 1 through 3. These data were compared with the control group 

where LPeD 1 was injected wfth pronase. 

I discovered that experimental animals failed to open their 

pneumostome (n= 10). Additionally. these s n d s  were less active 

(movement was very -sluggish" and they also exhibited con tact avoidance 

behavior). At best. these animals visited the water surface only once 

during a one hour examination period and remained there for the entire 

period. At the air-water interface. the animals made very few attempts to 

open their pneumostome. In contrast. pronase was tnjected into the 

LPcDl soma in control animals. These animals exhibited breathing on 

days 1 through 3 (n = 4). Taken together, these data provide first direct 

and unequivocal evidence for RPeDl's involvement in the respirator). 

behavior of the intact animals. 
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3 -3. DISCUSSION 

The giant dopamine cell (RPeD1) is well known for its role in the 

respiratory rhythrnogenesis. In both the isolated ganglionic and in vitro 

cell culture preparations. RPeD l not only initiates the respiratory activity 

in neurons IP3I and VD4. but it is also required for the maintenance of 

breathing rhythm (Syed et 4.. 1990). The present study is however. the 

first to test for RPeDl's involvement in the respiratory behavior of the 

intact anlmals. Moreover. since RPeDl soma ablation in the intact snails 

also resulted 111 several abnormalities of other behavioral programs 

Water avoidance and anti-social). the data presented in this study 

therefore underscore the importance of this cell in many different 

beha~lors. 

To test for the involvement of any particular cell in a given 

behavioral repertoire, an ideal approach is to disrupt its axonal 

projections towards the effector organs. In this study. I systematically 

disrupted RPeDl axons towards pneumostorne and mantle areas by 

cutting and crushing various peripheral nerrres that cany its axons. In 

instances, where internal and external parietal nerves were cut. the 

animals failed to exhibit normal respiratory behavior and died. 

suggesting that these nentes are not only required for normal breathing 

but that they are also vital for animal survival. Since these nerves also 

c a n y  a large number of afferent and efferent projections from other 

neurons as well. it can be argued that the resulting effects can not be 
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attributed exclusively to RPeDl. These data. do at  the least, demonstrate 

that normal respiratory drive is central in origin and that the peripheral 

nenvous system is not sumcient for rhythmical opening and closing 

movements of the pneumostome. 

RPeDl axotomy at the pleural-parietal connective not only 

disrupted normal respiratory behavior. but many other beha\loral 

programs were also altered. For instance. most right side crushed 

animals visited the water suriace less frequently than their control 

counterparts. suggesting that RPeDl axotomy may have also perturbed 

the normal chemosensory drive. This notion Is consistent with other data 

from our laboratory where RPeDl was found to exhibit sensitivity to 

hypoxia drive which originated at the periphery (Inoue et al.. 1996b). 

Moreover. since RPeDl axotomized animals did not open and close their 

pneumostomes as  often as the left side crush and sham operated 

animals. these data demonstrate that RPeDl may also be involved in the 

pneumostome opening and closing movements. Indeed. Inoue et al.. 

1996b have shown earlier that in the absence of IP31 activity. direct 

intracellular stimulation of RPeDl can induce pneumostome opening 

movements. Since RPeDl has been shown to inhibit the activities of the 

prleumostome opener motor neurons (VJ etc.) (Syed and Winlow, 1991 b). 

these data suggest that RPeD1 may exert direct control over 

pneumostome musculature. Further experiments are however required 

to test this possibility directly. 
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To rule out the possibility that the experimental animals which 

exhibited motor abnormalities such as lack of feeding. absence of 

copulatory behavior, and a reduced drive to come to the water surface 

had lower metabolic demands and thus reduced 0, consumption, these 

snails were challenged with hypoldc stimuli. These stimuli. however. 

failed to trigger respiratory episodes in the experimental animals 

suggesting that in the absence of RPeDl axon. the animals not only 

failed to exhibit normal respiratory behavior. but also that their 

chemosensitivity was lost. These data also suggest the possibflity that 

elther RPeD1 is the only central chemosensory element for the 

respiraton drive in Lymnaea, or that others as yet unidentified 

chemoreceptors are also located on the right side. This would perhaps 

make sense because anatomically these structures are likely to be 

situated on the same side to that of the pneumostome. 

An issue that requires special attention is the fact that the 

experimental animals (right pleural-parietal crush) were indeed capable 

of opening their pneumostomes out of water, a reflex shown earlier to be 

a component of the whole animal withdrawal behavior (Sakharov and S.- 

Rozsa. 1 989). Specifically, during breathing-related pneumostome 

opening. a noxious stimuli not only induces its closure but also the 

termination of the resptratory activity (Syed. 1988). In contrast. a similar 

stimulus applied to the head-foot complex (in the absence of respiratoq- 

activity ie. pneumostome closed), induces a forceful opening of the 
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pneumostorne both in Lymnaea (Sakharov and S.-Rozsa. 1989) and 

Planorbfs (Arshavsw et al.. 1994). The behavioral significance of these 

pneumostome movements was postulated to reduce body volume by 

expeIling both air and hernolymph from the mantle cavity (Inoue et al.. 

1996b). This provides the animal with space in which to retract its head- 

foot complex (Sakharov and s.-Rozsa, 1989; Arshavsky et al.. 1994b). It 

is therefore, plausible that the out of water pneumostome movements 

may reflect withdrawal behavior, for which the local peripheral nen-e 

system (the osphradium ganglia situated near the pneumostome) should 

be sumcient. Consistent with this idea is the observation in which 

noxious stimuli applied to the pneumostome area (in the absence of CNS) 

can trigger its opening movements (Syed personal communicatfons). 

Moreover, in HelLK and PLanorbls. a common motor neuronal pool has 

been implicated in both pneumostome opening movements and the 

whole body withdrawal behavior (Balaban. 1983; Vehovszky et al.. 1989). 

In Lymnaea. however, Syed and Winlow (1991a) and Inoue et al., (1996a. 

C )  have shown that both pneumostome and whole body withdrawal 

behaviors are controlled by a distinct group of motor neurons. However. 

at present the possibility of potential functional overlap between these 

motor neurons can not be ruled out. 

