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Abstract 

The currents generated by excitatory and inhibitory synapses on motoneurons can 

be amplified by noradrenalin and serotonin. Both of these neurotransmitters act, and 

interact, via the same Gq-protein second-messenger system to modulate L-type Ca++, 

persistent-Na+, and leak K+ channels on motoneuron dendrites. However, noradrenergic 

and serotonergic synapses only modulate nearby excitatory and inhibitory synapses, so 

their relative distributions play a major role in the regulation of the overall output of the 

motoneuron. Moreover, the relative proximity between noradrenergic and serotonergic 

synapses may allow their individual effects to combine nonlinearly when co-activated, 

thereby regulating the magnitude of the amplification. The goal of the present study is to 

determine whether the distributions of noradrenergic and serotonergic synapses are 

biased along motoneuron dendritic trees. 

The dendritic trees of five intracellularly stained feline splenius motoneurons 

were reconstructed. On them were plotted the locations of noradrenergic and serotonergic 

contacts, as determined by immunohistochemistry. The distribution of noradrenergic 

contacts was moderately biased both dorsally and distally in all five cells. Serotonergic 

contacts on the same neurons showed a moderate ventral bias. These findings suggest that 

excitatory and inhibitory inputs located dorsally and/or distally are preferentially 

amplified by noradrenergic synapses. Also, those synapses which are located ventrally 

are favorably amplified by serotonergic synapses. Both serotonergic and noradrenergic 

contacts are strongly biased towards innervation along small diameter (<2μm) dendrites.  
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The relative distributions between serotonergic and noradrenergic contacts have 

also been analyzed for all five cells. There was a bias towards minimizing the distance 

between like contacts (NE to NE and 5-HT to 5-HT). This increases the likelihood of 

interaction within populations when contacts are co-activated. Conversely, the distances 

between neighbouring noradrenergic and serotonergic contacts (NE to 5-HT and 5-HT to 

NE) were biased towards greater separation. This decreases the likelihood of interaction 

between populations when contacts are co-activated.  

In summary, these findings suggest that noradrenalin and serotonin, having 

different location biases along the dendritic tree, will amplify some synapses in a biased 

manner. Additionally, like synapses may work in a coordinated manner with respect to 

their relative proximity. Coordination between noradrenergic and serotonergic synapses 

is less likely. 
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Chapter 1 

Introduction 

1.1 Introductory Comments 

Over 100 years ago, Sherrington (1906) described the motoneuron as the ‘final 

common pathway’.  This description highlights the unique role of the motoneuron: it is 

the only route by which descending and segmental motor signals can be transmitted to 

skeletal muscles, the effectors of movement.  Thus, a comprehensive explanation of when 

and how the motoneuron is activated is critical to our understanding of how descending 

motor commands and feedback from peripheral receptors are converted into purposeful 

movement.  When and how the motoneuron is activated is determined by multiple 

factors:  As shown in Figure 1.1, the current generated by activation of ionotropic 

receptors increases or decreases motoneuron activity in a piecewise linear manner (Granit 

et al. 1963; 1966; Schwindt & Calvin, 1973).  However, this relationship is not fixed.  

Instead, it can be dynamically altered via the actions of metabotropic receptors that act on 

voltage-dependent and -independent channels.  These actions can either change the 

threshold current for evoking rhythmic discharge or change the slope of the current-

frequency relationship, as shown in Figure 1.2 (Hounsgaard & Kiehn, 1989; Lee & 

Heckman, 1998a, 1998b, 1999, 2000; Hornby et al. 2002; Dai et al. 2002; Lee et al. 2003; 

Gilmore & Fedirchuk, 2004; Heckman et al. 2004; Harvey et al. 2006a; 2006b; 2006c; 

Manuel et al. 2006; Miles et al. 2007). 
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Figure 1.1 Motoneuron current-frequency relationship, in the absence of 
neuromodulatory input.  This figure is adopted from data provided by Granit et al. 
(1963 & 1966) and Schwindt & Calvin (1973). 
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Figure 1.2 Motoneuron current-frequency relationship in the presence of 
monoaminergic input.  This figure is adopted from a review by Heckman et al. (2003). 
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This thesis describes the distribution of synapses from two descending systems on 

the dendritic trees of feline splenius motoneurons.  Both systems release 

neurotransmitters that act on metabotropic receptors.  Synapses from one of the 

descending systems release serotonin (5-HT), and synapses from the other descending 

system release norepinephrine (NE).  This study is founded on the hypothesis that the 

control of motoneuron input-output properties (i.e. when and how motoneurons are 

activated) depends on the location of these synapses on the dendritic tree. 

1.2 Basic Features of the Input-Output Properties of Motoneurons 

The input to motoneurons is commonly defined as the activity of all axons that 

form synapses on the motoneuron and release neurotransmitters that act on ionotropic 

receptors. The binding of neurotransmitters to ionotropic receptors opens ligand-

dependent channels that allow positive or negative current to flow out of or into the 

motoneuron. The amount of current is determined by the number, type, and discharge 

frequency of active synapses, as well as the number and properties of the ligand-gated 

channels.  Most synapses on motoneurons are located on the dendritic tree. Thus, the 

current generated at each synapse must travel along one or more dendritic branches 

before reaching the soma and initial segment. Along this route, some current will be lost 

due to the inherent leakiness of neuronal membranes. The magnitude of this loss will be 

determined by the morphology of the dendritic tree and the state of voltage-dependent or 

voltage-independent channels in the dendritic membrane. These channels are often 

influenced by neurotransmitters that act on metabotropic receptors. In some cases, there 
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may be a net gain in current depending on which channels are activated or inactivated. 

Motoneuron output is defined as the temporal pattern of action potentials that are 

generated at the initial segment and travel down the axon to muscle fibers.  This pattern is 

determined by the magnitude and time course of the current reaching the initial segment 

and the distribution, type, and state of the voltage-dependent and independent channels 

found on the soma and initial segment.  Table 1.1 summarizes the major steps that link 

motoneuron input to output and the factors that influence each step. 

1.3 Dendritic Tree Structure 

Motoneurons have the largest dendritic trees of all neurons in the central nervous 

system (CNS) (Segev, 1998). As shown in Figure 1.3, a typical dendritic tree of a 

motoneuron dwarfs the dendritic trees of other types of neurons.  Detailed reconstructions 

of motoneurons demonstrate that the soma gives rise to 7-15 primary dendrites, each 

having several orders of branching prior to termination more than 1000 µm from the 

soma (Rose, 1981; Ulfhake & Kellerth, 1981; Burke et al. 1982; Keirstead & Rose, 1983; 

Cameron et al. 1985; Rose et al. 1985; Bras et al. 1987; Cullheim et al. 1987; Kernell & 

Zwaagstra, 1987; Fukunishi et al. 1999; Bui et al. 2003; Moritani et al. 2003; Rose & 

Cushing, 2004).  The shape of the dendritic tree depends on both which muscle the 

motoneuron innervates, and the motoneuron’s location within the spinal cord.  For 

example, the dendritic trees of triceps surae motoneurons in the lumbar spinal cord are 

usually spherical, while the dendritic trees of trapezius motoneurons in the upper cervical 

cord are cylindrical Figure 1.4.   
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Table 1.1 The major stages that link motoneuron input to output, and the factors 
that influence each stage. 
 
Stage: Input Conduction Generation of 

Output 
Influencing 
Factors: 

-  Distribution of 
active synapses 
-  Frequency of 
active synapses 
-  Type of  
synapses active 
- Density and 
type of ionotropic 
receptors 

-  Dendritic tree 
morphology 
-  Synaptic location on 
dendritic  tree 
-  Distribution and type of 
channels along the dendrite 
-  Current state of channels, 
determined largely by 
neuromodulation 

-  Distribution and 
type of membrane 
bound channels along 
the soma/initial 
segment 
-  Current state of 
channels, determined 
largely by 
neuromodulation 
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Figure 1.3 Dendritic trees from different neuron types. All cells are shown at the same 
scale. A) Feline splenius motoneuron (Bui et al. 2003) B) Rabbit starbust retinal amacrine 
cell (Bloomfield & Miller,1986) C) Rat substantial nigra dopamine cell D) Rat cerebellar 
purkinje cell (Vetter et al. 2001) E) Feline renshaw cell (Bui et al. 2003) F) Mouse layer 
3 pyramidal cell (García-López et al. 2006) G) Rat layer 5 pyramidal cell (Vetter et al. 
2001) H) Rat genioglossal motoneuron (Núñez-Abades et al. 1994) I) Feline Ia inhibitory 
interneuron (Bui et al. 2003). 
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Figure 1.4 Dendritic trees from different motoneuron types.  All cells are shown at 
the same scale.  A) Feline splenius motoneuron (Bui et al. 2003) B) Feline trapezius 
motoneuron (Vanner & Rose, 1984) C) Feline phrenic motoneuron (Cameron et al. 1991) 
D) Feline hindlimb motoneuron (Brown & Fyffe, 1981). 
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It has been estimated that the dendritic tree of a single motoneuron receives 

20,000 to 50,000 synapses (Conradi et al. 1979; Ulfhake & Cullheim, 1988; Rose & 

Neuber-Hess, 1991; Brännström, 1993).  These synapses release neurotransmitters, which 

act on ionotropic and metabotropic receptors, summarized in Table 1.2 (based on Rekling 

et al. 2000).  Ionotropic receptors also serve as channels and are often called ligand-gated 

channels.  When a ligand binds to the receptor, the channel opens and allows current to 

flow across the cell membrane in the form of ions.  The current that one synapse 

generates is equal to the total conductance of that synapse (the sum of the conductance of 

each channel in the post-synaptic membrane), multiplied by the driving potential. This 

relationship is demonstrated by the following equation: 

    isyn = g(Erev – Vm) 

where isyn is the current generated, g is the total conductance, Erev is the reversal potential 

of the ion or ions moving across the channel, and Vm is the post-synaptic membrane 

potential.  In contrast, when a ligand binds to a metabotropic receptor, it activates G-

proteins which modulate a wide variety of voltage-dependent and independent channels 

(Lodish et al. 2000). 

1.4 Transmission of Current by Dendrites 

Over 95% of the synapses on motoneurons are located on the dendritic tree 

(Burke et al. 1982; Ulfhake & Kellerth, 1984; Cameron et al. 1985; Rose et al. 1985; Bras 

et al. 1987; Cullheim et al. 1987; Kernell & Zwaagstra, 1989; Rose et al. 1991; Fukunishi 

et al. 1999; Moritani et al. 2003). Thus, the current generated by these synapses,  
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Table 1.2 Ionotropic and metabotropic receptors on motoneurons.  This table is 
based on data review by Rekling et al. (2000). 

Ionotropic 
Receptors 

Receptor 
Agonist 

Metabotropic 
Receptors 

Receptor Agonist 

AMPA  Glutamate  Group 1-3 mGlu 
receptors 

Glutamate 

Kainate  Glutamate GABAb receptors GABA 
NMDA  Glutamate D1 and D2 receptors Dopamine 
GABAa&c 
receptors 

GABA  Muscarinic 2 Ach 
receptor 

Acetylcholine 

Glycine 
receptors 

Glycine  Alpha1 receptors  Norepinephrine 

  5-HT2a&c receptors Serotonin 
  P2x ATP 
  Adenosine 1-3 

receptors 
Adenosine 

  TRHR1&2 TRH 
  NK1-3 Neurokinines (including 

Substance P) 
  V1a Arginine Vasopressin 
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regardless of its source (e.g. ligand-dependent channels or voltage-

dependent/independent channels activated by metabotropic receptors) must travel for 

some distance along the dendrite before reaching the soma and the spike initiation zone at 

the initial segment. The amount of current that reaches the soma is determined by: (1) the 

cable properties of dendrites, (2) interactions between synapses acting on ionotropic 

receptors and (3) activation or inactivation of voltage-dependent/independent channels. 

1.4.1 Cable Properties and the Conduction of Synaptic Current Along Dendrites 

Cable theory is widely used to describe the biophysical principles that govern the 

flow of current en route from synaptic sites on the dendritic tree to the soma (Rall, 1967). 

Assuming that the dendritic membrane is passive (i.e., the electrical properties of the 

membrane are fixed), this theorem approximates a dendrite as a core conductor consisting 

of a thin insulating tube of membrane filled with an inner conducting medium (Rall, 

1977).  However, the membrane is not a perfect electrical insulator, and, coupled with the 

inherent resistance of the cytoplasm, this leads to the loss of synaptic current through the 

membrane en route to the soma (Koch, 1984).  Synaptic current is also lost as it spreads 

distally from the synapse. Branch points en route to the soma also introduce additional 

paths for current loss.  Simulations based on compartmental models, incorporating 

detailed measurements of motoneuron dendritic tree geometry, have suggested that the 

current lost en route to the soma can be as high as 80%, but typically is closer to 25 to 

40% (Rose & Cushing 1999, Korogod et al. 2000; Powers & Binder 2001, Bui et al. 
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2003; Cushing et al. 2005). The magnitude of current loss is strongly related to the 

distance between the synapse and the soma. 

1.4.2 Interactions Between Synapses Acting on Ionotropic Receptors 

The current generated by the opening of ligand-gated ion channels in the 

membrane is highly dependent on the driving potential, as noted above, and restated 

below.   

isyn = g(Erev – Vm) 

Erev for a given ion will not change significantly when multiple synapses are active.   

However, activation of a single synapse will change the local Vm. This will alter the 

driving potential at nearby synapses. Thus, the total current generated by simultaneous 

activation of multiple nearby synapses will be less than the predicted linear sum (Koch et 

al. 1983; Segev & Parnas, 1983). Simulations based on anatomically realistic models 

suggest that the current lost due to sublinear summation synaptic currents on 

motoneurons is as large, or larger, than the current lost due to cable properties (Cushing 

et al. 2005). 