Statocysts. located on the dorsal surface of both left and right 

pedal ganglia are sensory structures that are lnvolved in geotaxts. They 

are thought to provide important orientation cues to the animal with 
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respect to its posttion in the water. Since most experimental animals 

fatled to stop at the water tnterface and crawled out of the water. it is 

therefore. plausible that these effects may have been due to the 

disruption of statocyst fimction. Should this be the case however, then 

one would have expected the sham animals to exhibit a similar behavior: 

a scenario that was not observed in the present study. These data 

therefore. demonstrate that either RPeDl itself or its association mlth the 

statocyst is critical for proper upward orientation of the pneumostome at 

the water interface. 

A similar water avoidance behavior was observed by (Lukowiak et 

al.. 1996) during operant conditlonfng of the respiratory behavior in 

Lymnaea. Specifically. a noxious stimulus delivered to the pneumostome 

area during its opening movements resulted in the operant conditioning 

of the respiratoy behavior. As compared with their yoked counterparts. 

however. the operantly conditioned snafls often crawled out of the water 

(Lukowiak et al.. 1996). These data suggested that the animals 

established an association between hypoxia and water and thus to avoid 

this "unfavorable environment". they preferred to crawl out of the water. 

Alternatively, the animal may have associated the noxious stimulus with 

its presence in the water and thus to avoid this situation, it crawled out 

of the tank. Sfnce Ln the present study, no noxious stimulus was 

delivered to the pneumostome. it therefore seems plausible that hypoxia 

may haw served as a signal that  drove the animal out of water. On the 
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other hand. since in both operantly conditioned (Spencer et al., 1999) 

and the experimental animals (Figure 5.8A) RPeDl was found to be 

quiescent, it seems safe to attribute this behavior directly to the Iack of 

RPeD 1 function. 

In addition to the above abnormal behavior, neither did the 

experimental animals feed very well. nor were they "socially active". I t  is 

tempting to attribute these "abnormalities" to the lack of RPeD 1 function. 

however further experiments are required to determine the significance of 

this cell tn these behaviors. These data do nevertheless, demonstrate 

that RPeD 1 may be a multifunctfonal neuron whose role/s extend 

beyond that of respiration. Additionaily. sfnce RPeD 1 ablation perturbed 

the normal respiratory behaclor in many important ways, the data 

presented in this study provide strong support for the hypothesis that 

this cell is indeed necessaq for resptratory behavior in Lymnaea. 

Moreover. this study 1s the Rrst to test for the functional signincame of 

a n  identified neuron in a behavioral program, and it validates further the 

usefulness of Lymnaea as a model system for studies on the respiratory 

rh-thmogenesis. 

Together ulth prellously published studies. the data presented 

here show that RPeDl indeed fulfils the criteria of a command neuron. 

Specifically, its appropriateness and sumciency for the respiratory 

behavior has previously been demonstrated (Syed et al.. 1990; Syed and 

Winlow. 199 1 b). whereas in this study. I showed that RPeD 1 is indeed 
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necessary for respiration ln the intact animals. To the best of my 

knowledge. RPeDl is perhaps the only neuron to have successfully met 

the criteria that was set forth for a command neuron (Kupfermann and 

U'eiss. 1978). In addition, since RPeD 1 soma ablation also disrupted a 

number of other behaviors. it would not be surprising to Bnd that RPeD1 

is also a member of a larger 'polymorphic" network that serves to 

regulate many difCerent behaviors. Future studies should therefore be 

directed tourards elucidating RPeD 1's role in other beha\lors as  well. 

Similarly. efforts should also be directed towards elucidating 

RPeDl's role in chemoreceptlon. Together with prelimimq- data from our 

lab. this future research wili give rise to the concept that in addition to 

their role in respiratoxy rhythm generation. the CPG neurons also exhibit 

chemosensiti\lty to hypoxla. h-ypercapnia, and pH changes. These 

studies will be consistent with those performed earlier on the land snail 

H e l k  aspersa where CO, sensitive neurons located within the CNS have 

been demonstrated experimentally (Erlichman and Leiter. 1993: 

Erlichman and Leiter, 1994; Erlichman et al.. 1994). Moreover. since 

identified Lymnaea neurons can be isolated in cell culture, the cellular 

and  molecular mechanisms underlytng chemoreception can also be 

examined. 
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CHAPTER FOUR: RPeDl SOMA ABLATION PERTURBS THE 

RESPIRATORY RHYTHMOGENESIS 

4.1 INTRODUCTION 

4.1.1. Central pat tern generators 

Netu70rks of neurons. termed central pattern generators (CPG) 

control rhythmic behaviors such as respiration. Evidence suppons the 

idea that CPGs are capable of generating rhythmic output. Lndependent 

of peripheral feedback. However, peripheral input is important for the 

initiation . maintenance, modification, and termination of most rhythmic 

behaviors (Delcom_vn. 1980). Therefore, to determine the neuronal basis 

of rhythmic behaviors. the identfflcation of various CPG neurons and 

characterization of their synaptic interactions is considered essential. 

4.1.2. Neural network mediating respiration in Lyrnnaea 

The neural network underlytng pulmonaxy ventilation in Lyrnnaea 

stagnalis is comprised of RPeD 1 . VD4 and IP31 (Figure 4.1 ). The synaptic 

connections between VD4 and IP31 are reciprocally inhibitory ( Syed and 

Winlow-. 199 1 b). Similar inhibitory synapses also exist between RPeD 1 

and VD1. RPeD1 excites IP31 biphaslcally (excitation followed by 

inhibition). Once activated, IP31 exerts excitatory effects on RPeD 1. All of 

these synaptic connections are chemical and monosynaptic. RPeDl 

stimulation in a semi-intact preparation. trlggers respiratory activity in 



Figure 4.1. A summary diagram depicting the neural network underlying 

resplratoxy behaviour in Lymnaea. RPeD 1 receives 

chernosensoxy / mechanosensory input from the periphery and excites 

IP3I via a dual inhibitory-excitatory synaptic connection. Once activated. 

IP3I excites RPeDl and the pneumostome opener motor neurons (eg. 

HIJK. and GI. Following recovery from its inhibition by IP3I and RPeD1. 

\?I1 fires a burst of spikes inhibiting IP3I and RPeD1. while exciting 

pneumostome opener motor neurons (POM). The cycle repeats several 

times. Open and close symbols represent excitation and inhibition 

respectively. Atl synaptic connections are monosynaptic and chemical. 
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both IP31 and M 4 .  In an isolated ganglionic preparation. spontaneously 

o c c u m g  respiratory discharges can be recorded from the motor neurons 

for many hours: whereas in a quiescent preparation RPeDl can trigger 

this activity (Syed and Winlow. 1991b). Since IPS1 is located on the 

ventral side of the right parietal ganglion (opposite to that of RPeD1 and 

VD4). the evidence for its activlty is generally obtained indirectly from its 

target motor neurons (G and H.I. J . K  cells). These cells exhibit excitatory 

and inhibitory discharges that are well-characterized and unique to IP3I 

activity (Winlow and Benjamin. 198 1). 

Dr. Syed's lab has experimentally demonstrated both in vim and in 

cimo that the Ly mnaea respiratory central pattern generator assures 

coordination of the antagonistic muscles but is not inherently rhythmic. 

Either alone or together. both IP31 and VD4, which are conditional 

bursters. do not produce rhythmical alternating oscillations. 

Rhythmicity requires activity in RPeD 1, which allows emergent network 

properties to be expressed. Overall. a picture emerges that is analogous 

to respiratory rhythm generation in mammals, i.e., rhythmfc motor 

output originates in two half centers which are connected via mutual 

inhibitory synapse. The two half centers (VD4 and IP31) oscillate only 

when they receive input from a hypoxia driven RPeD 1. 

The CPG neurons are capable of generating the respiratory rhythm 

both in the semi-intact and the isolated brain preparations, but whether 

this simple circuit provides the necessaxy neural substrate for respiratory 

rhythmogenesis in the intact animal can only be demonstrated in vltro. In 
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1990. Syed et al., successfully reconstructed the three-cell nehvork 

(RPeD1. IP3I and VD4) in vitro. In cell culture. these cells not only 

regenerated their axonal projections, but they also reformed appropriate 

synaptic connections when electrically stimulated. This in v i m  

reconstructed network generated the respiratory rhythm mas 

indistinguishable from that seen in vivo (Syed et al., 1990). 

4.1.3. Synaptic inputs to and from RPeDl 

RPeDl makes monosynaptic connections with a large number of 

postsynaptic follower cells (localized in the visceral and parietal ganglia) 

(Figure 4-11. RPeDl is known to contain and release dopamine and its 

transmission with the follower cells is dopaminergic (Benjamin et al.. 

198 1). RPeDl is spontaneously active in semi-intact and isolated brain 

preparations and this regular beating activity is augmented by synaptic 

inputs from IP31, which strongly excite RPeD 1 (Syed and Winlow. 199 la. 

b). IP31 is the only excitatory input that RPeDl is known to receive in the 

isolated brain preparations. In contrast. RPeDl receives a number of 

inhibitory inputs from sources such as Input 2 (IP2 - source unknown). 

V D 4  (Syed and Winlow. 199 1 bl and the whole body interneurons left and 

right pedal dorsal 1 1 (L/RPeD 1 1) (Inoue et al.. 1996a). 

4.2. RESULTS 

In chapter three. I have demonstrated that RPeD 1 soma ablation 

in some animals in the intact animal disrupts normal respiratory 



behavior. In this section. I 

central ring ganglia from the 
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sought to determine whether the isolated 

experimental animals were able to generate 

respiratory rhythm in the absence of RPeD 1's soma. 

4.2.1. Respiratory patterned activity in RPeDl soma ablated animals 

To determine whether experimental (RPeD1 soma ablated) animals 

would exhibit normal respiratorq. rhythm (reflected by the presence of IP3I 

activity) in the absence of RPeD 1's soma. the central ring ganglia from 

experimental groups and both sham and control (LPeD I ablated) animals 

were isolated on day three and day seven, and prepared for intracellular 

recordings. Specifically. after behavforal analysis. all animals groups 

were anaesthetized and their CNS removed. Simultaneous in tracellular 

recordings were made from the following neurons: pneumostome motor 

neurons (H. I. J. K cell cluster neurons) and RPA neurons (mantle motor 

neurons) in experimental animals; from RPeDl and H. I. J. K/RPA 

neurons in control animals; or from RPeDl and H. I ,  J, K/RPA/G 

neurons in sham animals. All three animal types displayed IP3I activity 

(Figure 4.2). The number of IP31 discharges observed in experlrnental 

animals (24.3 + 3.4; n =14) were not significantly different (p > 0.05) than 

sham (29.6 2 4.0; n = 11) or control animals (28.1 2 5.5; n = 6) on day 

three (or on day seven). These findings were not in agreement with the 

hypothesis, which predicted that in experimental animals no rhythmic 

discharges could be discernable. whereas both control and sham animals 

should exhibit normal respiratory activity. 



Figure 4.2. Selective removal of RPeD 1's soma did not signiecantly alter 

the number of IP3I bursts in the isolated ganglla. The number of IP3I 

bursts exhibited by RPeDl ablated animals were compared to LPeDl 

ablated and sham operated animals over a 20 minute period. 

Characteristic IP31 discharges were monitored in H.I. J.K. and/or RPA 

group neurons by direct intracellular recordings. No signincant 

differences were found between experimental and control groups on 

either day 3 or day 7 (p < 0.05. t-test). (experimental, n = 14; control. n = 

I 1 : sham. n = 6) 
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4.2.2. Spontaneous reaphatory discharges In RPeDl soma ablated 

ganglia were abolished by a dopamine antagonist 

Since in a variety of animal species, severed axons remain 

functional in the absence of their somata. we hypothesized that the 

respiratory activity recorded from RPeD 1 soma ablated animals may have 

still involved dopamine release from the axotomized axon. Therefore. I 

predicted that the spontaneously occurring IP31 discharges in RPeDl 

soma ablated animals would be blocked by a dopamme antagonist. To 

test this possibility. sulptrlde ( ~ o ~ M )  was bath applied. Specifically. 

simultaneous intracellular recordings were made from two follower cells 

in the RPeD 1 soma ablated preparations and spontaneously occurring 

1P3I discharges were recorded on day three. Sulpiride was then bath 

applied during continuous recordings. I found that sulpiride application 

completely and reversibly blocked IP3I discharges in all of the follower 

cells (n  = 8) (Figure 4.3). Furthermore. IP3I activity could be triggered by 

exogenously applied dopamine lo5hrl (data not shown) . Similarly. on day 

seven. IP31 activity continued to persist in both animal groups (Figure 

3.3). This was also blocked by sulplride in a reversible manner (n = 8) 

(data not shown). Together with behavioral observations. these results 

indicate that selective ablation of the RPeDl somata may have although 

removed its cell body ftom the central ring ganglia. however the axon was 

most likely functional. 