Locally coactive synapses on distal small diameter dendrites will behave 

differently then those on proximal large diameter dendrites.  For a given input of current, 

a small diameter dendrite will experience a larger voltage change than a large diameter 

dendrite.  This voltage change can be more then 10 fold greater on small diameter 

dendrites as opposed to those of a large diameter (Rall, 1967; Barrett & Crill, 1974).  The 

change in membrane voltage will effect the driving potential for ionotropic channels at 
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nearly synapses. The magnitude of interactions between nearby synapses will therefore 

be greater on small diameter dendrites then large diameter dendrites. 

1.4.3 Voltage-Dependent/Independent Channels on Dendrites 

1.4.3.1 Part 1: Evidence for Voltage-Dependent/Independent Channels on Dendrites  

The application of cable theory noted above assumes that the dendritic membrane 

is passive.  This is unlikely. There is mounting evidence that the dendrites of 

motoneurons, like those of other cells, possess several types of voltage-dependent and 

independent channels that dynamically change the electrical properties of the membrane. 

These channels add another layer of factors that determine the transmission of current to 

the soma. 

As summarized in Table 1.3, there are at least 11 different types of voltage-

dependent channels and 4 types of voltage-independent channels (e.g. TASK-1 channels) 

on motoneurons.  Most of the known channel locations are somatic.  However, there is 

very persuasive anatomical and/or electrophysiological evidence that L-type Ca++, 

persistent Na+, Kv 2.1, and SK (small conductance Ca++ activated K+ channels) channels 

are located on the dendritic trees of motoneurons.  Descriptions of the dendritic 

distribution of the other 11 channels are currently either cursory or absent.  Moreover, 

most of the known distributions are described in terms of dendritic versus somatic. The 

absence of a detailed account of the dendritic distribution of voltage-dependent and 

independent channels has hindered efforts to determine their role in the control of 

motoneuron input-output properties.  
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Table 1.3 Voltage dependent/independent channels on motoneurons.  This table is 
based on data from a variety of sources.  (Alessandri-Haber et al. 2002; Ballou et al. 
2006; Berg et al. 2004; Carlin et al. 2000; Li and Bennett, 2003; 2007; Jones & Lee, 
2006; Burke et al. 2003; Milligan et al 2006; Moritz et al. 2007; Rekling et al. 2000; 
Simon et al. 2003; Westenbroek et al. 1998). 
 

Voltage-dependent 
channels 

Voltage-independent 
channels 

I Na TASK-1/3 
I Na-Persistent I Ca BK 
I K Kv 1.6 I Ca SK 
I K Kv 2.1 I K Na 
I K Kv 3.1/3  
I K Kv 4.2/3  
I Ca-L  
I Ca-P/Q  
I Ca-N  
I h  
I K IR  
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In theory, this feature is best described using anatomical techniques based on 

immunocytochemistry (e.g. see Lorincz et al. 2002). However, few studies have used 

these techniques to quantitatively examine the distribution of channels over the entire 

dendritic tree.   

As a complement to immunocytochemistry, several groups have developed 

strategies to map the distribution of voltage-dependent channels based on computational 

models of motoneurons (Elbasiouny et al. 2005, 2006; Bui et al., 2006; Grande et al. 

2007a; Shapiro & Lee, 2007).  Predictions based on these models suggest that L-type 

Ca++ channels are restricted to ‘hotspots’, approximately 100 μm long (Bui et al. 2006).  

The distance between the hotspots and the soma varied from 180 to 850 μm and increased 

with the size of the motoneuron (Elbasiouny et al. 2005; Grande et al. 2007a). 

1.4.3.2 Part 2: Interactions Between Synapses Acting on Ionotropic Receptors and 

Voltage-Dependent/Independent Channels 

Voltage-dependent/independent channels can serve to either amplify or dampen 

the delivery of synaptic current generated en route to the soma.  Amplification may 

provide a means to counteract the problem of current attenuation caused by cable 

properties and sublinear summation (Migliore & Shepherd, 2002). 

Persistent inward currents (PICs) were first described for motoneurons over 30 

years ago by Schwindt & Crill (1977). In the past decade PICs have emerged as one of 

the primary means by which motoneurons amplify synaptic currents (Heckman et al. 

2003). PICs consist of dihydropyridine-sensitive L-type Ca+ channels (CaV1.3 and 

possibly CaV1.4 see, Barrett & Crill, 1980; Hounsgaard & Kiehn, 1989; Koschak et al. 
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2003; Li & Bennett, 2003) and a persistent Na+ current. However, the class of Na+ 

channels responsible for this current is unknown (Lee & Heckman, 2001; Li & Bennett, 

2003, Li et al. 2004). 

L-type Ca++ channels can be activated by excitatory synaptic activity or 

deactivated by inhibitory synaptic activity (Hounsgaard et al. 1988; Hounsgaard & 

Kiehn, 1989; Lee & Heckman, 1996; Lee & Heckman, 1998; Prather et al. 2001; 

Hultborn et al. 2003; Lee et al. 2003; Elbasiouny et al. 2005; Elbasiouny et al. 2006; Bui 

et al. 2006; Hyngstrom et al. 2007; Grande et al. 2007a, 2007b).  The opening of L-type 

Ca++ channels causes an influx of Ca++.  Ca++ PICs will therefore amplify synaptic current 

en route to the soma, to either initiate or increase the firing frequency, (Heckman et al. 

2008; Housgaard et al. 1984).  The influx of Ca++ causes a steady depolarization 

(Schwindt & Crill, 1980), later referred to as a plateau potential (Hounsgaard et al. 1984; 

Hounsgaard & Kiehn, 1989).  Since L-type Ca++ channels are slow to inactivate, th 

plateau potential will remain long after the removal of synaptic input.  Thus, the 

motoneuron will continue to discharge in the absence of a sustained excitatory synaptic 

activity until the arrival of inhibitory synaptic activity. If this input hyperpolarizes the 

region of the motoneuron with the L-type Ca++ channels, the channels will deactivate and 

the motoneuron will stop firing (as reviewed by, Heckman et al. 2008).   

There are many other voltage dependent/independent channels that regulate the  

delivery of synaptic current to the somata of motoneurons.  Persistent Na+ channels act in 

a similar way as L-type Ca++ channels.  However, these channels have a much smaller 

time constant then L-type Ca++ channels, allowing persistent Na+ channels to open much 
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more rapidly.  Therefore, transient synaptic activity that is too brief to open L-type Ca++ 

channels can activate persistent Na+ channels. TASK channels (TWIK-related acid-

sensitive K+ channels, where TWIK is an acronym for tandem P domains in a weak 

inwardly rectifying K+ current) cause a tonic outward K+ current.  Activation of these 

channels increases the membrane’s permeability to K+ and thus increasing membrane 

‘leakiness’ (Talley & Bayliss, 2000; Bayliss et al. 2003).  Increasing the ‘leakiness’ of the 

membrane will increase the magnitude of current attenuation.  Ca++ activated small 

conductance K+ channels (SK) cause an outward current.  Some SK channels are in close 

proximity to L-type Ca++ channels (Li & Bennett, 2003). In these circumstances, 

activation of the SK channels will counteract the inward current generated from Ca++ 

PICs and limit the magnitude of the depolarization caused by Ca++ PICs.  HCN1 

(Hyperpolarization-activated cyclic nucleotide-gated) channels cause an inward mixed-

cation current, referred to as the Ih current.  HCN1 channels are deactivated with tonic 

excitatory (depolarizing) input, and are activated with tonic inhibitory (hyperpolarizing) 

input.  HCN1 channels therefore counteract synaptic currents, reducing both the 

depolarization caused by tonic activation of excitatory synapses or the hyperpolarization 

caused by tonic activation of inhibitory synapses.  Transient synaptic inputs, however, 

will be unaffected because HCN1 channels take at least 30 msec to be activated or 

deactivated (as reviewed by, DiFrancesco & Borer, 2007; Hsiao et al. 1997). 
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1.4.4 Modulation of Voltage-Dependent/Independent Channels by 

Neurotransmitters Acting on Metabotropic Receptors 

The properties of many voltage dependent/independent channels are modulated 

by the actions of metabotropic receptors.  Activation of these receptors leads to the 

dissociation of G protein subunits, which diffuse through the cytoplasm, activating 

various other proteins (Figure 1.5).  These proteins form a second messenger signal 

cascade that alters the function of many proteins, including voltage-dependent and 

independent channels, primarily through phosphorylation or dephosphorylation.  

Phosphorylation or dephosphorylation of voltage-dependent and independent channels 

serves to change the response of the channels to excitatory or inhibitory synaptic activity.  

Some channels on motoneurons, such as L-type Ca++ channels, are largely unresponsive 

to excitatory or inhibitory inputs in the absence of serotonin, glutamate, acetylcholine, or 

noradrenalin, acting via metabotropic receptors (Hounsgaard et al. 1988; Hounsgaard & 

Kiehn, 1989; Delgado-Lezama et al. 1997; Hsiao et al. 1998; Svirskis and Hounsgaard, 

1998; Lee and Heckman, 1999; 2000; Perrier and Hounsgaard, 2003; Alaburda & 

Hounsgaard, 2003; Harvey et al. 2006b; 2006c; Rank et al. 2007).  Thus, the factors that 

influence the transmission of current along a dendrite involve the actions of metabotropic 

receptors in addition to the activity of inhibitory/excitatory synapses and voltage-

dependent and independent channels.  Unlike the effects of ionotropic receptors, the time 

course of the actions of metabotropic receptors can range from milliseconds (i.e. 

phosphorylation of a channel to shift its voltage dependency) to days (involving altering 

gene transcription at the soma).  These effects depend on the characteristics of the 
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Figure 1.5 Second messenger signal cascade associated with NEalpha1 and 5-HT2a/c 
receptor activation.  A) Signal cascade resulting from NEalpha1 receptor activation.  This 
figure was adopted from Michelotti et al. 2000.  B) Signal cascade resulting from 5-
HT2a/c receptor activation.  This figure was adapted from Bockaert et al. 2006. 
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second messenger proteins at the site of the metabotropic receptor, as well as the 

properties of voltage-dependent and independent channels (effectors) within the range of 

the second messengers.   

It is well established that metabotropic receptors activated by NE and 5-HT play 

an important role in the regulation of motoneuron input-output properties.  5-HT 

receptors are subdivided into seven different families (5-HT1-7). Many of these families 

have multiple subtypes of receptors, such as 5-HT1a-c (Fink & Göthert 2007).  These 

receptors can be either ligand-gated or metabotropic, and can also be either excitatory or 

inhibitory.  Only 5-HT2a and 5-HT2c receptors are found on mammalian motoneurons 

(Hsiao et al. 1997, Harvey et al. 2006; Fink & Göthert 2007).  Thus, the application of 

specific 5-HT2a and 5-HT2c receptor antagonists will block all of the effects of 5-HT on 

motoneurons (Hsiao et al. 1997; Fink & Göthert 2007).  The 5-HT2 receptor family 

(originally called 5-HT1c) consists entirely of metabotropic receptors (Fink & Göthert 

2007).  5-HT2a/c receptors are both coupled to the same specific type of G protein, Gq/11 

(Fink & Göthert 2007).  Activation of this protein initiates a signaling pathway that acts 

through the activation of inositol trisphophate (IP3) and diacylglycerol (DAG), as seen in 

Figure 1.5, and is known to increase the excitability of motoneurons. 

5-HT increases the excitability of motoneurons.  This action is partially mediated 

by modulation of L-type Ca++ channels and this leads to an amplification of synaptic 

currents en route to the soma (Hounsgaard & Kiehn; 1985 & 1989; Perrier et al. 2002; 

Harvey et al. 2006a).  Ca++ PICs are not present in the absence of 5-HT, and other 

neuromodulators (Heckman et al. 2003, Harvey et al. 2006b).  Persistent Na+ channels 
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are also modulated by 5-HT and this modulation increases Na+ PICs that in turn amplify 

synaptic currents (Harvey et al., 2006a; 2006b). 

5-HT also has a variety of effects on other channels, many of which are located at 

the soma.  Modulation of persistent Na+ channels on the soma by 5-HT controls the 

response of the motoneuron to sustained excitatory synaptic activity. 5-HT facilitates the 

activation of persistent Na+ channels and this enables the motoneuron to discharge 

rhythmically for the duration of the synaptic activity (Harvey et al. 2006a).  TASK-1 

channels are inactivated by 5-HT2a/c receptors coupled to Gq/11 proteins (Talley & Bayliss, 

2000; Sirois et al. 2002; Perrier et al. 2003). Inactivation of TASK-1 channels will reduce 

the leakiness of the membrane, and therefore reduce the attenuation of synaptic current en 

route to the soma.  5-HT has also been shown to decrease the AHP, presumably by 

inhibiting Ca++ dependent K+ channels (Wallén et al. 1989a; 1989b; Grunnet et al. 2004). 

This should increase firing frequency. This action of 5-HT has been demonstrated in 

turtle and lamprey motoneurons, but not in any mammalian motoneurons.  The threshold 

of initiation for action potentials in the initial segment is also modulated by 5-HT.  5-HT 

hyperpolarizes the voltage threshold for action potentials and therefore increases neuronal 

excitability (Gilmore & Fedirchuk, 2004; Fedirchuk & Dai, 2004). 

NE has 2 main families of receptors: alpha and beta.  The beta receptors have 3 

subtypes, beta1-3, which are found in heart, lung, and adipose tissue respectively (Hayar et 

al. 2001).  The alpha receptors have two subtypes, alpha1&2.  Alpha2 receptors have 3 

subtypes, alpha2a/b/c. All of these receptors activate inhibitory G-Protein coupled receptors 

(Gi), and are found primarily on pre-synaptic membranes.  The alpha1 receptor family 
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also has three subtypes, alpha1a/b/d, and are all excitatory (Gq) (Hayar et al. 2001).  The 

effects of NE on motoneurons are completely blocked by alpha1 antagonists, and 

mimicked by alpha1 agonists (Harvey et al. 2006).  This suggests that alpha1 receptors are 

the only family of NE receptors on motoneurons.  The alpha1 receptor is coupled to the 

same G-protein as the 5-HT 2a/c receptors, the Gq/11 protein.  Therefore, NE will mediate 

its effects through is simular second messenger system as 5-HT, seen in Figure 1.5. 

NE alpha1 receptors regulate several types of channels on motoneurons. Alpha1 

receptor activation, have been shown to modulate L-Type Ca++ channels and persistent 

Na+ channels similar to 5-HT2a/c receptor activation, allowing Ca++ and Na+ PICs to be 

more readily activated by excitatory synaptic current (Perrier et al. 2002; Harvey et al. 

2006b). Activation of alpha1 receptors also inhibits TASK channels, similar to 5-HT2a/c 

receptor activation (Parkis et al. 1995).  NE has been shown to decrease the AHP time 

course, (Hayar et al. 2001; Fung & Barnes, 1987; Martinez-Pena y Valenzuela et al. 

2004) again similar to 5-HT, (Franceschetti et al. 2003). This will increase maximum 

firing frequency.  The threshold of initiation for action potentials in the initial segment is 

also modulated by NE.  Similar to 5-HT, NE hyperpolarizes the voltage threshold for an 

action potential and this increases neuronal excitability (Gilmore & Fedirchuk, 2004; 

Fedirchuk & Dai, 2004). 

It must be noted that many neurotransmitters, including NE and 5-HT, regulate 

transcriptional events, and in turn alter protein expression (Maronde et al. 1997; 

Matsumoto & Yoshioka, 2001; Duman, 1998).  This regulation is often mediated by the 

cytoplasmic phosphorylation of CREB, which is achieved by cAMP activation of PKA 
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(Maronde et al. 1997; Matsumoto & Yoshioka 2001; Duman, 1998).  However, the direct 

impact of long-term changes in protein expression on input-output properties of 

motoneurons is unknown. 

1.5 Distribution of Synapses Acting on Ionotropic Receptors 

There is a growing body of evidence that synapses affecting ionotropic receptors 

are arranged in highly organized patterns on the dendritic tree. For instance, synapses 

from Ia afferents are widely distributed throughout the dendritic tree on hind limb 

motoneurons that supply ankle extensor muscles (Brown & Fyffe, 1981; Fyffe & Light, 

1984; Burke and Glenn, 1996).  A comprehensive quantitative analysis by Burke and 

Glenn (1996) has shown that the density of these contacts on most dendrites is 

proportional to the available surface area (the exception being the dendrites projecting in 

the ventromedial- dorsolateral axis). In contrast, contacts from Ia afferents on cranial 

motoneurons have a strong proximal bias (Yabuta et al. 1996). This preference for 

proximal dendrites is also a feature of contacts from Renshaw cells (Fyffe, 1991).  

Renshaw cells provide recurrent inhibition to motoneurons, and innervate proximal 

regions of the dendritic tree (Fyffe, 1991). Over 93% of the synapses are within 65-

470um from the soma. The most extreme example of a proximal bias is provided by 

synapses from Ia inhibitory interneurons. These synapses are found almost exclusively on 

the somata of motoneurons (Burke et al. 1971, Fyffe 1991, Alvarez & Fyffe, 2001).   

Other distribution patterns are equally restrictive, and are not always based on proximal 

versus distal dendrites. Some patterns are based on the orientation of the dendrites. For 
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example, vestibulospinal axons originating from the lateral vestibular nucleus 

preferentially terminate on rostrally or caudally directed dendrites of motoneurons that 

supply dorsal neck muscles (Rose et al. 1995). Other patterns are based on the relative 

position of the dendrites with respect to the soma in the ventral horn. Grande et al. (2005) 

has found that excitatory vestibulospinal axons that arise from neurons in the descending 

vestibular nucleus preferentially terminate on dendrites that lie medial to the somata of 

motoneurons that supply dorsal neck muscles. Thus, although the pattern of the synapse 

distribution may vary between afferent systems, all patterns are highly ordered. 

1.6 Distribution of Synapses Acting on Metabotropic Receptors 

The distribution of 5-HT synapses on the dendrites of motoneurons appears to 

depend on the type of motoneuron.  The 5-HT innervation of motoneurons in the 

trigeminal motor nucleus that innervate jaw muscles is biased to proximal dendrites 

(Nagase et al. 1997). In contrast, 5-HT innervation of hind limb motoneurons is 

distributed throughout the dendritic tree and soma, with no regions of preferential 

innervation, e.g. proximal dendrites (Alvarez et al. 1998).  5-HT innervation of laryngeal 

motoneurons is primarily directed to proximal dendrites of cricoarytenoid motoneurons, 

but most 5-HT synapses on cricothyroid motoneurons are found on distal dendrites (Sun 

et al. 2002).  The primary source of serotonin to motoneurons is from descending axons 

originating from neurons in the raphe nuclei, which are implicated in posture control 

(Kiehn et al. 1992; Yates et al. 1993; Jacobs & Fornal, 1997). 
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  The distribution of NE synapses on the dendritic trees of alpha motoneurons is not 

known. It is known that neurons in the locus coeruleus and subcoeruleus are the sole 

source of NE projections to the spinal cord and that many NE synapses are found near 

large neurons, presumably alpha motoneurons, in lamina IX of the ventral horn 

(Westlund et al. 1984). The distribution on gamma motoneurons has been described 

(Gladden et al. 2000). The NE innervation of gamma motoneurons is widely distributed 

on the dendritic tree, and includes the soma. NE contacts were consistently less abundant 

then 5-HT contacts on the same cell (only 53-62% of the 5-HT frequency). The precise 

role of the locus coeruleus-NE projections to motoneurons, beyond amplification of 

synaptic currents, remains unclear. However, it is well known that the locus coeruleus-

NE system as a whole plays a key role in arousal, and recent studies suggest that it may 

also regulate adaptive behaviour by controlling the balance between exploiting known 

sources of reward and exploring the environment  (Aston-Jones & Cohen, 2005). 

1.7 Statement of Problem and the Goals 

The input-output properties of motoneurons are not static. Instead, the discharge 

of motoneurons in response to the same input varies, depending on the state of several 

neuromodulator systems (Hounsgaard  et al. 1986; Hounsgaard & Kiehn, 1989; Lee & 

Heckman, 1998a; 1998b; 1999; 2000; 2005; Hornby et al. 2002; Dai et al. 2002; Lee et 

al. 2003; Gilmore & Fedirchuk, 2004; Heckman et al. 2003; 2004; Harvey et al. 2006a, 

2006b; 2006c; Manuel et al. 2006; Miles et al. 2007). For example, the strength of motor 

commands conveyed by descending spinal pathways or feedback signals from peripheral 
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receptors can be amplified several fold by 5-HT and NE (Hultborn & Kiehn, 1989; 

Heckman et al. 2003; 2005; Lee & Heckman, 2000). These neurotransmitters bind to 

NEalpha1 and 5-HT2a/c receptors. These metabotropic receptors activate similar second 

messenger systems that, in turn, modulate a variety of voltage-dependent and 

independent channels. These channels are responsible for several types of currents, 

including, Na+ and Ca++ PICs, Ca++ activated K+ currents responsible for the AHP, leak 

K+ currents, and hyperpolarization activated currents (Perrier et al. 2002; Harvey et al. 

2006a; 2006b; Berger, 1995; Hayar et al 2001; Fung & Barnes 1987; Martinez-Pena y 

Valenzuela et al. 2004; Talley & Bayliss, 2000; Sirois et al. 2002; Perrier et al. 2003). 

The net result is a highly dynamic relationship between the activity of afferents that relay 

motor or feedback signals to motoneurons and the discharge frequency of motoneurons. 

A comprehensive description of the mechanisms that control this relationship is 

fundamental to understanding the execution of purposeful movements and may provide 

important clues for understanding motor dysfunction following stroke and spinal cord 

injury (Heckman et al. 2005).  

This study examines a subset of the mechanisms that regulate motoneuron input-

output properties. All of these mechanisms share a common feature: the distribution of 5-

HT and NE synapses on the dendritic tree of motoneurons. The distributions of 5-HT and 

NE synapses are described from two perspectives, global and local.  

The global perspective is based on the hypothesis that the distributions of 5-HT 

and NE synapses are designed to amplify selected motor/feedback signals. This 

hypothesis predicts that 5-HT and/or NE synapses will be arranged in a non-uniform 
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manner, so that some dendrites, such as those that project rostrally or caudally, receive 

more synapses than dendrites that project in other directions. We have tested this 

prediction by quantitatively examining the distribution of axon terminals containing 5-HT 

or NE which contact the dendrites of motoneurons innervating the splenius muscle, a 

dorsal neck muscle. Splenius motoneurons were chosen deliberately because the 

dendrites of these cells are known to receive connections from vestibulospinal axons that 

preferentially innervate select regions of the dendritic tree (Rose et al. 1995; Grande et al. 

2005; Grande et al. 2007). Thus, a key pre-requisite for selective amplification based on 

the global distribution of 5-HT or NE synapses, namely a non-uniform innervation by 

synapses conveying specific motor-related signals, is satisfied. Whether the distribution 

of 5-HT and NE synapses on splenius motoneurons is also non-uniform, is unknown. It is 

known that the distribution of 5-HT synapses depends on the type of motoneuron. 5-HT 

synapses are widely distributed throughout the dendritic tree of motoneurons that supply 

ankle extensors (Alvarez et al. 1998). In contrast, the distribution of 5-HT synapses on 

motoneurons that innervate inspiratory laryngeal or jaw muscles is usually biased to 

proximal dendrites (Nagase et al. 1997; Sun et al. 2002). There is also evidence that 

signals reaching medial or lateral dendrites of turtle hindlimb motoneurons can be 

selectively amplified by stimulation of different subsets of 5-HT axons (Delgado-Lezama 

et al. 1999). There are no descriptions of the distribution of NE synapses on alpha 

motoneurons (see Gladden et al. 2000, for a description based on gamma motoneurons). 

Thus, there is evidence that 5-HT synapses may be distributed non-uniformly on the 
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dendrites of motoneurons, but this is not a rule and the distribution of NE synapses is 

unknown.  

The local perspective is based on the hypothesis that the distributions of 5-HT and 

NE synapses within their global distributions are not random. Instead, the distance 

between synapses based on the proximity to their nearest neighbour (adjacent 5-HT and 

5-HT synapses, adjacent NE and NE synapses, or adjacent 5-HT and NE synapses) is 

designed to minimize or maximize interactions between the second messenger systems 

that are activated by 5-HT and NE. It has recently been found that induction of long term 

potentiation at a single synapse can reduce the threshold for induction of long term 

potentiation in neighbouring synapses, but only if the neighbouring synapses are less than 

10 µm from the first synapse (Harvey & Svoboda, 2007). This cooperativity is mediated 

by the spread of active Ras, a second messenger (Harvey et al. 2008). These results 

suggest that activation of metabotropic receptors at a single NE or 5-HT synapse may 

increase the activity of second messengers in neighbouring regions and thereby reduce 

the level of activity in neighbouring 5-HT or NE synapses needed to modulate voltage-

dependent channels. Thus, the modulation of voltage-dependent channels by 5-HT and 

NE would be a cooperative process that depends on the proximity of adjacent 5-HT and 

NE synapses. This type of interaction may represent another means by which 

monoamines regulate motoneuron input-output properties.  

To determine how the local distributions of 5-HT and NE synapses may 

contribute to the regulation of motoneuron input-output properties, we compared the 

distance (measured by the volume of dendritic cytoplasm) between the nearest 
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neighbours of 5-HT and NE axon terminals to computer-generated distributions of 

synapses whose locations on the same dendritic tree were assigned randomly and 

independently. 

1.8 Statement of Goals 

1) To quantitatively describe the distribution of 5-HT and NE synapses on 

splenius motoneurons. 

 2) To characterize the relative proximity of adjacent pairs of NE-NE synapses, 5-

HT-5-HT synapses, and NE-5-HT synapses on splenius motoneurons. 

 



 

 30 

Chapter 2 

Methods 

2.1 Animal Preparation 

 

Experiments were preformed on 7 adult female felines weighing 3.3-3.9 kg.  All 

experimental protocols were approved by the Queen’s University Animal Care 

Committee.  Animals were premedicated with a mixture of butorphanol (0.2 mg/kg; 

Torbugesic; Wyeth), acepromazine (0.05 mg/kg; Atravet; Ayerst Vetrinary Labratories) 

and glycopyrrolate (0.01 mg/kg; Sanoz) given subcutaneously 15-20 minutes prior to 

anesthesia induction.  Ketamine (6.25 mg/kg; Vetalar; Bioniche Animal Health Canada 

Inc.) and midazolam (0.15 mg/kg; Sandoz) were administered intravenously to induce 

anesthesia.  Deep anesthesia was maintained with supplementary doses of sodium 

pentobarbital (Ceva Santé Animale; 2.5-5 mg/kg) administered intravenously upon 

sudden increases in heart rate. This protocol maintained the heart rate between 140 to 165 

beats per minute.  Heart rate was continuously monitored with a V3395 TPR monitor 

(SurgiVet Inc., Waukesha Wisconsin USA).  Rectal temperature was monitored using a 

YSI tele-thermometer system and maintained at 35-37°C with a heating blanket under 

negative feedback control. Normosol-R (Hospira Healthcare Coorporation, Montreal) 

was administered intravenously at a constant rate (10 ml/kg/hour) to maintain body 

fluids. 