Figure 4.3. IP3I activity in RPeDl soma ablated animals was abolished 

by a dopamine antagonist. Spontaneously occumlng IP3I discharges were 

recorded from H.1.J.K cells (top panel - control). These were abohshed 

completely when dopamine antagonist sulplride (loa4) was applied 

exogenously (middle panel). The IP3I actitlty however resumed upon 

wash out with normal saline (lower panel). 





Figure 4.4. The isolated ring ganglia ftom both RPeDl and LPeDl soma 

ablated animals exhibited spontaneously occurring IP3I discharges on 

day 7. Simultaneous intracellular recordings were made from the isolated 

ganglia of either RPeD 1 (experimental) or LPeD 1 (control) soma ablated 

animals. IF31 discharges were recorded from the H.1.J.K cells in both 

LPeD 1 and RPeD 1 ablated animals. 
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4.2.3. Pronase injected preparations did not exhibit normal 

respiratory rhythm 

To test further whether spontaneous IP31 activity seen in the 

RPeDl soma ablated animals was indeed due to dopamhe release from 

the RPeD l axon. pronase was injected intracellularly into RPeD 1's soma. 

Animals. w7hich had been injected with pronase. failed to exhibit 

breathing on days one through three. Intracellular recordings were made 

from the isolated central ring ganglia of these animals. two days after the 

surgery. In eight out of the ten animals. no discharges indicative of IP31 

activity were observed (Figure 4.5). However. in two preparations IP31 

activity was observed, but this may have resulted from the unsuccess!M 

attempts to inject pronase. In contrast, pronase LnJection into LPeDl 

(control). did not disrupt IP3I activlty (data not shown) (n = 4). Overall. 

pronase injection into RPeDl eliminated IP3I activity. These data set are 

consistent with the hypothesis that in the absence of RPeD 1 somata. the 

RPeD1 axon continues to function. 



Figure 4.5. IP3I activity was completely abollshed following pronase 

injection into RPeD 1 .  Pronase (5%) was injected intracellularly into 

WeD1 somata in the intact animal. Animals were allowed to recover from 

surgery and their behaviour was monitored. On day 2. intracellular 

recordings were made from the lsolated ganglia of pronase (Wto RPeD 1 )  

injected animals. No  IP31 discharges were observed. 





4.3. DISCUSSION 

In the previous chapter. I showed that RPeDl soma ablation tn the 

intact animal disrupts normal respiratory behavior in some animals. 

From these results therefore. I predicted that the central ring ganglia 

isolated from these animals would not exhibit patterned respiratory 

actilln-. Contrary to this assumption however. it was surprising to see 

that the isolated central ring ganglia from RPeDl soma ablated anlmals 

exhibited IP3I discharges that were characteristic of patterned 

r e sp i r a to~  acticlty observed in ganglionic preparations (Syed and 

Winlow. 199 1 a). 

One possible interpretation for the above data is that although 

RPeD 1's soma was selectively ablated in the intact animals. its axon may 

hare remained functional to generate patterned respiratory activity. This 

notion is consistent with numerous other studies on invertebrates 

(flatworms. crustaceans. insects, annelids. and gastropods - see Bittner. 

1988) where distal portions of severed axons not only remain alive. but 

also re-grow their axonal projections and synaptic connections. For 

instance. in both crustaceans (Hoy et al.. 1967) and Aplysia [Ross et d.. 

1994), the distal axon stump has been shown to survive and conduct 

action potentials from weeks to months. If the severed portion of the 

distal axon is long enough (severed close to the cell body). it also 

generates action potentials which produce successful muscle 

contractions for up to one year (Atwood et al. 1989). The survival of the 



crustacean axon stump 1s supported by glia and/or glfa-derived factors 

(Viancour et al.. 1988). Similarly. in ApIysfa the severed axon utilizes 

pre-existing factors for their sunlval (Benbassat and Spira. 1993). Since 

in Lymnaea, most trophic factors are derived from the central ring 

ganglla (Ridgway et al.. 1993). it is therefore highly likely that they may 

have contributed towards the survival of RPeDl axon in the newous 

system. Whether the severed RPeD1 axon also exhibits collateral 

sprouting remains to be determined. 

The survival of severed axons may serve many advantages (Moffet. 

1 996). For instance. distal axon stumps are capable of neurotransmitter 

release and can continue to contribute towards synaptic transmission 

required for normal functioning of various neuronal circuits (Grossfeld. 

1993). In addition. the axotomized distal axon stump from crayfish has 

been shown to release a protein (similar to a mammalian stress protein) 

which serves to attract non-neuronal cells at the site of axon crush (Xue 

and Grossfeid. 1993). These cells in turn help to repair the damaged 

tissue and accelerate the healing process. The abiliw to survive inJun 

m a  be an inherent property of all axon stumps. This may sewe to 

p ro~lde  the nervous system with temporary relief during which the 

somata can regenerate to restore functional deficit. Indeed, the isolated 

axonal stumps from Lymnaea are capable of de novo protein synthesis 

Ivan Minnen et al.. 1997) and c a n  thus synthesize all necessary proteins 
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that are required for survival. synaptic function and plasticity (Spencer et 

ai.. 1 999 manuscript submitted). 

The support for the hypothesis that the RPeDl axon was indeed 

alive and functional. stems from the data showing that the 

spontaneously occurring IP3I discharges were abolished by the dopamine 

antagonist sulpride. It can be argued. that in addition to RPeD 1. other 

as yet unidentified neurons. may also be responsible for the patterned 

respiratory activity that was observed in RPeDl soma ablated animals. 

This is highly unlikely, since dopamfnergic neurons other than RPeDI. 

have not yet been identified in Lymnaea. Consistent with this notion is 

the pronase injection data iwhich in most preparations not only killed 

the RPeDl soma but also its axon stump). in which no patterned 

respiratory activity was recorded in the isolated ganglia. Taken together. 

these data provide strong support for the hypothesis that the RPeDl 

axon was indeed alive and functional. 

If the conclusions drawn from the above data are acceptable. then 

the question arises: Why did RPeDl soma ablated animals exhfbit 

reduced respiratory movements? In other words, if the central ring 

ganglia from RPeDl soma ablated animals were indeed capable of 

generating the patterned respiratory activity; why did these animals 

failed to exhibit normal respiratory behavior? Two possibilities are likely: 

1) since RPeDl is involved in 0, perception. in its absence therefore, the 

animals were rendered incapable of chemosensitivlty. If this explanation 
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were acceptable. then one would predict that in the semi-intact 

preparations made from RPeDl ablated animals. the IP3I discharges 

would not be discernable. 2) The periphery may exert an inhibitow effect 

on the rhythm generating circuit in an intact animal. This notion is 

consistent with observations in the semi-intact preparation, in which the 

respiratory discharges in the CPG neurons are triggered immediately 

after the severance of peripheral projections to the pneumostome area 

(Spencer and Kazml personal communications). Further experiments are 

however. required to test the above possibilities directly. Pedpheral 

feedback has been shown to be an important stabilizer/modulator of 

rhythmic behaviors (Delcomyn, 1980). The periphery may effect motor 

neurons directly without altering the effects of the CPG rhythm or motor 

neuron actiwy (Delcomyn. 1 980). Peripheral feedback has although been 

shown to drive and terminate behaviors. it is not however considered 

essential for normal behavioral output (eg. continuous swimming by- 

deafferented dogfish sharks) (Lissmann. 1946). Furthermore. timing of 

rhythmic behavior may be driven or changed via perfpheral input (eg. 

swimming rhjthm of dogfish sharks) (Grillner and Wallen. 1977). 

Therefore. peripheral input together with the characteristics of the neural 

network mediating a certain behavior shapes the final motor output. 

Thus. the inhibitory effects of the periphery may explain why the intact 

animal exhibits significantly reduced breathing in the absence of the 
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RPeDl soma, whfle the isolated brain preparation exhibits IP31 activity 

similar to that of control. 

RPeD1 has previously been shown to inhibit IP31 activity. It is only 

after a strong depolarization of RPeD 1 that a biphasic (excitation followed 

by inhibition) response is generated in IP3I (Syed and Winlow. 1991b). 

Syed (1988) has previously shown that RPeDl stimulation does indeed 

terminate IP3I actlvfw in the middle of its discharge. Moreover, in 

hstances where RPeDl was found to be spontaneously hyperactive. IP3I 

discharges were rare (Syed. 1988). Taken together. these prevtously 

published observations suggest that a tonically active RPeD1 continues 

to inhibit the activity of IP3I. It is only when the pneumostome breaks 

through the water Blm that RPeDl (excited by the mechanosenso~ 

input) fires a burst of spikes. which in turn trlgger a biphasic response in 

IP31. Based on these observations. I speculate that the IP31 discharges 

seen in RPeDl soma ablated ganglia can also be attributed to the lack of 

RPeDl activity. How does this interpretation then At with the sulpiride 

data? One likely explanation for this is that the dopamine receptor 

antagonist may also serve as  an agonist (Spencer personal 

communication). thus mimicking the inhibitory effects of dopamine on 

the IP31 activity. Consistent with this notion are data from a number of 

vertebrate and invertebrate species where a variety of transmitter 

receptor antagonists have been shown to function a s  partial agonists as 

well (Cooper et al.. 1978). 
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It is important to note that although RPeDl soma ablated animals 

did exhibit normal respiratory rhythm. these rhythmical discharges did 

not translate into behavioral output. Caution should therefore be 

exercised in extrapolating patterned actiklty recorded in the C N S  to 

behavioral output. 

Taken together. the data presented in this section show that: 1) the 

rhythm generation and pattern generation are two distinct features of the 

CPG neurons. 2) after axotomy. the RPeDl axon r e m a s  alive and 

functional for many days and 3) in the intact (RPeD1 soma ablated) 

animals, the periphery exerts an inhibitory effect on the respiratory 

rhythm generating network. 
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CHAPTER FIVE: NORMAL RESPIRATORY BEHAVIOR IS 

RESTORED AFTER RPeO L REGENERATION 

5.1. INTRODUCTION 

Following injury to the nervous system. both neuronal and non- 

neuronal cells undergo developmen t-like changes, which are essential for 

successful regeneration. In general. regeneration implies that all 

a..onal/dendritic and synaptic connections are reestablished to restore 

the behalloral deficit. However, rarely is this process so simple because 

the regenerating tissue fs often faced with many environmental 

obstacles. such as growth inhibitor). molecules (Fitch et al.. 1997). In 

addition, the growth permissive molecules (cell and substrate adhesion 

molecules. trophic factors etc.) (Xu et al. 1995; Bregman et al.. 1997: 

T u s q n s U  et al.. 1997: Ye et al.. 1997) that are expressed during 

development are no longer available to regenerating neurons. Due 

primarily to these limitations. the regeneration and full functional 

recovery in higher animals is rather rare (Bregman. 1998). Most 

invertebrate neurons on the other hand, have a remarkable propensity to 

regenerate their axonal and synaptic profections with a high degree of 

accuracy (Moffet. 1996). For instance. a variety of invertebrate phyla 

(Cnidaria. Platyhelrninthes, Ctenophora. Nemertea, Annelida. 

Arthropods. Mollusca. Echlnodermata and Chordata) have not only been 

show to regenerate but also to replace larger parts of their nen70us 

system (see Moffet. 1996). Most pertinent in this context are the 
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regenerative capabilities of gastropod mollusks. these are therefore 

discussed below in some detail. 

Neurons from a variety of molluscan species (Hellsoma. Aplysia. 

Lyrnnaea etc.) have been shown to regrow their axonal proJections both 

in vim. organ culture and in vitro (Moffet. 1995. 1996). In Lymnaea. 

RPeDl has previously been shown to regenerate its axonal projections 

and synaptic connections in vivo (Allison and Benjamin 1985: Benjamin 

and Allison. 1985). in situ (organ culture) and in vitro (Syed et al.. 1990). 

Specifically. Benjamin and Allison (1985) showed that following 

axotomy. RPeDl not only regenerated its neurites tn ulvo but also 

established appropriate synaptic connections with its follower cells. 