A laminectomy extending from C1 to C4 was performed. The animals were 

subsequently secured in a stereotaxic frame (Transvertex, AB). The nerves supplying the 
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neck muscles, trapezius, biventer cervicis, complexus, and splenius neck were isolated and 

positioned on bipolar stimulating electrodes. The animals were paralyzed with gallamine 

triethiodide (Sigma; 2.5-5.0 mg/kg/hour) and artificially respired to maintain end tidal 

CO2 between 3.7-4.5% as measured with a medical gas analyzer (LB-2 Beckman).  A 

bilateral pneumothorax was performed to reduce respiratory related movements. 

 

2.2 Motoneuron Identification and Intracellular Injections 

 

Intracellular recordings were obtained with glass micropipettes broken to yield 

sharp tips ranging from 1.5-2 μm in diameter. The micropipettes were filled with 12% 

Neurobiotin (Vector Laboratories) in 0.5 M KCl and 0.10 M Trizma buffer (pH 8.2).  

Micropipette resistance varied from 10-17 MΩ.  To prevent leakage of the positively 

charged Neurobiotin, a negative holding current of 5 nA was used while searching for 

motoneurons. Splenius motoneurons in C2 to C4 were antidromically identified by 

stimulating the C2 or C3 or C4 nerves that supply the splenius muscle. 

Splenius motoneurons were stained by passing positive current pulses (450 ms at 

2 Hz) of 6-10 nA for 3.5-5 min.  The total charge delivered varied from 21.6-41.4 

nA◦min.  To minimize overlap of dendritic trees from adjacent motoneurons, each stained 

motoneuron was separated by a minimum of 3 mm.  Because of this criterion and cardio-

respiratory related moments that are common in the upper cervical segments and 

compromise the stability of intracellular penetrations, each experiment yielded one to six 

well-stained splenius motoneurons. 
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2.3 Perfusion and Tissue Processing 

 

Several minutes prior to perfusion, heparin (25,000 IU) was intravenously 

administered and followed by a lethal dose of sodium pentobarbital.  The animals were 

subsequently perfused with saline (1 liter), followed by 2 liters of fixative (4% 

paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4)).  The upper cervical spinal 

cord was removed and stored overnight (5-9 hours) in fixative.  The tissue was 

subsequently stored in 15% sucrose in 0.1 M sodium phosphate buffer for 3 days. 

Horizontal sections, 50 µm thick, of the spinal cord were cut using a freezing 

microtome (Leitz Wetzlar Germany; Model 44011).The sections were rinsed in 0.1 M 

sodium phosphate buffer and incubated in 1% sodium borohydride for 20 minutes to 

reduce tissue auto fluorescence.  In pilot studies, the noradrenalin producing enzyme, 

dopamine-β-hydroxylase (DBH) was visualized using the same primary antibody (rabbit 

anti-DBH; 1:1000; polyclonal IGg, Biomol International LP) and protocol used by 

Gladden et al. (2000) and Hammar et al. (2004). Subsequent incubation with a secondary 

antibody (goat anti-rabbit; 1:1000; Molecular Probes) coupled with the Cy3 fluorochrome 

labeled terminals of DBH immunoreactive axons, similar to the results described by 

Gladden et al (200) and Hammer et al. (2004). However, if this protocol was preceded by 

an antigen retrieval technique that involved incubation with a sodium citrate buffer (pH 

8.5) kept at 80°C for 30 minutes (Jiao et al. 1999), the intensity of the Cy3 fluorescence 

was greatly enhanced. DBH immunoreactive terminals now appeared as beads on a 
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clearly defined string and the overall density of terminals increased due to the improved 

visibility of smaller terminals. This antigen retrieval technique was therefore used in all 

experiments described in this study. Following the antigen retrieval protocol, sections 

were incubated overnight (17-18 hours) in 0.02 M Potassium phosphate buffer, with 2% 

natural goat serum (Vector Laboratories Inc.) to block non specific labeling, and 0.3% 

Triton X-100 (Fisher Scientific) to permeablize the tissue. 

For visualization of the Neurobiotin filled motoneurons, sections were incubated 

with streptavidin conjugated to Alexa 488 (1:100; Invitrogen) for 3 hours with constant 

agitation.  The sections were then mounted with Vectashield (Vector Laboratories) and 

coverslipped. 

Serotonergic axon terminals were labeled after reconstruction of the motoneuron 

dendritic tree and identification of contacts with DβH axon terminals (see below). The 

slides with sections containing dendrites of the reconstructed neurons were soaked in 

0.02 M potassium phosphate buffer and the sections were collected in serial order as they 

floated off the slides.  Each section was incubated in 0.02 M potassium phosphate buffer 

with 6% natural goat serum and 0.9% Triton x-100, for 4 hours, followed by incubation 

with rat anti-5-HT (1:1000; polyclonal IGg, Biomol International LP) for 36 hours with 

constant agitation. This antibody was used in previous studies to visualize the distribution 

of 5-HT terminals on feline commissural interneurons and spinocerebellar neurons 

(Hammer and Maxwell, 2002; Hammer et al. 2004). Fluorescent labeling was achieved 

by incubation with goat anti-rat (1:200; Molecular Probes) coupled to the Alexa 488 
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fluorochrome, for 2.5 hours with constant agitation.  Sections were remounted with 

Vectashield and coverslipped. 

 

2.4 Reconstruction of Motoneuron Dendritic Trees 

 

The trajectories of all dendrites on each section were drawn with the aid of an 

Olympus BX60 microscope and Lieca DMLB microscope equipped with either a 

Eutectic Neuron Tracing System (Eutectic Electronics Inc.) or Neurolucida (version 

5.05.40; MicroBrightField Inc.). For a full description of the reconstruction method, see 

Rose and Cushing (2004). The bandpass excitation and emission filters (Chroma 

Technology Corp., VT, USA) were selected to maximize fluorescence signals from Alexa 

488 and Cy3, but minimize the possibility of visualizing Alexa 488 with the Cy3 filter set 

and vice versa. Despite the intense fluorescence generated by Alexa 488 in intracellularly 

stained motoneurons, their dendrites were not visible with the Cy3 filter set. Similarily, 

intensely stained Cy3 processes were not visible with the Alexa 488 filter set. The 

dendrites on each serial section were traced with a X40 dry objective, and converted into 

a series of XYZ coordinates with corresponding diameters.  All processes were followed 

to their termination.  This yielded a detailed three-dimensional description of the 

structure of the entire dendritic tree.  The size of the data file was proportional to 

motoneuron size and was typically composed of 18,000 to 21,000 coordinates for 

motoneurons with a dendritic surface area of 550,000 um2.  Artifacts due to tissue 
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shrinkage and undulations in the surface were minimized using special purpose software 

provided by the Eutectic Neuron Reconstruction System. 

 

2.5 Identification of Contacts 

 

Contacts between dendrites and Alex 488 labeled 5-HT boutons or Cy3 labeled 

DBH boutons were visualized using a X60 dry objective on the Olympus BX60 

microscope described above. Contacts were identified based on three criteria: 1) the 

bouton must be a round or elliptical swelling whose diameter was twice that of the 

adjacent collateral shaft, 2) there was no discernible gap between the swelling and the 

dendrite, and 3) both the swelling and the dendrite at the site of the potential contact were 

in the same focal plane.  These criteria have been used in several previous studies (Fyffe, 

1991; Rose et al. 1995; Alvarez et al. 1998; Carr et al. 1999, Lübke et al., 2000; Silver et 

al. 2003; Grande et al. 2005) and nearly 9 out of every 10 appositions meeting these 

criteria have been shown to correspond to synaptic contacts at the electron microscopic 

level (Fyffe, 1991; Markam et al. 1997; Alvarez et al. 1998; Lübke et al. 2000; Silver et 

al. 2003). This confirmation rate is independent of the type and location of synapses, 

including 5-HT synapses on spinal motoneurons.  The locations of the 5-HT and NE 

contacts were added to the reconstruction of the dendritic tree with aid of Neurolucida 

(version 5.05.40; MicroBrightField Inc.). 
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Chapter 3 

Results 

Data was collected from five splenius motoneurons stained in three animals.  

These motoneurons were selected based on the quality of their intracellular stain. All of 

the dendrites of these cells could be traced to their termination. Thus, the complete 

dendritic tree of each cell could be reconstructed.  The characteristics of these cells are 

summarized in Table 3.1.  Four of these cells had large dendritic trees, with a total 

dendritic length of 87,228-101,060 μm, and a total dendritic surface area of 539,354-

604,769 μm2.  The dendritic tree of the other cell, Sena 4-5, was smaller, having a total 

dendritic length of 67,466 μm, and a total dendritic surface area of 359,486 μm2.  These 

cells, as a population, had 7-10 primary dendrites and somatic diameters ranging from 48 

to 69 μm.  The axonal diameter was measured at the narrowest point, the initial segment, 

and ranged from 2.0 to 4.5 μm.  These measurements are typical of feline spinal 

motoneurons (Ulfhake & Kellerth 1984; Rose et al. 1985; Cameron et al. 1985; Cullheim 

et al. 1987; Kernell & Zwaagstra 1989; Fukunishi et al. 1999; Grande et al. 2005). 

3.1 Distribution of Contacts 

The neuropil in the vicinity of splenius motoneurons was densely innervated by 

NE and 5-HT axons. These axons followed a tortuous path that could be easily followed 

due to numerous en passant boutons that were arranged like beads on a string. Contacts 

between NE or 5-HT boutons and intracellularly stained dendrites were readily detected 

(Figure 3.1).  There was one exception to this general rule. The high intensity of Alexa  
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Table 3.1 Morphological summary of all five reconstructed splenius motoneurons.   

Cell 

name 

Spinal 

segment 

Initial 

segment 

diameter 

(µm) 

Average 

somatic 

diameter 

(µm) 

Number 

of primary 

dendrites 

Total 

dendritic 

length 

(µm) 

Total 

dendritic 

surface area 

(µm2) 

Sena 3-3 C3 4.5 48   7 101,060 566,088 

Sena 4-4 C2 3.4 50 10   87,228 539,354 

Sena 4-5 C3 2.0 57   9   67,466 359,486 

Sena 4-8 C4 4.5 69 10   91,993 604,769 

Sena 5-2 C3 3.4 53   8   88,735 575,313 

Average C3 3.6 55   9   87,296 529,002 
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Figure 3.1 Confocal microscopy images of NE and 5-HT labeled boutons in contact 
with splenius motoneuron dendrites.  The dendrites (large diameter processes) and 5-
HT containing boutons (small strings of dots) are pseudo colored green, while NE 
boutons (small strings of dots) are pseudo colored red or yellow.  Contacts between NE 
boutons and dendrites are indicated with angled arrows. 5-HT boutons contacting 
dendrites are identified by vertical arrows. Although confocal microscopy was not used 
to map the distribution of NE and 5-HT contacts on the dendrites of splenius 
motoneurons, the morphological details seen in these images were equally apparent using 
an epifluorescent microscopy equipped with a X60 dry objective and continuously 
adjusting the focus.  Panels A and B are two separate regions of the dendritic tree 
belonging to Sena 3-3. 
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488 fluorescence in the somata and some large diameter dendrites caused by the 

intracellular stain obscured the labeling of 5-HT axons and contacts that were visualized 

with the same fluorochrome. Consequently, these regions were excluded from the 

analysis of 5-HT contacts. The regions on the proximal dendrites that were excluded 

varied for each cell. No regions were excluded on two cells, Sena 4-5 and Sena 5-2. Short 

zones, ranging from 12 to 61 µm from the soma, on 2 primary dendrites of Sena 3-3 and 

Sena 4-4 and 4 primary dendrites of Sena 4-8 were obscured. These zones represented 

0.5%, 0.2% and 0.4% of the total dendritic surface area, respectively, for these cells.  The 

distributions of all contacts between NE or 5-HT boutons and the dendrites of one of the 

intracellularly stained splenius motoneurons, Sena 3-3, are shown in Figure 3.2.  Due to 

the large number of contacts, the distribution of NE and 5-HT contacts are shown 

separately on two copies of the same cell to avoid masking one set of contacts by the 

other set.  The distribution of NE and 5-HT contacts was the same on all five cells.  

Contacts between NE or 5-HT boutons and dendrites of splenius motoneurons were 

found throughout the dendritic tree.   

Table 3.2 summarizes the numbers of contacts per cell, and their respective 

densities according to dendritic surface area and dendritic length.  The number of NE 

contacts per cell ranged from 1312 to 1508 for the four large cells. The small cell had 650 

contacts, with an overall average of 1231 contacts per cell.  The number of 5-HT contacts 

per cell was usually larger and ranged from 1400-2143 for the four large cells to 1249 for 

the smaller cell, with an overall average of 1586.  This difference was not statistically 

significant. The density of NE contacts was relatively constant for the four large cells,  
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Figure 3.2 Distribution of NE and 5-HT contacts on Sena 3-3.  The distribution of NE 
contacts (illustrated by filled red circles) and 5-HT contacts (represented by filled green 
triangles) are shown in both the horizontal (above) and transverse (below) view.  There 
were 1340 NE contacts, and 1650 5-HT contacts shown throughout the dendritic tree. 
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Table 3.2 Summary of NE and 5-HT contacts for each motoneuron, reported as the 
absolute number and density with respect to dendritic surface area and dendritic 
length.  Differences between the density of NE and 5-HT contacts were not significant 
(Wilcoxon test). 