These synapses were in most instances similar to those seen in the 

normal animals. However. neither the functional consequences of RPeD 1 

axotomy examined, nor was the significance of this regeneration 

investigated. One of the main objectives of this study. therefore, was to 

determine if: 1) RPeDl regenerates its axonal projections in the intact 

animal and 2) if this regeneration results in the restoration of normal 

respiratory behavior. 

5.2. RESULTS. 

5.2.1. RPeD 1 regeneration restored the normal respiratory behavior 

in the intact animals 
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As described in chapter three. RPeDl was axotomtzed between 

right pedal and pleural ganglia and following recovery. the respiratorq- 

behavior was monitored. Between day ten (2.9 r 0.8) and day fourteen 

(2.8 t 0.7). a significantly greater number of axotomized animals began 

exhibiting normal respiratory movements (Figure 5.1A. B). Qualitative 

differences were however observed between right (experimental) and left 

side crushes (control) or sham animals. Right side crush animals did not 

breathe as frequently as their control groups. Additionally. both the 

duration and the size of pneumostome openings in the experimental 

animals on day seven were significantly reduced compared with both 

control groups. In most experimental animals. the duration of 

pneumostome openings on days 10- 14 was no longer than three seconds: 

whereas. in both sham and control animals the pneumostome remained 

opened for greater than three seconds. Together. these data show that 

between days 10- 14 the experimental animals began to exhibit 

respirator) movements. characteristic of the control group. 

5.2.2. Respiratory patterned activity in right pleural-parietal 

crushed animals was absent three days after surgery 

Electrophysiological techniques coupled with the behavioral 

analysis were used to determine whether the behavioral restoration 

mvolved RPeD 1 regeneration. Specifically, simultaneous intracellular 

recordings were made to determine whether regeneration and subsequent 

beha~loral recovely were due to RPeDl reconnecting with its target cells 



Figure 5.1A. Normal respiratory behaviour was restored in rlght pleural- 

parietal crushed animals after 10 days post surgery. Connectives 

between the right pleural and parietal ganglia were crushed and the 

respiratory behaviour was monitored over a period of 2 weeks. Breathing 

behaviour exhibited by experfmental animals on days 1 .  5 .  and 7. was 

statistically significant from days 10 and 14 (p < 0.01 on days 1. 5. and p 

< 0.05 on day 7. t-test): but not significantly Merent among days 1 .  5 .  

and 7 or between days 10 and 14. (experimental. n = 19 for all days) 





Figure 5.18. Percent of animals that exhibited breathing foIlo~ving a 

right pleural-parietal connective crush. The percent of animals that 

breathed on days 10 and 14 were signincantly greater than on days 5 

and 7. (Fisher's exact test. p < 0.0001) (experimental. n = 19 for all days) 
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within the C N S  and/ or peripheral projections. Simultaneous recordings 

were made from RPeDI. H. I. J. K. RPA. or G neurons. Three days after 

surgery. control animals exhibited IP3I activity (n = 14) (Figure 5.2). In 

contrast. IP3I activity was absent in most right side crush animals (n = 

16) (Figure 5.3). This provided strong evidence that RPeDl axotomy did 

indeed disrupt synaptic interaction mlth its follower cells. The absence of 

IP3I activity on day 3 indicated that the regenerated processes from 

RPeD 1 may not have reached the follower cells. 

5.2.3. Respiratory patterned activity in right pleural-parietal 

crushed animals returned on day seven 

Qualitative and quantitative dmerences were observed tn the 

patterned respiratory activity between experimental. control, and 

regenerated animals. On day three, either prior to behavioral recove? or 

the re turn of respiratory rhythmogenesis, experimental animals displayed 

significantly lower number of IP31 discharges (4.6 t 3.1; n = 16) (p < 0.01) 

than sham (29.5 r 1.6; n = 6). control (19.3 t 3.8: n = 14) or regenerated 

animals (2 1.7 t 4.3) (Figure 5.4). By day seven however. even though 

most experimental animals failed to open their pneumostome. IP31 

activity was restored (Figure 5.5). IP3I activity exhibited by these 

experimental animals on day seven (2 1.8 + 5.0) was not statistically 

different than control (27 a 6.01, sham (36.5 t 5.4). or regenerated 

animals (21.7 2 4.3: n = 12) (Figure 5.5). 



Figure 5.2. Left side crushes did not disrupt IP3I discharge activity in 

the isolated brain preparation. S Lmultaneous intracellular recordings 

were made from RPeDl and H.1.J.K cells in left side crushed animals. 

Spontaneous IP31 discharges were recorded in both instances. 





Figure 5.3. Right s!de crush animals did not exhibit IP31 discharges on 

day 3 post surgery. Simultaneous intraceliular recordings from RPeDl 

(top) and a H.1.J.K cell (bottom) in animal A: or from H.1,J.K cells in 

animal B were made. No IP31 discharges were recorded in either animal. 





Figure 5.4. A right pleural-parietal connective crush altered the pattern 

of IP31 activity. Number of IP31 bursts that occurred in right side crush. 

left side crush. and sham operated animals are compared on 3 and 7 

days after surgery. The number of bursts were analysed from two 

simultaneous intraceLlu1a.r recordings made from RPeD 1. H. I. J .K. or RPA 

neurons over a 20 minute period. The number of IP3I bursts that 

occurred in right side crush animals were not slgnlficantly different (*) 

from left side crush and sham animals on day 7 (but were significantly 

different on day 3; p c 0.01. t-test). Left side crush and sham operated 

animals did not display any significant differences on either day. 

Furthermore, the number of IP3I bursts that occurred in regenerated 

animals were significantly dffferent than day 3 right side crush animals 

only (p  < 0.01. t-test). (experimental. n = 16: control. n = 14: sham, n = 6) 
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Figure 5.5. IP3I activity In experimental animals resumed after 7 days of 

post surgery. Raw data trace of intracellular recordings made from 

RPeD 1 and H,I, J . K  cells in the control animal (top trace). or from H.I.J.K. 

and RPA group neurons in experimental animals (middle and bottom 

traces). IP3I activity was exhibited by both animal groups by day 7. 
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Additional parameters were also examined to gain further insight 

into the inconsistency between the lack of behavioral recovery and the 

return of IP31 activity in RPeDl axotomized animals on day seven. 