 

Cell 
Name 

NE 
contacts 

NE  
contact 
density 
(#/1000μm2)

NE 
contact 
density 
(#/100μm) 

5-HT 
contacts 

5-HT 
contact 
density 
(#/1000μm2) 

5-HT 
contact 
density 
(#/100μm) 

Sena 3-3 1340 2.37 1.33 1650 2.92 1.63 

Sena 4-4 1312 2.43 1.50 2143 3.97 2.46 

Sena 4-5   650 1.81 0.96 1249 3.47 1.85 

Sena 4-8 1508 2.49 1.64 1400 2.32 1.52 

Sena 5-1 1348 2.34 1.52 1489 2.59 1.68 

Average 1232 2.23 1.39 1586  3.05 1.83 
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ranging from 2.34 to 2.49 contacts/1000 μm2  of dendritic surface area and 1.33 to 1.64 

contacts/1000 μm of dendritic length, respectively (Table 3.2, see also Figure 3.3) .  The 

smallest cell, which had a lower absolute number of contacts, also had a lower density of 

contacts, 1.81 contacts/1000μm2 of dendritic surface area and 0.96 contacts/1000 μm of 

dendritic length.  The density of 5-HT contacts was more variable, ranging from 2.32 to 

3.97 contacts/1000μm2 of dendritic surface area and 1.52 to 2.46 contacts/1000 μm of 

dendritic length. The density of contacts on the small cell was similar to the densities of 

contacts on the large cells. 

There were no NE contacts on the cell bodies of any of the five reconstructed 

motoneurons.  To confirm this observation, the cell bodies of five additional splenius 

motoneurons were analyzed. These cell bodies also had no NE contacts.  The distribution 

of NE and 5-HT contacts on the initial segment of the axon of each reconstructed 

motoneuron was also examined.  No NE or 5-HT contacts were found. 

3.2 Center of Mass (COM) Analysis 

To determine if there were subtle, but important, biases in the distribution of 

contacts that could not be detected by simple visual inspection, we also examined the 

distribution of contacts quantitatively. This analysis took advantage of a technique, called 

the centre of mass (COM), developed by Grande et al. (2005). This technique compares 

the distribution of observed contacts in the medial-lateral or rostral-caudal or ventral-

dorsal axes to a computer generated distribution of contacts that is based on the 

assumption that contacts are distributed in proportion to dendritic surface area.   
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Figure 3.3 The density of NE and 5-HT contacts per 1000μm2 of dendritic surface 
area for each cell.  Below each pair of densities is the cell name, along with the total 
dendritic surface area for that cell.  The average density for NE and 5-HT contacts across 
all cells is depicted with the red and green line respectively, with the numerical average 
placed above each line. 

 

 



 

 44 

Application of the COM technique involves several steps which are explained pictorially 

in Figure 3.4.  COM is defined as the mean XYZ coordinates of contacts on the dendritic 

tree, where the X-axis is aligned on the medial-lateral axis, the Y-axis is aligned on the 

rostral-caudal axis, and the Z-axis is aligned on the dorsal-ventral axis and the centre of 

the soma is assigned an XYZ coordinate of 0,0,0.  The green star in Figure 3.4B indicates 

the COM of all 5-HT contacts on Sena 3-3. The position of this COM is compared to the 

COM of a uniformly distributed population of contacts as follows. First, the dendritic tree 

is divided into units of 28.6 μm2. This area corresponds to the dendritic area where one 

would expect to find one synapse based on two assumptions: 1) that synapses on splenius 

motoneurons are distributed in proportion to the dendritic surface area and 2) the density 

of synapses is 7/100 μm2. The latter assumption is consistent with estimates of the 

density of synapses on neck motoneurons based on ultrastructural observations (Rose and 

Neuber-Hess, 1991). Each unit of surface area is therefore assigned one synapse at an 

XYZ coordinate determined by the midpoint of the dendritic zone that corresponds to the 

unit of surface area. Figure 3.4C shows the positions of all 20,090 synapses assigned to 

Sena 3-3 using this algorithm and the COM of these synapses. The XYZ coordinates of a 

number of these synapses (equal to the number of observed contacts) are randomly 

selected and the COM is calculated based on these coordinates (Fig 3.4C2).  This step is 

repeated 1000 times to generate the COM of 1000 randomly selected contacts where each 

contact is distributed according to the dendritic surface area (Fig 3.4C3). The cumulative 

histograms of the XYZ coordinates of the COMs compiled from all 1000 trials (Fig 3.4, 

C3-X-axis, C3-X-axis, C3-X-axis) provide a direct measure of the probability that the  
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Figure 3.4 Description of the COM analysis. A Transverse view of the dendritic tree of 
Sena 3-3. B Distribution of 1650 5-HT contacts (filled green triangles), with the COM 
represented as a green star. C Computer-generated distribution of contacts (n=20,090, 
filled blue circles) based on a uniform density of 7 synapses/100 µm2. The blue star 
depicts the COM of all 20,090 contacts. C1 Distribution of 1650 contacts (the same 
number as the observed 5-HT contacts) selected randomly from the 20,090 contacts 
shown in C. C2 Three-dimensional scatter plot of the COM for the 1650 contacts in C1, 
shown as a single blue dot (marked by arrow), relative to the COMs for the observed 
contacts and 20,090 uniformly distributed contacts. The x-axis represents the medial-
lateral direction, the y-axis represents the rostral-caudal direction, and the Z-axis 
represents the dorsal-ventral direction. C3 Three-dimensional scatter plot of the COMs 
based on 1000 randomly selected groups of 1650 contacts. Each COM is shown as a 
single blue dot. C3X-Z Cumulative histograms of the X, Y, and Z coordinates of the 
COMs shown in C3. The position of the green star is determined by the XYZ coordinate 
of the observed COM. The probability that the observed COM is from the same 
population as the computer-generated COMs is equal to 2 times (equivalent of two tail 
test) the value of the Y coordinate of the observed COM if it is below 0.5, or 1 minus the 
value of the Y coordinate if the observed COM is above 0.5 (e.g.. if the Y coordinate of 
the observed COM is 0.3 then P = 2*0.3 = 0.6, conversely if Y = 0.99 then P = 2*(1-
0.99) = 0.02). 
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COM of the observed distribution of contacts is consistent (or not consistent) with the 

hypothesis that 5-HT (or NE) contacts are distributed according to the dendritic surface 

area. 

The results of the COM analysis for all five cells are summarized for NE contacts 

in Table 3.3A, and for 5-HT contacts in Table 3.3B. With few exceptions, 5-HT and NE 

contacts were distributed in proportion to the dendritic surface area along the medial-

lateral and rostral-caudal axes. In contrast, NE and 5-HT contacts were not uniformly 

distributed in the dorsal-ventral axis. The distribution of NE contacts was biased (i.e. 

more than would be expected based solely on dendritic surface area) towards dorsal 

dendrites of all five cells. In three of the five cells, more 5-HT contacts were found on 

ventral dendrites than expected based on their surface area. However, in absolute terms, 

the biases were small. The mean shifts in the NE and 5-HT COMs relative to the COM 

expected for a uniform distribution were only 31.2 μm and 15.8 μm respectively. 

3.3 Proximal Versus Distal Gradients in the Distribution of 5-HT and NE Contacts 

Figure 3.5 compares the numbers of 5-HT and NE contacts found on Sena 5-2 to 

the dendritic surface area as a function of the distance from the cell body. If 5-HT and NE 

contacts were distributed according to the dendritic surface area at different distances 

from the soma, the cumulative proportion of the surface area should predict (i.e. be 

identical to) the cumulative number of contacts. This did not occur. Instead, the 

cumulative numbers of 5-HT and NE contacts as a function of the dendritic surface area 

were shifted distally relative to the cumulative proportion of the surface area. The  
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Table 3.3A Summary of the X, Y, and Z coordinates of the observed COMs for NE 
contacts, relative to the COM based on a uniform density of 7 synapses/100 µm2. * 
indicates that the value of the observed COM was significantly different than the COMs 
based on a uniformly distributed set of contacts with the same number as the observed 
number of contacts  
 

Cell X-axis (+lateral) Y-Axis (+rostral) Z-Axis (+dorsal) 

Sena 3-3     +44.6 P<0.001  *      -63.6  P<0.001  * +46.7 P<0.001  * 

Sena 4-4 -8.7 P>0.05       -50.5 P<0.001  * +22.8 P<0.001  * 

Sena 4-5 +2.2 P>0.05 +24.1 P>0.05 +29.1 P<0.001  * 

Sena 4-8     +14.9 P<0.025  * -14.0 P>0.05 +11.5 P<0.001  * 

Sena 5-2 -3.2 P>0.05 +23.7 P>0.05 +49.4 P<0.001  * 

Average 10.0 P>0.05   16.1 P>0.05       31.9 P<0.05    * 
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Table 3.3B Summary of the X, Y, and Z coordinates of the observed COMs for 5-
HT contacts, relative to the COM based on a uniform density of 7 synapses/100 µm2. 
* indicates that the value of the observed COM was significantly different than the COMs 
based on a uniformly distributed set of contacts with the same number as the observed 
number of contacts.  

Cell X-axis (+lateral) Y-Axis (+rostral) Z-Axis (+dorsal) 

Sena 3-3     +36.1 P<0.001  * +5.0  P>0.05 -3.8 P>0.05 

Sena 4-4  -4.1 P>0.05      -29.9 P<0.001  *     -42.6 P<0.001  * 

Sena 4-5 +5.5 P>0.05      +42.3 P<0.025  *     -11.5 P<0.025  * 

Sena 4-8    +24.7 P<0.001 * -25.9 P>0.05     -16.5 P<0.001  * 

Sena 5-2    +25.8 P<0.025 * -25.1 P>0.05 -4.5 P>0.05 

Average 17.4 P>0.05   -6.7 P>0.05     -15.8 P<0.05   * 

 

 

 



 

 50 

 

 

 

Dendritic Distance from Soma (μm)

0 250 500 750 1000 1250 1500 1750 2000

C
um

ul
at

iv
e 

Fr
eq

ue
nc

y

0.0

0.2

0.4

0.6

0.8

1.0

Surface Area
NE
5-HT

 
Figure 3.5 Dendritic distance from soma versus the cumulative frequency of 
dendritic surface area, and number of NE and 5-HT contacts, for Sena 5-2.  The 0.5 
frequency represents the median dendritic distance from the cell body.  The median 
distances for NE and 5-HT contacts were located about 160 μm more distal than would 
be expected if these contacts were distributed in proportion to the surface area (and lay on 
top of the black line). 
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differences between the cumulative distributions of contacts versus surface area were 

significant (P<0.001, two-sample Kolmogorov-Smirnov test).  This shift was primarily 

due to a paucity of contacts in the first 250 μm.  A summary of the NE data collected 

from all five cells is shown in Table 3.4A.  NE contacts were consistently (five out of 

five cells) more distal than predicted by dendritic surface area alone. The magnitude of 

the distal shift varied from 53 to 167 μm, averaging 120 μm.  In contrast, the results for 

5-HT contacts were more variable, shown in Table 3.4B. 5-HT contacts were more distal 

than predicted by dendritic surface area alone in three of the five cells. The distribution of 

5-HT contacts on one cell was consistent with the distribution of dendritic surface area 

and for the remaining cell, the distribution of 5-HT contacts were more proximal than 

predicted by dendritic surface area. Overall, 5-HT contacts were on average 64 μm more 

distal than would be predicted by surface area alone.    

To better understand the factors that contributed to the relative paucity of NE and 

5-HT contacts on proximal dendrites of most cells, the frequencies of NE and 5-HT 

contacts along dendrites of specific diameters were calculated, as summarized in Figure 

3.6.  On five of five cells, the numbers of NE or 5-HT contacts on dendrites less than 2 

μm in diameter were significantly greater than would be expected if the contacts were 

distributed according to dendritic surface area.  In contrast, the numbers of contacts on 

dendrites more than 5 μm in diameter were often less than expected based on the 

dendritic surface area available on these dendrites. This feature was also seen in all five 

cells.  
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Table 3.4A Proximal versus distal gradients in the distribution of NE contacts.  * 
indicates that cumulative distributions of surface area versus the cumulative distributions 
of NE or 5-HT contacts were significantly different (two-sample Kolmogorov-Smirnov 
test) The average shift was analyzed with the Wilcoxon test, and significant shifts marked 
with an *.   
 

Cell Distal shift of median  
contact distance compared 
to median distance of  
dendritic surface area (µm) 

Significance 

Sena 3-3 127 P < 0.001  * 
Sena 4-4  94 P < 0.001  * 
Sena 4-5  53 P < 0.001  * 
Sena 4-8 167 P < 0.001  * 
Sena 5-2 159 P < 0.001  * 
Average 120 P < 0.05    * 
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Table 3.4B Proximal versus distal gradients in the distribution of 5-HT contacts.  * 
indicates that cumulative distributions of surface area versus the cumulative distributions 
of NE or 5-HT contacts were significantly different (two-sample Kolmogorov-Smirnov 
test) The average shift was analyzed with the Wilcoxon test, and significant shifts marked 
with an *.   
 

Cell Distal shift of median  
contact distance compared 
to median distance of  
dendritic surface area (µm) 

Significance 

Sena 3-3  95   P < 0.001  * 
Sena 4-4 -32   P < 0.025  * 
Sena 4-5 -24      P > 0.05 
Sena 4-8 125   P < 0.001  * 
Sena 5-2 158   P < 0.001  * 
Average  64      P > 0.05    
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Figure 3.6 The proportion of contacts and dendritic surface area as a function of 
dendritic diameter.  Data from all five cells were combined. The error bars indicate the 
standard error.  Data related to NE and 5-HT contacts are shown in red and green, 
respectively.  The stars indicate dendrites with a significantly different frequency of NE 
or 5-HT contacts compared to the frequency predicted by the dendritic surface area (P < 
0.05, Wilcoxon test). 
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To determine if the bias of NE and 5-HT contacts to small diameter dendrites 

accounts for the bias of NE and 5-HT contacts to distal dendrites, the algorithm that 

generated a uniform distribution of contacts was modified. The new algorithm included a 

weighting factor for synaptic density that depended on dendritic diameter. Thus, synaptic 

density was uniform on dendrites within a given diameter range (e.g. 4.1 to 5.0 µm), but 

higher or lower on dendrites in other diameter ranges. The exact values of the weighting 

factors were determined separately for each cell (i.e. they were not based on the average 

results shown in Figure 7).  The effect of applying a set of diameter-related weighting 

factors, specific for Sena 5-2, is shown Figure 3.7.  For this cell, the bias of 5-HT or NE 

contacts to small diameter dendrites accounted for approximately 50% of the distal shift 

in the distribution of NE and 5-HT contacts relative to the distribution of contacts 

predicted by a uniform distribution. The effect of diameter weighting on the generated 

distribution of NE contacts is summarized in Table 3.5A.  In four of the five cells the 

diameter-weighted distribution was a closer match to the observed distribution than a 

distribution based solely on surface area.  In these four cells 43-76% of the distal shift in 

the observed distribution was accounted for by the bias of NE contacts to small diameter 

dendrites.  However, the diameter-weighted distribution for Sena 4-5 was a poorer 

estimate of the observed distribution than surface area.  Overall the locations of computer 

generated contacts that were weighted according to the dendritic diameter were no better 

than the locations of contacts based on surface area only, as a means of predicting the 

proximal to distal distribution of the observed NE contacts. Thus, although the bias to  



 

 56 

 

 

Dendritic Distance from Soma (μm)

0 250 500 750 1000 1250 1500 1750 2000

C
um

ul
at

iv
e 

Fr
eq

ue
nc

y

0.0

0.2

0.4

0.6

0.8

1.0

Surface Area
NE (Observed)
5-HT (Observed)
NE (Weighted)
5-HT (Weighted)

 
Figure 3.7 Comparison of the dendritic distances from soma to observed NE and 5-
HT contacts on Sena 5-2 and NE and 5-HT contacts from a computer generated 
distributions that were diameter-weighted.  The distribution of the observed NE and 5-
HT contacts show a distal shift.  The magnitude of this shift is reduced if the observed 
contacts are compared to a computer generated set of contacts where the density of 
contacts is uniform on dendrites within a given 1.0 µm diameter range (e.g. 4.1 to 5.0 
µm), but higher or lower on dendrites in other diameter ranges. The values of these 
densities matched the densities of the observed NE and 5-HT contacts on the dendrites of 
Sena 5-2 subdivided as shown in Figure 3.6. 
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Table 3.5A Effect of the bias to small diameter dendrites by NE contacts on the 
proximal to distal gradient of the distribution of NE contacts. Negative numbers 
represent cases where the locations of computer generated contacts that were weighted 
according to the dendritic diameter were a poorer estimate of the locations of the 
observed NE contacts than the dendritic surface area.  * indicates that the cumulative 
distribution of the locations of the computer generated contacts, weighted according to 
the dendritic diameter, versus the cumulative distribution of the locations of the observed 
NE contacts were significantly different (two-sample Kolmogorov-Smirnov test) The 
average shift was analyzed with the Wilcoxon test, was not significant.   
 

Cell Percentage of distal shift in the location of the 
observed contacts (relative to their location predicted 
by dendritic surface) that was accounted for by the bias 
to small diameter dendrites (based on a comparison of 
the median locations) 

Probability  

Sena3-3   76%   P<0.05* 
Sena4-4   44%   P<0.05* 
Sena4-5    -8%   P<0.05* 
Sena4-8   43%   P<0.05* 
Sena5-2   50%   P<0.05* 
Average   41%   P>0.05 
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small diameter dendrites may explain part of the relative paucity of NE contacts on 

proximal dendrites, other factors must also contribute to the preference to distal dendrites.   

Table 3.5B summarizes the effect of weighting the distributions of the computer 

generated contacts according to the observed preference of 5-HT contacts for small 

diameter dendrites.  For all three of the cells which displayed a bias of the observed 5-HT 

contacts to distal dendrites, the diameter-weighted distribution was a better estimate of 

the observed distribution then the distribution that was based on surface area only.  For 

Sena 3-3, the cumulative distribution of the locations of the observed contacts was not 

significantly different from the cumulative distribution of the locations of a set of 

computer generated contacts that were weighted according to the dendritic diameter. 

However, for the other two cells, the predicted proximal to distal location of the 5-HT 

contacts was worse based on the diameter-weighted distribution compared to the 

prediction based on surface only. Thus, for the population of cells as a whole, the 

diameter-weighted distribution was not significantly better than surface area as an 

estimate the distribution of the observed 5-HT contacts with respect to distance from the 

cell body. 

3.4 Distribution of NE and 5-HT Contacts Relative to Other NE and 5-HT Contacts 

3.4.1 5-HT to 5-HT Contacts and NE to NE Contacts 

The distribution of NE contacts relative to other NE contacts, or 5-HT contacts 

relative to other 5-HT contacts, was determined for each NE and 5-HT contact by 

measuring the cytoplasmic volume between neighbouring contacts on the dendritic tree.   
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Table 3.5B Effect of the bias to small diameter dendrites by 5-HT contacts on the 
proximal to distal gradient of the distribution of 5-HT contacts. Negative numbers 
represent cases where the locations of computer generated contacts that were weighted 
according to the dendritic diameter were a poorer estimate of the locations of the 
observed 5-HT contacts than the dendritic surface area. * indicates that the cumulative 
distribution of the locations of the computer generated contacts, weighted according to 
the dendritic diameter, versus the cumulative distribution of the locations of the observed 
5-HT contacts were significantly different (two-sample Kolmogorov-Smirnov test) The 
average shift, analyzed with the Wilcoxon test, was not significant.   
 

Cell Percentage of distal shift in the location of the observed 
contacts (relative to their location predicted by dendritic 
surface) that was accounted for by the bias to small 
diameter dendrites (based on a comparison of the 
median locations) 

Probability 

Sena3-3     92% P>0.05 
Sena4-4   -50% P<0.05* 
Sena4-5 -328% P<0.05* 
Sena4-8    88% P<0.05* 
Sena5-2    51% P<0.05* 
Average   -31%   P>0.05 
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This process is illustrated in Figure 3.8.  Each NE (or 5-HT) contact was used as a 

‘reference’ contact. A search for all immediately adjacent contacts, regardless of whether 

they were on the same dendritic branch as the ‘reference’ contact or on side branches, 

was conducted from this point. The contact with the least cytoplasmic volume between it 

and the ‘reference’ contact was defined as the nearest neighbour. These steps were 

repeated for all contacts.    

The dendritic volume between pairs of 5-HT or NE contacts, defined as nearest 

neighbours, was compared to the dendritic volume that separated nearest neighbour pairs 

of a computer generated set of contacts (Fig. 3.8C). These contacts were distributed on 

the dendritic tree using the diameter-weighted algorithm described above. This 

distribution was designed to mimic the observed number of NE and 5-HT contacts and 

their bias to small diameter dendrites. However, there was one critical difference between 

the computer generated distribution of contacts and the distribution of the observed 

contacts. The computer generated contacts were selected randomly from a large set 

(typically close to 20,000, Fig. 3.8C1) of uniformly distributed contacts (weighted 

according to the dendritic diameter). As a consequence of this selection process, this 

distribution provided a measure of the nearest neighbour volumes between a set of 

contacts where the position of each contact did not depend on the position of its 

neighbour (Fig 3.8C2 and C3; note: by matching the densities of the computer generated 

contacts to the densities of the observed contacts and using the same dendritic tree for 

both sets of contacts, differences in the proximity of neighbouring synapses due to 

differences in dendritic diameter are excluded). 



 

 61 

 

 



 

 62 

 

 

 

 

 

 

 

 

 

 
Figure 3.8 Description of nearest neighbor analysis. A Transverse view of the 
dendritic tree of Sena 3-3. B1 Distribution of 1340 NE (filled red circles) and 1650 5-HT 
(filled green triangles) contacts. The inset shows a higher magnification view on one 
dendritic branch. Each NE contact was assigned a number. B2 Identification of nearest 
neighbors of NE contacts. C1 Computer-generated distribution of contacts (n=20,090, 
filled blue circles) based on a uniform density of 7 synapses/100 µm2. C2 Distribution of 
1340 NE contacts and 1650 5-HT contacts (the same number as the observed contacts) 
selected from the 20,090 contacts shown in C. This selection process took into account 
the dependency of contact density on dendritic diameter (cf. Figure 3.6). The inset shows 
a higher magnification view on one dendritic branch. Each computer generated NE 
contact was assigned a number. C3 Identification of nearest neighbors for computer 
generated NE contacts. D Cumulative histograms of the dendritic volume between 
nearest neighbour pairs of the observed NE contacts and between nearest neighbour pairs 
of computer generated contacts. 
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Figure 3.9 compares the cumulative histograms of the volumes between nearest 

neighbours composed of pairs of observed NE and 5-HT contacts to nearest neighbours 

composed of computer generated contacts on Sena 5-2.  There is a large rightward shift in 

the cumulative histogram of the volumes between the nearest neighbours composed of 

computer generated contacts.  This indicates that the pairs of contacts in the observed 

distribution are much closer together then would be expected if the locations NE or 5-HT 

contacts were independent of the positions of their adjacent contacts.  Table 3.6A and 

3.6B are summaries of the volumes between nearest neighbours composed of pairs of NE 

and 5-HT contacts, respectively, to the volumes between nearest neighbours composed of 

computer generated contacts for all five cells. For all five cells, the median volume 

between nearest neighbour pairs of NE or 5-HT contacts was less than the median 

volume between nearest neighbour pairs of computer generated contacts. This difference 

was due to a marked leftward shift in the cumulative distribution of the nearest neighbour 

volumes of the observed NE or 5-HT contacts relative to the cumulative distribution of 

the nearest neighbour volumes of the computer generated contacts (Figure 3.9; the 

difference between the observed NE or 5-HT nearest neighbour volume distributions and 

the nearest neighbour volume distributions based on the computer generated contacts was 

significant for all cells, P<0.001, two-sample Kolmogorov-Smirnov test). The average of 

the median volumes between nearest neighbour pairs of NE and 5-HT was 19 μm3 and 

14.5 μm3, respectively. These volumes were one third of the average of the median 

volumes between nearest neighbour pairs of computer generated contacts, 57.6 μm3 and 

47.1 μm3, respectively (Table 3.6A and 3.6B). Thus, the proximity of neighbouring pairs  
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Figure 3.9 Comparison of the volume between nearest neighbour pairs of observed 
NE and 5-HT contacts on Sena 5-2 and nearest neighbour pairs of NE and 5-HT 
contacts from computer generated distributions that were diameter-weighted (cf. 
Figure 3.6).  The differences between the cumulative histograms based on the observed 
contacts and the computer generated contacts were significant (P<0.001) for both NE and 
5-HT (two-sample Kolmogorov-Smirnov test). 
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Table 3.6A Median volume between nearest neighbors of pairs of observed NE 
contacts and diameter-weighted, computer generated, contacts.  *1 marks significant 
differences between the nearest-neighbor analysis of the diameter-weighted, computer 
generated, distributions of contacts, and the distribution of observed contacts (two-sample 
Kolmogorov-Smirnov test, P < 0.001).  The average difference in volume between the 
populations was found to be significant, and marked with a *2 (Wilcoxon test, P < 0.05). 
 

 Based on the observed 
distributions (µm3) 

Based on a computer 
generated diameter- 

weighted distribution 
(µm3) 

Sena 3-3 18.6 58.4 *1 
Sena 4-4 21.0 44.4 *1 
Sena 4-5 18.3 70.1 *1 
Sena 4-8 16.2 46.8 *1 
Sena 5-2 20.7 68.1 *1 
Average 19.0 57.6 *2 
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Table 3.6B Median volume between nearest neighbors of pairs of observed 5-HT 
contacts and diameter-weighted computer generated, contacts.  *1 marks significant 
differences between the nearest-neighbor analysis of the diameter-weighted, computer 
generated, distributions of contacts, and the distribution of observed contacts (two-sample 
Kolmogorov-Smirnov test, P < 0.001).  The average difference in volume between the 
populations was found to be significant, and marked with a *2 (Wilcoxon test, P < 0.05). 
 

 Based on the observed 
distributions (µm3) 

Based on a computer 
generated diameter- 

weighted distribution 
(µm3) 

Sena 3-3 18.9 49.7 *1 
Sena 4-4 11.0 43.6 *1 
Sena 4-5 12.2 41.2 *1 
Sena 4-8 16.1 44.0 *1 
Sena 5-2 14.3 57.1 *1 
Average 14.5 47.1 *2 

 
 

 

 

 



 

 67 

of NE or 5-HT contacts is not random. Instead, the distance between pairs of NE or 5-HT 

contacts is purposefully small. 

3.4.2 NE to 5-HTContacts and 5-HT to NE Contacts 

The distribution of NE contacts relative to 5-HT contacts, or 5-HT contacts 

relative to NE contacts, was determined for each NE and 5-HT contact by measuring the 

cytoplasmic volume between neighbouring contacts on the dendritic tree.  This process is 

the same as previously described for determining the volume between nearest-neighbour 

pairs of NE or 5-HT contacts, as summarized in Figure 3.8.  Figure 3.10 shows a 

cumulative histogram of volumes between NE contacts and the nearest 5-HT contact for 

Sena 5-2.  The same cell was also analyzed using 5-HT contacts as the reference, and 

determining the volume to the nearest NE contact.  These cumulative distributions were 

compared to cumulative distributions of the volume between nearest-neighbour contacts 

from computer generated sets of contacts, distributed on the dendritic tree using the 

diameter-weighted algorithm described above.  The cumulative distributions of the 

nearest-neighbour volumes between the computer generated contacts were shifted to the 

left of the cumulative distributions of the nearest-neighbour volumes between the 

observed contacts.  This indicates that the volumes between nearest-neighbour NE and 5-

HT contacts were much farther apart then would be predicted based on the assumption 

that the positions of 5-HT contacts and NE contacts are independent.  