Specifically. the percent time that IPS1 was active (30.2 2 4.5 seconds. 

experimental: 21.3 t2.0 seconds. control); duration of IP3I activity (6.9 2 

0.9 seconds. experlrnental; 11.6 2.9 seconds, control): and the inter- 

burst intervals between the IP3I discharges (25.3 t 3.2 seconds. 

experimental; 2 1.5 2 3 .0  seconds. control) were analyzed. However. no 

statistically significant differences were observed. conArmlng that the 

respiratov patterned activity exhibited by experimental animals (n = 10) 

was similar to that of control animals (n = 10) on day seven (Figure 5.6). 

The return of IP3 acthlty on day seven suggested that RPeDl may 

have regenerated its axonal and s~maptic connections with follower cells 

located within the CNS.  However. the lack of behavioral recovery may 

indicate that RPeDl was unable to reestablish connections with the 

peripheral elements that are known to play an important role in sensory 

feedback. To demonstrate more clearly the electrical dmerences exhibited 

by RPeD 1 axotomfzed animals on day three and day seven. respiratory 

patterned activity was further analyzed. Percent IP31 activity absent in 

the experimental animals (87%; n = 16) was significantly higher than 

control animals (20%: n = 15) on day three (p < 0.0001) (Figure 5.7). 

However. by day seven the differences between experimental (28%) and 

control (20%) groups were no longer significantly different (P = 1.000). 



Figwe 5.6. Electrophysiological parameters of the IP31 burst activlty in 

right side crush animals were similar to those of the control animals on 

day 7.  To determine both qualitative and quantitative differences in the 

activity patterns of IP31 discharges. % Ume during which 1P3I was active. 

duration of IP3I discharges. and the interburst intervals were 

characterised from both left and right side crush animals. No significant 

differences in any of the above parameters were observed in either 

experimental or control groups (t-test). (n = 10) 





Figure 5.7. IP31 activity in rlght side crush animals was compared to left 

side crush animals. The percentage of IP3I activity absent in right side 

crush animals was significantly higher than left side crush animals on 

day 3 (Fisher's exact test. p c 0.0001). but not significantly different on 

day 7 (p  = 1.000). (experimental. n = 16: control. n = 15) 
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Additionally, a significantly greater number of WeDl cells in the 

experimental animals (78%: n = 13) did not exhibit spiking activity 

compared to control animals (8% ; n = 12) on day three (p < 0.00 1) [Figure 

5.8A). On day seven however. the number of RPeD 1 neurons that were 

silent in experimental animals (20%; n = 10) decreased to a level that 

was not signiflcantly different from control animals (22%; n = 10) (p = 

1 -000) (Figure 5.88). Overall. RPeD 1 axotomized animals did not exhibit 

behavioral recovery until 10-14 days following surgev. Consistent with 

the behavioral analysis, I found that  the IPS1 activity was absent in 

experimental animals on day three- On day seven however, P3I activity 

was restored in the experimental animals, and these data are therefore 

inconsistent with the behavioral analysis. Furthermore. the number of 

IP31 discharges displayed by RPeDl and the number of doparnine cells 

that were spiking on day seven. were greater than that on day three. 

Therefore. the observed incidence of respiratory patterned activity was 

inconsistent with the lack of behavioral recovery on day seven. These 

data strongly suggest that RPeD 1 regenerated processes may have 

innenated central but not the pertpheral elements on day seven. By dax 

ten however, the normal respiratory behavlor returned, suggesting that 

RPeD 1 was now also able to interact with the peripheral components. 

5 -2 -4. RPeD 1 regenerated its uonal projections three days after 

axotomy 



Figure 5.8A. The percentage of WeDl cells that did not exhibit spiking 

in right side crush animals was significantly higher than in left side 

crush animals (p < 0.001. Fisher's exact test) 3 days after surgery. 

[experimental, n = 13: control. n = 12) 





Figure 5.8B. The percentage of RPeDl cells that were quiescent in right 

side crush animals was not signlflcantly different than left side crush 

animals on day 7 (p = 1.000. Fisher's exact test). (experimental. n = 10; 

control, n = 10) 
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In the next series of experhnents. I sought to determine whether 

the behavior restoration in the experimental animals involved RPeD 1 

regeneration. Specificaily, the central ring ganglia were isolated &om 

animals. which on day three. did not exhibit normal respiratory 

rhythmogenesis and LucUer yellow was injected into the RPeDl somata. 

These preparations were subsequen* processed for fluorescent 

microscopy- I discovered that in most experimental animals not 

exhibiting respiratory movements. RPeDl did indeed regenerate extensive 

processes in to the pleural ganglia (Figure 5.9). These data demonstrates 

that the restoration of respiratory movements in the experimental 

animals most Ukely involved RPeD 1 regeneration. 



Figure 5.9. Morphology of RPeD 1 three days after a right pleural-parietal 

connective crush. A. B) Following connective crushes (see arrows), RPeD1 

was filled with LucLfer yellow. Injection of the dye was used to trace the 

location of the axon on day three after surgery. Regeneration was 

displayed on day three. B) Different focal plane of the same cell. Scale 

bar 100 pm. 



Morphology of RPeD1 Three Days After Axotomy 
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5.3. DISCUSSION 

In this section. I have demonstrated that RPeDl axotomy disrupts 

the normal respiratorq. behavtor in intact animals and that the isolated 

ganglia from these snails do not exhibit IP31 acthlty on day three. This 

respiratory behavioral deficit was however, restored in right pleural- 

parietal crushed anlmals after 10-14 days of post surgery. It is important 

to note that although IP31 activity did resume on day seven, the 

behalloral recovery required up to an additional week. These data 

suggest that the connectivity pattern between the CPG neurons had to be 

restored prior to behavioral recovery. Consistent with this 

electrophysiological analysis is the morphological data. showlng that on 

daj- 3 the regenerated projections from RPeD1 are indeed discernable in 

the pleural ganglla. An additional insight gained from these studies is 

that. during the course of regeneration. both RPeDl and IP31 were 

quiescent suggesting that either the incoming excitatory synaptic inputs 

were absent or that the regenerating neurons maintain lower levels of 

electrical activity. 