The differences between the nearest-neighbour volume of the observed contacts 

and the computer generated contacts are summarized in Table 3.7A and 3.7B.  Using NE  
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Figure 3.10  Comparison of the volume between nearest neighbours of observed 
NE/5-HT contacts on Sena 5-2 and nearest neighbours of NE/5-HT contacts from 
computer generated distributions that were diameter-weighted (cf. Figure 3.6).  The 
differences between the cumulative histograms based on the observed contacts and the 
computer generated contacts were significant (P<0.001) for both NE and 5-HT (two-
sample Kolmogorov-Smirnov test). 
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Table 3.7A Median volume between nearest neighbors of pairs of NE/5-HT contacts, 
and contacts selected from two, independent, computer generated, sets of contacts, 
distributed using  a diameter-weighted algorithm. NE contacts were used as the 
reference contact.  *1 marks significant differences between the diameter-weighted, 
computer-generated distribution of volumes, and the distribution of volumes based on 
observed contacts (two-sample Kolmogorov-Smirnov test, P < 0.001).  The average 
difference in volume was significant and marked with a *2 (Wilcoxon test, P < 0.05). 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 Based on the 
observed  

distributions (µm3) 

Based on computer 
generated diameter-

weighted distribution 
(µm3) 

Sena 3-3 53.2 45.0 *1 
Sena 4-4 62.3 42.2 *1 
Sena 4-5 56.0 43.9 *1 
Sena 4-8 78.9 46.5 *1 
Sena 5-2 72.1 52.5 *1 
Average  64.5 46.0 *2 
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Table 3.7B Median volume between nearest neighbors of pairs of NE/5-HT contacts, 
and contacts selected from two, independent, computer generated, sets of contacts, 
distributed using a diameter-weighted algorithm. 5-HT contacts were used as the 
reference contact.  *1 marks significant differences between the diameter-weighted 
computer-generated distribution of volumes, and the distribution of volumes based on 
observed contacts (two-sample Kolmogorov-Smirnov test, P < 0.001).  The average 
difference in volume was significant and marked with a *2 (Wilcoxon test, P < 0.05). 
 
 
 
 
 
 
 
 
 
 
 

 

 

 Based on the 
observed  

distributions (µm3) 

Based on computer 
generated diameter-

weighted distribution 
(µm3) 

Sena 3-3   76.1    58.7 *1 
Sena 4-4 106.6    74.1 *1 
Sena 4-5  123.4    86.2 *1 
Sena 4-8   77.9    41.6 *1 
Sena 5-2   73.8    58.3 *1 
Average    91.6    63.8 *2 
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as the reference, in Table 3.7A, each of the five cells had a median volume between the 

nearest neighbours of the observed contacts that was greater than the median volume 

between the nearest-neighbours of the computer generated contacts.  The difference in 

the median volume was significant for all five cells (two-sample Kolmogorov-Smirnov 

test, P < 0.001). The average of the median volume between the nearest-neighbours of the 

observed contacts was 64.5 µm3. This value was significantly higher than the average of 

the median volume between the nearest-neighbour of the computer generated contacts, 

46.0 µm3 (Wilcoxon test,  P<0.05).  As a population of cells, the median volume between 

nearest neighbours of the observed contacts was significantly greater then those for the 

computer generated distribution (Wilcoxon, P < 0.05).   

When 5-HT is used as a reference, in Table 3.7B, the volume between observed 

contacts is greater than the computer generated contacts in all five cells.  The difference 

in the median volume was highly significant for each cell (two-sample Kolmogorov-

Smirnov test, P < 0.001).  As a population of cells, the median volume between nearest 

neighbours of the observed contacts was significantly greater than those for the computer 

generated distribution, when using 5-HT as the reference contact. (Wilcoxon, P < 0.05).  

The average of the median volumes between nearest neighbours of observed NE to 5-HT 

contacts was 64.5 μm3 and 91.6 μm3, using NE or 5-HT as a reference respectively.  The 

average of the median volumes between nearest neighbours of computer generated NE to 

5-HT contacts was 46.0 μm3 and 63.8 μm3, using NE or 5-HT as a reference respectively.  

Thus, the proximity of neighbouring 5-HT contacts to NE contacts, regardless of which 
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contact is used as a reference, is not determined by chance. Instead, the volume between 

NE and 5-HT contacts is purposefully large. 
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Chapter 4 

Discussion 

Ionotropic inputs to motoneurons are amplified by the monoamines NE and 5-HT.  

These monoamines amplify synaptic currents through the modulation of voltage 

dependent/independent channels located throughout the dendritic tree, soma, and initial 

segment (Hounsgaard & Kiehn, 1985; 1989; Wallén et al. 1989a; 1989b; Fung & Barnes, 

1987; Berger, 1995; Talley & Bayliss, 2000; Hayar et al. 2001; Dai et al. 2002; Perrier et 

al 2002; 2003; Sirois et al. 2002; Franceschetti et al. 2003, Heckman et al. 2003, 

Fedirchuk & Dai, 2004; Gilmore & Fedirchuk, 2004; Grunnet et al. 2004; Harvey et al. 

2006a; 2006b).  Synaptic inputs, such as those from the vestibular system onto splenius 

motoneurons, are localized to specific regions of the dendritic tree (Grande et al. 2005).  

Since some synaptic inputs are located along specific regions of the dendritic trees of 

motoneurons, the dendritic distribution of neuromodulatory inputs plays a crucial role in 

the amplification of these inputs.  The distribution of 5-HT contacts along motoneurons 

has been described for jaw, hindlimb, and laryngeal motoneurons (Nagase et al. 1997; 

Alvarez et al. 1998; Sun et al. 2002).  However, these distributions vary largely between 

motoneuron types.  This prevented the extrapolation of known distributions of 5-HT 

contacts to neck motoneurons.  The distribution of NE contacts along alpha motoneurons 

has not been characterized for any alpha motoneuron.   

The first goal of this investigation was to determine the distribution of NE and 5-

HT input along the dendritic trees of feline splenius motoneurons.  We found that there 

are no regions along the dendritic tree without input from NE and 5-HT.  There were, 
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however, regions of high and low density of NE and 5-HT contacts.  Regions of high and 

low density of NE or 5-HT contacts will amplify synaptic inputs which are also located in 

those regions, more than inputs in other regions.   

 The second goal of this study was to determine if the distribution of NE and 5-HT 

serves to minimize or maximize, the relative proximity of the contacts, and thus minimize 

or maximize the degree of interaction between contacts.  Analysis of the relative 

proximity between contacts uncovered multiple trends in their arrangements.  Pairs of NE 

contacts were preferentially located in close proximity, as well as pairs of 5-HT contacts.  

The close proximity of these contacts increases the probability of local interactions 

between these inputs.  However, the cytosolic volume between NE contacts and their 

nearest 5-HT neighbour, or vice versa, is significantly higher than if the two populations 

were distributed independently.  This suggests that the locations of NE and 5-HT contacts 

are distributed to minimize interactions between these inputs, during co-activation. 

4.1 Methodological Considerations 

4.1.1 Sample Size 

All of the results reported in this study, except those regarding somatic 

innervation, were based on five motoneurons.  Although this sample size is typical in 

studies of this kind (Rose et al. 1995; Burke & Glenn, 1996; Alvarez et al. 1998; Grande 

et al. 2005), the question remains whether these five motoneurons are representative of 

the population as a whole.  There are several reasons we believe these five cells were 

representative of the splenius motoneurons population. 



 

 75 

Firstly, the morphological characteristics of the five cells of this study were 

within the ranges of a much larger pool of splenius motoneurons that have previously 

been described (Keirstead & Rose, 1983; Rose et al. 1985; Grande et al. 2005).   

Secondly, the motoneurons selected for analysis were chosen solely based on the 

quality of their intracellular staining.  The quality of the intracellular staining was 

determined by a combination of two main factors: the quality of the somatic impalement 

of the motoneuron, and the degree of respiratory and cardiac related movements during 

the injection of Neurobiotin (See Methods). However, these selection criteria are slightly 

biased towards motoneurons with larger somata, since they provide a larger and more 

stable target for the electrode.  Therefore, while the sizes of motoneurons of this study are 

widely distributed (359,000 to 604,000 µm2), they are slightly biased towards the larger 

end of the spectrum.  

Finally, the motoneurons of this study ranged across three spinal segments (C2-

C4) and were collected from three separate animals. These two factors reduce the 

possibility of location and animal dependent biases. 

Taken together, the five cells of this study are representative of a wide range of 

splenius motoneurons based on their morphological characteristics and location within 

the spinal cord.  Yet, despite the morphological and location differences between these 

motoneurons, there were strong and consistent trends in the distribution of NE and 5-HT 

contacts to these motoneurons.  The consistency of these patterns indicates that the 

distribution of NE and 5-HT contacts on splenius motoneurons is independent of their 

morphological characteristics and location within the spinal cord. 
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4.1.2 Labeling of Contacts 

NE and 5-HT contacts were not assigned with 100% accuracy.  Previous studies 

that have used the same criteria for identifying synapses that we have used for this study, 

have shown that approximately 90% of the identified contacts are true synapses (Fyffe, 

1991; Markam et al. 1997; Alvarez et al. 1998; Lübke et al. 2000; Silver et al. 2003).  

Undetected gaps between dendrites and boutons, or the presence of thin glial slips 

existing between dendrites and adjacent boutons (beyond the resolution of a light 

microscope) result in the mislabeling of contacts (Fyffe, 1991; Alvarez et al. 1998). 

Therefore, the absolute number of contacts reported in this study is likely an overestimate 

of the true number of synapses.  Additionally, since the same fluorochrome used for 

labelling dendrites was also used for labelling 5-HT contacts, while NE contacts were 

labeled with a different fluorochrome, there is the potential that one type of contact was 

identified with a greater efficacy.  However, the focus of this thesis is the distribution of 

contacts, and not their absolute number and/or densities.  There is no evidence for, or 

reason to believe, that mislabelled contacts would be biased to any particular area.  

Therefore, while our technique for identifying contacts may affect the absolute number of 

contacts reported, the trends and patterns detailed in this thesis would not be affected by 

these issues.  

 Visibility of 5-HT contacts was obscured in some areas of three motoneurons, due 

to the intensity of the intracellular staining. This precluded the identification of 5-HT 

contacts in several small regions (See Results).  Of the 44 primary dendrites observed 

across the five cells, 7 primary dendrites had regions that could not be analyzed for 5-HT 
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contacts.  These regions ranged from 12 to 61 µm from the cell body, which represented 

only a small proportion of the total dendritic tree (0.5% or less of the total dendritic 

surface area, for each of the three cells).  These regions did not display any unique 

features with respect to morphology or the labeling of NE contacts, and there were no 

unique feature with respect to the 5-HT labelling in adjacent areas.  Having ruled out 

these morphological and histological considerations, we have no reason to believe that 

these small regions of intense intracellular staining would have a novel distribution of 5-

HT contacts. The unclear zones were excluded from the analysis of 5-HT contacts along 

the 7 affected primary dendrites.  Therefore, our inability to identify 5-HT contacts on 

these small regions is unlikely to affect our analyses and our conclusions. 

4.1.3 Volume Transmission 

Some 5-HT and NE boutons release neurotransmitter extra-synaptically, and can 

activate extra-synaptic 5-HT receptors. This process is referred to as volume transmission 

(Beaudet & Descarries, 1978).  Volume transmission has been shown in the rat cortex for 

5-HT, and NE (Beaudet & Descarries, 1978; Séguéla et al. 2000).  There have been no 

reports of volume transmission within the ventral horn of the spinal cord, and it may be a 

cortex specific phenomena.  The glial in the ventral horn are known to take up 

extracellular serotonin, strongly limiting the spread of extra-synaptic 5-HT (Fuller & 

Wong, 1990).  In the turtle, 5-HT has been applied to various parts of spinal motoneurons 

via microiontophoresis through micropipettes (Perrier & Cotel, 2008).  This injection 

method of 5-HT had extremely localized effects within the spinal cord.  For instance, 
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application of 5-HT to the initial segment did not affect somatic 5-HT receptors, and vice 

versa, suggesting the spread/diffusion of 5-HT is very limited in the ventral horn (Perrier 

& Cotel, 2008).  While it is possible that volume transmission of 5-HT and NE occurs 

around feline splenius motoneurons, the current literature suggests that neurotransmitter 

spread would be highly constrained. Whether such a constrained form of volume 

transmission is sufficient to modulate motoneurons is unknown. 

4.1.4 Comparison of Observed Distributions to Diameter Weighted Distributions for 

Nearest Neighbour Analysis 

In this study we compared the distribution of 5-HT and NE contacts to those of 

computer generated distributions of 5-HT and NE respectively. Typically, computer 

generated distributions of this kind are generated by dividing the membrane surface area 

of a cell into compartments the size of a contact and assigning a contact to each 

compartment. Contacts are chosen from this population using a random selection 

algorithm. This yields a set of uniformly distributed contacts based on the available 

surface area. However, since the observed distributions of 5-HT and NE contacts on 

splenius motoneurons were not uniformly distributed, but varied based on dendritic 

diameter, a typical computer generated distribution was not sufficiently constrained for a 

rigorous analysis. To account for the diameter biases of the observed contacts, the 

random selection algorithm was weighted so that the probability of choosing a contact 

was based on the diameter of dendrite to which that contact was assigned. This process 

mimicked the diameter biases of the observed 5-HT and NE contacts respectively (see 

Results). The computer generated distributions that were diameter-weighted allowed us 
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to compare the observed distributions of 5-HT and NE to more ‘realistic’ computer 

generated distributions.   

Comparison of the observed distributions and the computer generated 

distributions that were diameter-weighted revealed that the observed 5-HT and NE 

contacts tented to cluster close to one-another compared to the computer generated 5-HT 

and NE contacts. That is, the probability of observing an NE or 5-HT contact in any 

given area is dependent on the location of other NE or 5-HT contacts in that area 

respectively. Therefore, despite the additional constraints of diameter-weighting, the 

computer generated distributions were not able to account for the distribution biases of 

the observed contacts. 

In addition to a bias of 5-HT and NE contacts towards small diameter dendrites, 

the contacts were also biased towards distal dendrites. While the computer generated 

distributions that were diameter-weighted provided a close estimate of the observed distal 

bias, the extent of the observed distal bias was not fully replicated in the computer 

generated distribution.  This raises the question: could the distal bias of the observed 

distribution lead to the clustering of pairs of NE or 5-HT, and separation between NE and 

5-HT contacts?  This is unlikely since the trends of the nearest neighbor analysis were 

independent of the trends in the distal shift. That is, the trends in the nearest neighbour 

analysis were identical for each cell regardless of the degree of distal shift between 

computer generated distributions that were uniform and diameter-weighted. 
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4.2 Regions Devoid of NE and 5-HT Innervation 

Previous work has reported a decreased AHP when NE is present, in feline hind 

limb motoneurons and rat motoneurons (Fung & Barnes, 1987; Parkis et al. 1995; 

Martinez-Pena y Valenzuela et al. 2004).  In experiments by Fung and Barnes (1987), 

stimulation of Locus Coeruleus, consisting primarily of NE releasing neurons, decreased 

the time-course of the action potential AHP  in feline hind-limb motoneurons.  NE 

synaptic innervation of the soma and/or initial segment is required for such changes in 

AHP. We observed no NE contacts on either the soma or initial segments on splenius 

motoneurons, which may speak to a difference between innervation patterns between 

feline neck and hind limb motoneurons.  There is also the possibility that Fung and 

Barnes (1987) stimulated non-noradrenergic neurons within locus coeruleus.  The feline 

locus coeruleus contains non-noradrenergic neurons, some of which may have affects on 

the motoneuron’s AHP.  For instance neurons containing tyrosine hydroxylase and 

enkephalin have been shown to be present in the feline locus coeruleus (Charnay et al. 

1982).  Species differences may also explain why rat AHP is altered following bath 

application of NE (Parkis et al. 1995; Martinez-Pena y Valenzuela et al. 2004).  However, 

there is also the possibility that extra synaptic NE receptors were activated (see Volume 

transmission above).  Bath application of NE has been shown to have effects on 

persistent Na+ channels, which are located somatically, to induce rhythmic firing in rat 

spinal motoneurons (Harvey et al. 2006b).  The lack of observed somatic NE contacts in 

this thesis suggests that synaptic input of NE would not have this effect on feline splenius 
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motoneurons.  This may be due to species differences, differences between sacral and 

cervical motoneurons, or the activation of extra synaptic NE receptors.   

In summary, although there is published work showing modulation of somatic 

channels by NE in other motoneurons, NE synaptic input is not expected to affect 

channels located somatically on feline splenius motoneurons. 

NE and 5-HT input lowers the threshold of action potential generation (Dai et al. 

2002; Fedirchuk & Dai, 2004; Gilmore & Fedirchuk, 2004).  This is likely due to 

hyperpolarizing the activation voltage for fast Na+ channels in the initial segment.  

Without NE and 5-HT contacts located on the initial segment of feline splenius 

motoneurons, this effect is not expected from synaptic NE and 5-HT input on feline 

splenius motoneurons.  While many of the studies reporting shifts in action potential 

generation threshold were performed in rats, Dai and colleges (2002) demonstrated this 

shift in feline lumbar motoneurons.  This raises the two aforementioned, possible 

explanations, which are differences in motoneuron type, or activation of extra synaptic 

receptors, both of which require further investigation to answer. 

4.3 Preferential Innervation of Dorsal and Ventral Dendrites 

The distributions of NE and 5-HT contacts were widespread throughout the 

dendritic tree.  There were also no regions of the dendritic tree lacking either NE or 5-HT 

innervation.  Therefore, all inputs along the dendritic tree are expected to be amplified by 

NE and 5-HT synaptic input.  However, this does not exclude the possibility of dendritic 

regions with higher NE contact density than 5-HT contact density, or vice versa.  Our 
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COM analysis shows that along the dorsal/ventral axis of the cell, the observed NE and 5-

HT contacts were significantly biased to opposite halves of the dendritic tree.  This bias is 

subtle, with the average difference from the NE and 5-HT COMs being only 47.9 µm 

along the dorsal/ventral axis (less than the average diameter of the cell bodies).  The most 

comprehensive previous study looking at 5-HT contacts did not note any preferential 

distribution along dendrites of particular orientations (Alvarez et al. 1998).  However, the 

COM analysis implemented in this thesis is a rather unique and sensitive tool, which may 

detect differences overlooked in other studies.  Synaptic inputs along regions of the 

dendritic tree with a higher degree of NE or 5-HT innervation would experience a higher 

degree of amplification when one monoaminergic system is active over the other.  

Therefore, the distributions of NE and 5-HT along the dorsal/ventral axis may allow for a 

subtle preferential amplification of some inputs over others. 

4.4 Preferential Innervation of Small Diameter and Distal Dendrites 

NE and 5-HT contacts were more densely distributed on dendrites with diameters 

less than 2 µm, compared to larger diameter dendrites.  This bias towards small diameter 

dendrites may serve two purposes: 1) to offset synaptic current loss in these regions, and 

2) to reduce the attenuation of synaptic currents as they travel from distal dendrites to the 

soma.  

Synaptic current loss occurs more in small diameter dendrites compared to large 

diameter dendrites.  For a given input of depolarizing current, a small diameter dendrite 

will experience a larger voltage change than a large diameter dendrite.  This large voltage 
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change decreases the driving potential for depolarizing ions, thus decreasing the amount 

of current generated by the opening of additional synapses (See introduction, section: 

‘Interactions Between Synapses Acting on Ionotropic Receptors’).  Therefore, small 

diameter dendrites will experience a higher degree of sub-linear interactions between 

closely activated ionotropic receptors.  While NE and 5-HT input would not directly 

decrease these non-linear interactions, NE and 5-HT input would amplify the net synaptic 

current, thereby counteracting the effects of the sub-linear interaction.  

Currents traveling along small diameter dendrites are attenuated more than 

currents traveling along large diameter dendrites.  This is because small diameter 

dendrites have a larger cytoplasmic resistance than large diameter dendrites.  Current 

traveling along small diameter dendrites may be preferentially amplified through the 

activation of NE and 5-HT inputs on small diameter dendrites.  This amplification would 

reduce the attenuation of synaptic inputs on small diameter dendrites, and thus increase 

their overall influence on somatic membrane potential.  Selective amplification of current 

traveling along small diameter dendrites allows for a set of synapses on small diameter 

dendrites to be strongly regulated via monoamine input. This regulation would be due to 

synaptic current generated on small diameter dendrites having little effect on somatic 

depolarization, unless there is additional NE or 5-HT input.  

 NE contacts have an increased density along distal dendritic locations.  Small 

diameter dendrites are also often located distally.  However the bias to small diameter 

dendrites did not account for the distal bias.  This leads to the question: could the distally 

biased contacts give rise to the apparent diameter bias?  This is unlikely, because the 
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distribution of 5-HT contacts along two cells was not distally biased, and NE and 5-HT 

contacts along these cells displayed a strong bias towards small diameter dendrites.  The 

functional implications of increased density of NE contacts along distal dendrites is 

similar to that of placing NE contacts along small diameter dendrites.  Distally generated 

currents will have to travel a greater distance before affecting the somatic membrane 

potential.  This increased distance increases the amount of current attenuation.  Thus, 

preferential innervation of distal dendrites by NE increases the effect of distal synaptic 

currents on the soma.  5-HT contacts were not significantly biased distally.  This is 

consistent with the finding that 5-HT contacts are distributed roughly proportional to 

surface area, with respect to distance from soma (Alzarez et al. 1998). 

4.5 Importance of the Relative Proximity between NE and 5-HT contacts 

The activation of metabotropic 5-HT2a/c and NE alpha1 receptors cause 

intracellular signal cascades as shown in Figure 1.5.  These signal cascades lead to the 

activation of PKC, which modulates local voltage dependent/independent channels.  The 

spread of PKC, or other second messengers which activate PKC through the cytoplasm, 

creates local zones of modulation near active metabotropic receptors.  Some components 

of the signal cascade spread very short distance. For example, Ca++ spreads less then 2 

µm before decreasing to baseline levels (Sabatini et al. 2000).  Other components of 

second messenger signal cascades, such as IP3 and ERK, are reported to spread 20 µm, 

and take 100 ms before declining to baseline levels (Santamaria et al. 2006; Wiegert et al. 

2007).  These distances were measured along dendrites with diameters of about 1.5 μm.  
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This allows two synapses, located in close proximity to each other, to have overlapping 

regions of influence.  The functional significance of overlapping regions of influence is 

particularly important, since the induction of long term potentiation (LTP) at a single 

synapse can reduce the threshold for induction of LTP in neighbouring synapses, but only  

if the synapses are within10 µm of one another (Harvey & Svoboda, 2007). This affect on 

LTP was later shown to be due to the spread of active Ras (Harvey et al. 2008). 

4.5.1 Pairs of NE and of 5-HT Contacts are Located in Close Proximity 

The region between pairs of NE contacts, or pairs of 5-HT were measured 

experimentally as the cytoplasmic volume between the contacts.  The average 

cytoplasmic volume between pairs of NE or 5-HT contacts was 19 µm3 and 14.5 µm3 

respectively.  To give perspective, since volume is a non-intuitive measurement: on a 1.5 

μm diameter dendrite, the average distance between pairs of NE or 5-HT contacts would 

be 2.7 μm and 2.1 μm, respectively.  This proximity is well within the distances second 

messengers have been reported to diffuse (see previous section).  These distances 

between contacts are much smaller than expected if each contact was distributed 

independently of the other (i.e., our computer generated distributions).  Our most 

conservative computer generated distributions of contacts have a median average volume 

between pairs of 57.6 µm3 for NE and 47.1 µm3 for 5-HT, corresponding to 8.1 μm and 

6.7 μm distance along a 1.5 µm dendrite respectively.  The close proximity of the pairs of 

NE or 5-HT contacts is therefore not by chance, but is purposefully distributed.  The 

amount of interaction between second messengers generated at co-activated metabotropic 
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receptors increases with the relative proximity of receptors.  The interaction between 

pairs of NE or 5-HT contacts would be expected to act cooperatively, similar to the 

cooperation between locally induced sites of LTP via RAS interaction (Harvey & 

Svoboda, 2007; Harvey et al. 2008).  Cooperation between pairs of NE or 5-HT contacts 

is due to local concentrations of second messengers reaching the threshold required to 

exert their effect.  At high levels of activation, metabotropic inputs in close proximity 

would saturate the pool of second messengers at a higher rate.  Therefore, the close 

proximity between pairs of NE or 5-HT contacts is expected to have larger cooperative 

effects at low levels of activation, and have smaller cooperative effects at high degrees of 

activation, than if the pairs were located further apart. 

4.5.2 NE and 5-HT Contacts are Located Far from One Another 

The average volume between the nearest neighbours of NE to 5-HT contacts are 

larger than would be expected if the contacts were arranged independently from one 

another.  That is, NE contacts tended to avoid regions with 5-HT contacts, and vise versa. 

The volume between NE and 5-HT contacts was 72.9 µm3 and 82.0 µm3, taken with 

either NE or 5-HT as the reference, respectively.  This volume corresponds to 10.3 µm 

and 11.6 µm distance between contacts along a 1.5 µm diameter dendrite.  While this 

distance is still within the 20 µm distance for IP3 and ERK diffusion, the degree of 

interaction between these synapses would be minimized due to the large distance between 

contacts.  This indicates that the larger than expected distances between 5-HT and NE 

contacts serves to minimize the interactions between NE and 5-HT.  Therefore, NE and 
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5-HT synapses are not strategically arranged to act cooperatively to reach threshold 

concentrations of second messenger.  However, because these systems are arranged in 

this way, the net effect from the co-activation of both systems may be to reduce the 

amount of saturation of their shared second messenger systems. Such a strategic 

arrangement between 5-HT and NE contacts allows for a larger dynamic range of 

monoamine activity related effects within the dendritic trees of splenius motoneurons. 

4.6 Conclusion 

This is the first study to systematically compare the relative proximity of inputs 

from two neuromodulatory systems on a contact to contact basis for any type of neuron.  

The stark contrast between the relative proximity of certain pairs of contacts over others 

implies an important functional impact in the way this system is designed.  Whether the 

clustering of neuromodulatory inputs is a feature specific to feline splenius motoneurons, 

or a key feature of neuromodulatory input to many neuronal types, remains unknown.  

The impact of having synapses located close versus far from each other may have 

profound effects on the interactions between multiple coactive second messenger 

systems.  However, the degree to which these interactions control the input to neurons 

remains unknown, since the mechanisms and effects of second messenger system 

interactions at this level have only recently come under investigation.  Further research 

into second messenger interactions between multiple coactive G protein receptors will be 

crucial for understanding the functional consequences of organizing neuromodulatory 

inputs in clusters.  While the effects of clustered neuromodulatory inputs to neurons are 
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hypothesized above, this study is only the first step towards determining the functional 

impact of clustered neuromodulatory inputs on motoneuron input-output properties. 
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