This study demonstrates that an axotomized neuron not only 

regenerates its axonal and synaptic connections in the intact animal but 

that it also restores the behavioral deficit. In a related study. Benjamin 

and Allison (1 985) and AUison and Benjamin (1985). have shown that 

when the connectives between the pleural and parietal ganglia are 

axotomized in the intact animal, RPeDl regenerates extensive neurltes 

within 3-4 days. Many neurites were shown to extend posteriorly into the 
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parietal and visceral ganglia where RPeDl projects. whfle some neurites 

extended anteriorly into areas that are not innervated by RPeDl (Allison 

and Benjamin. 1985). Growth occurred at a rate of approximately 360- 

400 urn d-I (consistent with my data). which allowed the proxlmal axon 

segment to reach posterior areas (where connections with follower cells 

were previously disconnected) as early as 3 to 4 days post axotomy 

(Allison and Benjamin, 1985). 

These works demonstrated that in most instances in which the 

RPeDl axon was crushed away from the cell body. the regenerated flbres 

projected appropriately towards the parietal and pleural ganglion. 

However. If the axotomy was performed closer to the cell body. RPeDl 

exhibited extensive growth. which was directed in the posterior direction. 

The regenerating axons were shown to reform normal excitaton.. 

inhibitory. and biphasic synaptic connections (Benjamin and Allison. 

1985) around the same time (3-4 days after the crush was performed). 

These postsynaptic responses were initially weaker. but strengthened 

over time. Some unitary responses (eg. summation properties similar to 

those seen in normal preparations) were initially observed by day 8. but 

consistently seen in all preparations on day 33 post surgev. 

Furthermore. the single action potentials normalljr observed in RPeD l 

were not observed durlng the Rrst few days after surgery. Instead. 

spontaneously occurring doublet spikes or bursting activity was recorded 

consistently after 4- 12 days of surgery (note: 0 out of 7 animals exhibited 

doublet activity the f i s t  two days after surgew. and only 3 out of 7 
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displayed doublet activlty on day 3). Normal stngle spikes returned by 

day 17. 

The data presented in the study are consistent with that of 

Benjamin and Allison. 1985 and Allison and Benjamin. 1985. 

Specifically. morphological analysis presented by Allison and Benjamin 

( 1985) revealed growth from RPeD l into the parietal and visceral ganglia 

on day 3-4 after surgexy. while electrophysiologlcal results showed an 

altered pattern of Artng activity in the RPeDl cell on day 4 (Benjamin and 

Allison. 1985: U s o n  and Benjamin. 1985). SLmilarly. in this study. 

Lucifer yellow dye injection into RPeDl revealed regenerated fibers in the 

pleural ganglia on day 3 and electrophysiological analysis revealed an 

altered flring pattern in RPeD 1 on day three. However, while 3 out of 7 

preparations exhibited doublet actimy on day 3 (Benjamin and Allison, 

1985). in most of my preparations. RPeDl was quiescent on day 3. The 

incidence for the appearance of IP3I activity, concomitant with the 

presence of regenerated fibers into pleural and parietal ganglion, was 

however consistent between the two studies. According to B e n J W  and 

Allison (1985). IP3I activity was weaker initially and strengthened 

significantly by day eight: whereas in my preparations. I did not observe 

IP31 activity on day 3. but did on day seven after surgery. The reasons 

for these apparent discrepancies between the two studies are unclear. 

However, since Benjamin and Allison (1985) did not correlate RPeDl 

axotomy with behavior, the effecuveness of their crushes can not be fully 

deduced. rendering the data comparison difficult. 
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Smce the normal respiratory behavior In RPeDl axotomized 

animals resumed after 10-14 days of post surgery. I hypothesized that 

this behavioral restoration may have involved RPeD 1 regeneration. As 

described above. fine axonal projections from RPeDl axotomized animals 

on day three were indeed confined to the central rlng ganglia. suggesting 

that the restoration of its central connections may have been sufficient 

for the behavioral recovery. 

Regarding restoration of behavioral deficit. Syed et al.. ( 1992) had 

shown earlier that a deficit in normal respiratory behavior resulting from 

visceral dorsal 4 (VD4) ablation, could be restored by the transplantation 

of a donor VD4 ftom the host animal. The transplanted cell not only re- 

grew its axonal projections but also the normal patterns of synaptic 

connections were restored. Taken together. with the data presented 

here. these studies on iden tifled Ly mnaea neurons demonstrate that 

both transplanted and regenerated neurons are not only capable of 

regeneration but that they can also repair behavioral deficit that results 

from their loss. 

Data presented in Figure 5.3 show that the right side crush 

animals do not exhibit IP31 discharges on day 3 of post-surgery. 

Foilowing injury, a large number of axotomized neurons have been 

shown to exhibit hyper-excitability in response to injury (Moffet. 1996) . 

I t  is therefore. tempting to attribute the absence of IP31 activity to the 

inju~y-induced hyperexcitablLlty in RPeDl. Unfortunately. this argument 

does not fit well ulth the data presented in Figure 5.8A. in which RPeD1 
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was found to be quiescent in most axotomized preparations. These data 

do not however. rule out the possibility that the severed axon stump may 

hare still exhibited hyper-excitability. This possibility remains to be 

investigated. 

On day 7 .  normal respiratory behavior resumed in RPeDl 

axotomized animals concomitant with the appearance of regenerating 

processes in the pleural and parietal ganglia on day 3. It is although 

tempting to attribute these patterns of IP3I activity to the re- 

establishment of synaptic connections between RPeDl and its target 

cells. this possibility however, remains to be tested experimentally. Since 

on day seven, various parameters of IP3I (duration. inter-burst i n t e n d  

time. and % time activity) were identical in both experimental and control 

animals. these data do nevertheless, suggest that the normal patterns of 

respiratory motor acthqty resumed at this time point durtng 

regeneration. 

Early during regeneration (day 3). the incidence of IP31 activity can 

not however. be attributed directly to RPeD1. but rather to its severed 

axon. An interesting possibility that could be examined in the h ture  is 

whether following regeneration. IP3I and other target cells of RPeDl 

remain doubly innervated. or Lf newly regenerated fibers out-compete the 

isolated axon. 

In summary. the Lymnaea model system provides us with an 

unparalleled opportuniq to determine the functional significance of any 

of the CPG neurons &om a neuronal network to behavioral level. In this 
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preparation, the inciivldually idenllfled neurons can be selectively 

removed from the nervous system in an intact antma1 and their 

involvement h any given behavior can be determined directly. More 

importantly. these neurons can either be transplanted from a donor 

animal or allowed to regenerate in the host ganglion. and their functional 

significance can thus be tested following behavioral recovery. 
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